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Objectives
The purpose of this study was to evaluate chronological changes in the collagen-type 
composition at tendon–bone interface during tendon–bone healing and to clarify the 
continuity between Sharpey-like fibres and inner fibres of the tendon.

Methods
Male white rabbits were used to create an extra-articular bone–tendon graft model by 
grafting the extensor digitorum longus into a bone tunnel. Three rabbits were killed at two, 
four, eight, 12 and 26 weeks post-operatively. Elastica van Gieson staining was used to 
colour 5 μm coronal sections, which were examined under optical and polarised light 
microscopy. Immunostaining for type I, II and III collagen was also performed.

Results
Sharpey-like fibres comprised of type III collagen in the early phase were gradually replaced 
by type I collagen from 12 weeks onwards, until continuity between the Sharpey-like fibres 
and inner fibres of the tendon was achieved by 26 weeks.

Conclusions
Even in rabbits, which heal faster than humans, an observation period of at least 12 to 
26 weeks is required, because the collagen-type composition of the Sharpey-like fibre bone–
tendon connection may have insufficient pullout strength during this period. These results 
suggest that caution is necessary when permitting post-operative activity in humans who 
have undergone intra-bone tunnel grafts.

Article focus
 When and how do the chronological

changes in the collagen-type composi-
tion of the Sharpey-like fibres at the
tendon–bone interface occur? 

Key messages
 Sharpey-like fibres comprised of type III

collagen in the early phase were gradu-
ally replaced by type I collagen from
12 weeks onwards until continuity
between the Sharpey-like fibres and inner
fibres of the tendon was achieved by
26 weeks

Strengths and limitations of this study
 The period of this study was long enough

to observe chronological changes in the
collagen type composition of Sharpey-
like fibres

 The present histological evaluation was
qualitative, so both quantitative and sta-
tistical conclusions could not be reached

Introduction
In current procedures for knee cruciate
ligament or collateral ligament reconstruc-
tion using the hamstring tendon, tunnels are
drilled into the femur and tibia, and a free
tendon graft is transplanted into each bone
tunnel.1 The tendon graft is anchored to the
inside wall of the bone tunnel by means of
fibrous tissues. The normal bone–ligament
junction consists of four distinct layers (bone,
calcified cartilage, uncalcified cartilage and
ligament).2 In this method, however, the
tendon graft is anchored to the inside wall of
the bone tunnel through the fibrous tissues,
and the normal bone–ligament junction
does not appear.2-5
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In the early healing phase, fibrovascular tissue is
formed at the interface between the tendon graft and the
inside wall of the bone tunnel.6,7 Collagen fibres are sub-
sequently deposited at the tendon–bone interface, and
the tendon and bone become directly joined by charac-
teristic anchoring fibres, which resemble Sharpey’s fibres
and firmly connect the periosteum to the bone.6,8,9 These
fibres have come to be called ‘Sharpey-like fibres’; they
are important structures for inhibition of pullout failures
of tendon grafts from bone tunnels.6 Liu et al10 observed
that anchoring fibres resembling Sharpey-like fibres were
comprised of type III collagen fibres at six weeks after sur-
gery in a rabbit model. Similarly, Kanazawa et al8

observed Sharpey-like fibres up to eight weeks after sur-
gery and found that they were solely comprised of type III
collagen in a rabbit model. Type III collagen is generally
only a fibrous collagen that acts as a framework for cells
or other structures by forming slender reticulate struc-
tures known as reticular fibres. It increases in the early
phase of the wound-healing process and, in many cases,
is eventually either replaced by type I collagen or coexists
in tissue in which type I collagen is the main compo-
nent.11,12 This inevitably leads to the question of whether
anchoring fibres comprised of type III collagen really offer
sufficient mechanical strength.

However, irrespective of how firmly the Sharpey-like
fibres are attached to the surface of the tendon, sufficient
pullout strength is unlikely to be achieved unless they
firmly continue to the inner fibres of the tendon. In fact,
Tomita et al13 indicated that the pullout failure of the ten-
don graft at six weeks after surgery in a canine anterior cru-
ciate ligament reconstruction model occurred in a deeper
area within the tendon midsubstance rather than in the
thin anchoring zone on the superficial portion of the ten-
don graft; they also showed that the superficial portion
remained attached to the bone tunnel wall. However,

studies so far on changes inside the tendon graft have
mostly been concerned with the intra-articular portion,14-

16 and very few studies have examined changes inside the
tendon graft within the bone tunnel. There are no studies
that have looked at the continuity of fibres between the
Sharpey-like fibre and inner fibres of the tendon.

The two aims of this study were to evaluate the chron-
ological changes in the collagen-type composition (type
I, II or III) at the tendon–bone interface and to clarify the
continuity between the Sharpey-like fibre and inner fibres
of the tendon. Our hypotheses were that: 1) the Sharpey-
like fibres comprised of type III collagen in the early phase
will gradually be replaced by type I collagen; and 2) the
Sharpey-like fibres will eventually extend continuously to
the inner fibres within the tendon graft.

Materials and Methods
The present study was approved by the Ethics Committee
of our institution. A total of 15 skeletally mature male
Japanese white rabbits (body weight: 2400 g to 3500 g)
who received intravascular administration of pentobarbi-
tal sodium (0.025 mg/kg) were used to create an extra-
articular bone tendon graft model by grafting the exten-
sor digitorum longus (EDL) into a bone tunnel made in
the proximal metaphysis of the tibia according to the pro-
cedure of Rodeo et al.6 Arthrotomy using the medial
parapatellar approach was performed under anaesthesia,
then the EDL was detached from its insertion site on the
lateral femoral condyle and folded approximately 8 mm
from the tip. A drill 2 mm in diameter was used to make
the tibial bone tunnel perpendicular to the axis of the tib-
ial bone toward the medial cortex from the lateral cortex,
5 mm distal from the joint. A No. 4-0 Tevdek suture
(Teleflex, Tokyo, Japan) was used to pull the folded EDL
tendon into the lateral aperture of the bone tunnel. The
Tevdek suture was tied onto a small button placed on the
medial cortex (Fig. 1). Following irrigation, the articular
capsule and the skin were sutured. Post-operatively, the
rabbits were allowed free movement within their cages.
Three rabbits were killed at each time point of two, four,
eight, 12 and 26 weeks post-operatively. The EDL and
proximal tibia complexes were then harvested and imme-
diately fixed in neutral buffered 10% formalin for
48 hours. The bone was decalcified in formic acid (29 g
citric acid, 18 g trisodium citrate dihydrate and 100 ml for-
mic acid, with distilled water added to yield a total vol-
ume of 1000 ml), dehydrated and embedded in paraffin.
Coronal 5 μm sections of the bone tunnel were made.
Haematoxylin and eosin (HE) and elastica van Gieson
were used to stain the sections, which were examined
under optical and polarised light microscopy.

Immunostaining using anticollagen type I, type II and
type III monoclonal antibodies (Daiichi, Toyama, Japan)
was performed. Normal mouse immunoglobulin G1 at
the same concentration as the primary antibody was used
as a negative control. Antigens were activated in

Fig. 1

Schematic drawing of the surgical procedure used in the study.
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1% trypsin solution (0.2 g trypsin, 0.2 g calcium chloride,
200 ml 0.05 M Tris–HCl buffer) reacted at 37°C for
30 minutes. Endogenous peroxidase was then blocked by
reacting with 0.3% H2O2 in methanol for 30 min at room
temperature. The primary antibodies were diluted with
antibody diluent (Dako S 3022). Each diluent solution
was reacted overnight at 4°C. Secondary antibodies were
reacted with antimouse antibodies on dextran polymer
(Dako K 4000) for 30 minutes at room temperature.
Diaminobenzidine (DAB; Dako) was used for staining. The
washing solution in each process was 0.1% Tween 20 in
0.05 M Tris–HCl buffer with 0.3 M NaCl. Finally, haema-
toxylin was used to perform counterstaining, and the
observations were made under optical microscopy.

Results
Two weeks post-operatively. The bone–tendon interface
was filled by irregularly arranged fibrous scar tissue,

which included blood vessels and numerous spindle-
shaped cells and cells with round nuclei. Bone-lining cells
were arranged along the surface of the bone (Fig. 2a).
Immunostaining revealed almost no type I collagen
(Fig. 2b), whereas a dense homogeneous deposit of irreg-
ularly arranged type III collagen was evident (Fig. 2c).
Type II collagen was not observed in the interface. In ten-
don midsubstance, type I collagen was still densely
stained (Fig. 2b), while almost no staining for type III col-
lagen was evident (Fig. 2c).
Four weeks post-operatively. At four weeks, many blood
vessels and cells were present in the scar tissue. Fibres
that emerged perpendicular from the bone and ran into
the bone–tendon interface scar tissue (Sharpey-like
fibres) were observed under polarised light microscopy
(Fig. 3). These fibres showed positive staining for type III
collagen.
Eight weeks post-operatively. Anchoring fibres observed
in the bone–tendon interface at four weeks had devel-
oped further. These fibres did not show positive staining
for type I collagen, but were positive for type III collagen
(Fig. 4). Although irregularly arranged type I collagen
fibres had also been deposited, and the inside of the scar
tissue was still primarily type III collagen. The tendon
midsubstance showed densely positive staining for
type III collagen (Fig. 4).
12 weeks post-operatively . Many anchoring fibres
extended from the bone toward the interface and passed
between the bone-lining cells. Immunostaining showed
type I collagen growing from the bone to the interface tis-
sue (Fig. 5). Type III collagen fibres running in the same
direction as type I were observed. The tendon midsub-
stance showed roughly equal staining of type I collagen
and type III collagen. Type II collagen staining was not
observed in the interface.
26 weeks post-operatively. The bone and tendon grafts
were anchored extensively by fibres growing perpendic-
ularly or obliquely from the bone (Figs 6 and 7). Immuno-
staining showed that type I collagen fibres in the bone–
tendon graft interface extensively anchored the bone and

Fig. 2b

Histological images at two weeks post-operatively with a) elastic van Gieson staining, b) immunostaining for type I collagen, and c) immunostaining for type
III collagen (B, bone; IF, interface; T, tendon graft; all original magnifications × 200).

Fig. 2a Fig. 2c

Fig. 3

Photograph of polarised light microscopy at four weeks post-operatively (T,
tendon graft; IF, interface; B, bone; original magnification × 100).
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tendon graft (Fig. 6b). Type III collagen fibres running in
the same direction were also observed. These fibres did
not stain for type II collagen. The tendon midsubstance
still stained for both type I and type III collagen, but stain-
ing for type I collagen had become dense.

Discussion
In the present study, we used a rabbit model to observe
the development process and chronological changes in
the collagen type composition at tendon–bone interface
and intra-bone tunnel graft. Polarised light microscopy
showed Sharpey-like fibres connecting the bone to the
scar tissue of the bone–tendon interface at four weeks,

but the fibres had not reached the tendon yet. Immuno-
staining showed that these fibres were composed of only
type III collagen, but Sharpey-like fibres composed of
type I collagen appeared at 12 weeks. At 26 weeks, the
type I collagen fibres became denser and created conti-
nuity between the bone and the tendon graft. In other
words, the Sharpey-like fibres anchoring obliquely from
the wall of the tunnel to the tendon graft were composed
of type III collagen in the early stage but gradually
changed to type I collagen. This confirmed our first
hypothesis. Continuity with the type I collagen Sharpey-
like fibres in the bone–tendon interface began at
26 weeks. This supported our second hypothesis. These
processes should result in strong adhesion of the tendon
graft to the wall of the bone tunnel from the perspective
of standard theories of wound healing.11,12

Fig. 4

Histological images at eight weeks post-operatively with immunostaining for
type III collagen (T, tendon graft; IF, interface; B, bone; original magnification
×200).

Fig. 5

Histological images at 12 weeks post-operatively with immunostaining for
type I collagen (T; tendon graft; IF, interface; B, bone; original magnification
× 200).

Fig. 6b

Histological images at 26 weeks post-operatively with a) elastic van Gieson
staining and b) immunostaining for type I collagen (B, bone; IF, interface; T,
tendon graft; all original magnifications × 200).

Fig. 6a
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Previously, many reported studies have examined the
integration of tendon–bone healing. While differences
exist in the animals and experimental methods used in
various experiments, Sharpey-like fibres are generally
observed through HE staining and polarised light micros-
copy at between three and four weeks post-operatively.
Sharpey-like fibres increase gradually from six to
12 weeks, and during this period, mechanical testing
showed that tendon midsubstance ruptures occur more
frequently than pullout failures. Thus, Sharpey-like fibres
have been considered to be an important structure from
the viewpoint of mechanics.6,13,17 However, some recent
reports have pointed out that the tensile test cannot
necessarily show that the strength of the tendon–bone
interface increased sufficiently just because pullout fail-
ure instead of midsubstance failure occurred.13,18,19 Spe-
cifically, a change in the failure mode observed when the
Sharpey-like fibres appear simply indicates that the most
mechanically weak point shifted from the tendon–bone
interface to the midsubstance of the tendon graft. There-
fore, whether the tendon–bone interface has actually
gained sufficient strength is unclear. Tsukada et al18 eval-
uated the strength of the interface with their original
model in which the tendon graft was reinforced with
suture material to prevent tendon midsubstance
rupture. In their report, all reinforced tendon grafts
showed pullout failure until 12 weeks and midsubstance
rupture after 16 weeks, while all tendon grafts with no
reinforcement showed midsubstance rupture at eight
weeks after surgery. In other words, the tendon–bone
interface required at least 12 to 16 weeks to provide
greater strength than that of the reinforcing suture. This
raises the question of whether the period generally con-
sidered adequate for the tendon–bone interface to
mature is sufficient.6,13,17

In the present study, mechanical experiments were not
used, but we observed the timing of histological integra-
tion in this area. Although elastica van Gieson staining
and polarised light microscopy began to show Sharpey-
like fibres from four weeks onwards, the fibres were com-
prised only of type III collagen; similar to the results
reported by Liu et al10 or Kanazawa et al.8 Moreover, these
fibres were mainly present in large numbers between the
bone and tendon–bone interface tissue, with almost no
perforating fibres found between the tendon–bone inter-
face tissue and the tendon midsubstance. Furthermore,
the tendon midsubstance became mainly amorphous
type III collagen during this period, so increasing deterio-
rations in quality were observed histologically. This find-
ing strongly supports previous reports of mechanical
experiments; Tsukada et al18 found avulsion at the tendon
side of the tendon–bone interface with Sharpey-like fibres
left in the bone side until 8 weeks, and Tomita et al13

found avulsion of the tendon graft with the outermost
layer of the tendon left in the tunnel side at six weeks.
Type III collagen Sharpey-like fibres, therefore, seem not
to anchor as far as the deep part of the tendon graft.
Type I collagen Sharpey-like fibres can be barely seen
from 12 weeks, and at 26 weeks and later, it gradually
becomes closely continuous with type I collagen in the
tendon midsubstance. Finally, the tendon is connected to
the bone through dense connective tissue comprised of
type I and type III collagen, with no type II collagen. This
is the same composition as that found in tissue obtained
by biopsy from humans, as reported by Robert et al,20

Nebelung et al21 and Peterson and Laprell.22

From an the viewpoint of immunohistological findings,
the period required for the tendon–bone interface to
obtain sufficient strength is from at least 12 to 26 weeks
after surgery. It should be noted that the period previ-
ously considered to be necessary for tendon–bone inter-
face maturity6,13,17 was not sufficiently long, and longer
periods were needed. This is extremely important when
considering clinical applications in humans. Even in rab-
bits, which have a greater and faster healing ability than
humans, at least 12 to 26 weeks seems to be required for
histological continuity that provides a sufficient degree of
pullout strength between the bone and tendon.

More prudent judgment than what has previously
been used is probably needed to determine when post-
operative activity in humans should be permitted.
Recently attempts have been made to change the anchor-
ing between tendon and bone, including the use of
mechanical stimulus,23 periosteum,24,25 bone morpho-
genetic protein,26,27 transforming growth factor-beta,28

hepatocyte growth factor,29 recombinant human para-
thyroid hormone,30 stem cells31-33 and others.34 However,
most have only used general stains for morphological
evaluations. We believe that tissue observation using only
general stains such as HE or Alcian blue is insufficient for
evaluation of the present results of basic research and that

Fig. 7

Photograph of polarised light microscopy at 26 weeks post-operatively (T,
tendon graft; IF, interface; B, bone; original magnification × 100).
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collagen typing through immunostaining is essential.
According to our results, 12 or more weeks should be
considered for evaluation, although the duration of most
studies has not exceeded this timeframe.35

Some limitations to the present study must be consid-
ered. The first is that the rabbit healing process is much
quicker than that of humans, while it is histologically sim-
ilar to that of dogs or humans. The second limitation is
that the tunnel is totally extra-articular, which is not simi-
lar to human ACL tunnels. Articular fluid might have
altered the healing process. The third limitation is that
stress distribution on the tendon graft was not similar to
that of the human ACL healing process. It is important to
bear in mind that this is not a perfect model of intra-
articular reconstruction. However, the model is suitable
for extra-articular ligament reconstruction, such as collat-
eral ligaments. The fourth limitation is that the present
histological evaluation was qualitative, so both quantita-
tive and statistical conclusions could not be reached.

In conclusion, the type III collagen comprising the
Sharpey-like fibres in the early phase was gradually
replaced by type I collagen from 12 weeks onwards.
Furthermore, the Sharpey-like fibres comprised of type I
collagen eventually provided continuity to the inner fibres
of the tendon by 26 weeks. Even in rabbits, which heal
faster than humans, at least 12 to 26 weeks of observation
is required because the collagen-type composition of the
Sharpey-like fibre bone–tendon connection may have
insufficient pullout strength during this period. These
results suggested that more prudent judgment is needed
than that previously used for determining when the post-
operative activity in humans should be permitted.

The authors would like to thank Mr K. Yoshida for his technical assistance.
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