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Abstract The purpose of this study was to evaluate the

histologic changes that occur between 3 and 12 weeks in

an intra-articular, semitendinosus autograft, which was

harvested without detachment of its tibial insertion and was

placed through tibial and femoral drill holes, in a rabbit

model. About 30 New Zealand white rabbits underwent

ACL replacement using a semitendinosus tendon autograft.

The normal ACL was transected at its femoral and tibial

insertions. The tendon graft was harvested without

detachment of its tibial insertion and its free end was se-

cured with sutures. The graft was then passed through one

tibial and one femoral tunnel and secured at the lateral

femoral condyle. All animals were divided into three

groups and were killed at 3, 6 and 12 weeks after surgery.

Nine more animals underwent ACL reconstruction using a

free semitendinosus tendon autograft. These animals were

used as controls. The intra-articular portion of the graft

and the interface between the bone tunnel and the graft

was evaluated postoperatively for gross morphology and

histological appearance. Results of this study showed that

in a rabbit model the semitendinosus tendon autograft

retained its viability when harvested without detachment of

its peripheral insertion. On contrary, at the control group,

necrosis of the graft was observed 3 weeks after surgery

and progressively revascularization and maturation

occurred 6 and 12 weeks after surgery. Retaining the tibial

insertion of the semitendinosus autograft seems to pre-

serves its viability and bypasses the stages of avascular

necrosis and revascularization that occurs with the use of a

free tendon autograft.

Keywords ACL reconstruction � Vascularized autograft �
Semitendinosus tendon � Histologic study � Semitendinosus

tendon peripheral detachment

Introduction

Despite the long-lasting research [10] the ideal method of

reconstructing the anterior cruciate ligament (ACL) has not

been found so far. Iliotibial band, menisci, patellar tendon,

hamstrings, allograft tissue, synthetics, and a variety of

combinations of these materials, all have been used for the

reconstruction of this important human ligament.

During the last decades, studies have shown the supe-

riority of biologic grafts, mainly because of their potential

remodeling and integration into the joint [1–3, 9, 11]. Bone

patellar tendon bone (BPTB) graft has gained in popularity

after Noyes et al. [30] published data on the biomechanical

properties of human graft tissue that showed the patellar

tendon to be the strongest available autograft. More

recently attention has shifted to the increased use of

the hamstring tendon graft with its relatively low donor site

morbidity [12, 19, 23, 41] and the strong indications for its
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regeneration potential [28]. On the other hand, harvesting

semitendinosus and detaching its peripheral attachment no

signs of necrosis were noticed [36]. Many authors have

suggested that the success of an intra-articular graft de-

pends on many factors, including the initial mechanical

properties of the graft [29, 42], the positioning of the graft

[25, 26], the fixation method [20, 28] and the postoperative

rehabilitation of the knee. Nevertheless, other authors

support that even more important is the biologic behaviour

of the graft and especially during the first weeks after its

implantation, as it undergoes the process of avascular

necrosis and revascularization and maturation [16, 17, 27].

Indeed many studies in animal experiments have shown the

detrimental effects, of the graft necrosis (and revasculari-

zation process), on the mechanical properties of (the

autografts and especially) the free semitendinosus graft

(tendon) [14, 24, 39].

The purpose of this study was to evaluate the histologic

changes that occur between 3 and 12 weeks in an intra-

articular, semitendinosus autograft, which was harvested

without detachment of its tibial insertion and was placed

through tibial and femoral drill holes, in a rabbit model.

Animals and methods

Thirty male adult New Zealand white rabbits weighing

between 3,000 and 3,500 g underwent ACL reconstruction

of their right knee using a semitendinosus tendon autograft

that was harvested without detachment of its peripheral

(tibial) insertion. Additionally nine animals underwent

ACL reconstruction of their right knee using a free semi-

tendinosus tendon autograft and these animals were used as

controls. The protocol for animal subjects was approved by

the ethic committee and is according to the state’s relevant

laws and regulations. International directives for handling

experimental animals used in medical research were fol-

lowed [4, 32]. All animals were observed by veterinarian

and considered to be free of disease before surgery. The

animals of both groups were divided in three groups and

were killed 3, 6, and 12 weeks postoperatively. Afterward,

histologic evaluation of the grafts was performed.

Surgical procedure

Each animal received preoperatively a single dose of intra-

muscular prophylactic antibiosis (second generation

cefalosporin). The animals were then anaesthetized with

ketamine (35 mg/kg) and silexin (5 mg/kg). The right knee

was shaved, scrubbed with betadine and aseptically draped.

A medial para-patellar incision was made and after a lateral

patellar dislocation the normal ACL was excised at its

femoral and tibial origins. A 2 mm drill hole was made at the

tibia and the lateral femoral condyle at the footprints of the

normal ACL. The semitendinosus tendon was identified and

transected at its musculotendinus junction, retaining the

peripheral (tibial) insertion. The free end of the autograft was

secured with Dexon 3-0 suture and was passed through the

tibial and femoral drill holes and secured at the lateral surface

of the lateral femoral condyle with intra-osseous sutures. In

the control group of the animals that a free semitendinosus

tendon autograft was used, both graft ends were secured with

Dexon 3-0 sutures at the tibial tuberocity and at the lateral

femoral condyle, in a distance less than 1 cm from the drill

hole, in order to diminish the bungee effect phenomenon.

The incision was closed routinely in layers. Postoperatively

knees were immobilized with plastic plaster for 2 weeks and

then unrestricted activity was allowed.

Groups

Animals were divided into three groups and were killed 3,

6 and 12 weeks postoperatively. Each group consisted of

ten animals that had ACL reconstruction with semitendi-

nosus autograft that retained the tibial origin and three

animals that had ACL reconstruction with free semitendi-

nosus autograft.

Histologic analysis

The surgically treated knees were removed and carefully

stripped from the surrounding soft tissues except from the

autograft itself. The specimens were then fixed in 10%

buffered formalin, decalcified and sections of 5 lm thick

were taken through the intra-articular portion of the graft

and at the level of bony tunnels and stained with haemat-

oxylin–eosin. Histologic evaluation of the samples was

performed with light microscope.

Results

Two rabbits died prematurely and were replaced. One

animal had septic arthritis and eliminated from the study.

All the grafts were intact at the time of the evaluation.

Macroscopically, the autografts were white in colour with

densely packed fibre bundles but they did not have the

pearly appearance of the normal ACL. The shape was

cylindrical and the orientation straight. About 12 weeks

post-op autografts of both groups were covered with

synovial membrane rich in blood vessels.

Three weeks post-op

At 3 weeks, animals (in both groups) displayed intense

inflammatory response around the autografts and especially
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at the level of the sutures. (At the animals that the semi-

tendinosus tendon retained its tibial insertion, the tendons

displayed compact parallel fibres and areas of disorganized

collagen matrix.) The tendons displayed compact parallel

fibres and areas of disorganized collagen matrix, in the

animals whose the semitendinosus tendon retained its tibial

insertion. Mild or intense vascularity was observed with

plentiful new formed vessels. The intra-osseous portion

was surrounded by haphazardly arranged trabecular bone.

Granulation tissue, rich in young fibroblasts was formed in

the tendon–bone interface. Focally, small areas of necrosis

were observed (Fig. 1a, b).

On the contrary, at the animals with the free autograft,

3 weeks postoperatively, the tendon graft had the image of

avascular necrosis, with small areas of vital disorganized

collagen matrix (Fig. 2a, b).

Six weeks post-op

At 6 weeks, irrespective from the surgical technique, the

inflammatory reaction was minimized and vascularity

sufficient. At the animals that the semitendinosus tendon

retained the tibial insertion, the grafts showed disorganized

architecture and increased cellularity and vascularization

but no signs of necrosis. The bone tendon bonding was by

means of loose connective tissue (Fig. 3a). The free tendon

graft, 6 weeks postoperatively showed disorganized archi-

tecture and signs of neo-vascularization but also small

areas of necrosis. There was no direct attachment between

tendon and bone and the interface was composed by loose

connective tissue (Fig. 3b).

Twelve weeks post-op

Twelve weeks postoperatively, at the animals with the graft

that retained the tibial insertion, the tendon grafts showed

well preserved architecture and cellularity. Restoration of

the bone–graft bonding (a firm attachment) to the well-

formed tunnel was observed (Fig. 4a). The whole graft

image was similar to that of a normal ligament. At the

animals with the free tendon, 12 weeks postoperatively the

graft showed good architecture and cellularity, decrease at

the size and number of the vessels and restoration of the

bone–graft bonding (firm attachment of the graft to the

bony tunnel) (Fig. 4b). Focally, there were still areas of

disorganized architecture and degenerative alterations.

Fig. 1 a Third post-op week.

Intra-articular portion of the

rerouting semitendinosus (graft

that retains its tibial origin).

Good cellularity and

vascularity, compact collagen

fibres and small areas of

necrosis (long arrows) [H-E,

·100]. b Third post-op week.

Intra-articular portion of a free

autograft. Avascular–acellular

necrosis of the graft. [H-E,

·100]

Fig. 2 a Third post-op week. Intra-osseous portion of the rerouting

semitendinosus (graft that retains its tibial origin). Good tendon

cellularity. Focal osteoblastic reaction at the fringes of the bony

tunnel. Smooth junction between the tendon and the bone. [H-E,

·200]. b Third post-op week. Free autograft. Necrotic intra-osseous

portion of the graft. Initiation of damage restoration with fibroid

infiltration along new formed vessels [H-E, ·400]
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Discussion

From the anatomy, we know that tendons receive their

blood supply from vessels in the perimysium, the periosteal

insertion, and the surrounding tissue via vessels in the

paratenon or mesotenon. Additionally, there are studies

confirming that tendons also receive diffusional (synovial)

nutrition [6]. Even though gracillis and semitendinosus

tendon autografts that retain its peripheral or central origins

have been used quite early [8, 21, 22], there are no suffi-

cient studies concerning the biologic behaviour of these

‘‘vascularized’’ autografts.

Numerous previous studies in animal models and in

humans as well, have shown that patellar tendon and

hamstring autografts undergo the process of avascular

necrosis and revascularization the first period after their

implantation [1, 3, 5, 9, 13–16, 40]. This process lasts from

3 months to 1 year or even more according to some authors

[1]. Additionally, subsequent studies have confirmed the

detrimental effects of (revascularization) avascular necro-

sis on the mechanical properties on the autografts: Ken-

nedy et al. [18] studied semitendinosus reconstructions in a

rabbit model and reported that at 26 weeks the graft

strength was 40–50% of the original semitendinosus and

15–20% of the normal ACL. Grana et al. [14] investigated

a semitendinosus autograft and concluded that failure of

the graft occurred by rupture of its intra-articular part and

not from pullout from the bone tunnel after 2 weeks.

Similar were the conclusions of Blickenstaff et al. [5] who

also concluded that even one year after a free semitendi-

nosus autograft implantation large differences persist in

strength and stiffness of the graft when compared with the

normal tendon or ACL. So, there are strong evidences that

the avascular necrosis and the revascularization process are

critical for the mechanical properties of the grafts during

the first weeks of the ACL reconstruction. (Consequently, it

is logical to hypothesize that, irrespective of the fixation

method, preserving autografts viability is crucial for a

successful ACL reconstruction surgery.)

It was back in the 1980s when the first studies on

‘‘vascularized’’ patellar tendon autografts were made [3, 6,

7, 31, 37]. Nevertheless, results from these studies have

shown that preserving the peripheral usually insertion of

patellar tendon does not preserve its vitality and the graft

undergoes the necrosis–revascularization process. The

explanation of this came from studies of Noyes et al. [37]

Fig. 3 a Sixth post-op week. Intra-osseous portion of the rerouting

semitendinosus (graft that retains its tibial origin). Disorganized

architecture of the graft but no signs of necrosis. Excellent restoration

of the bone-graft bonding. [H-E, ·100]. b Sixth post-op week. Intra-

osseous portion of a free autograft. Smooth tendon—bone transition.

Well vascularized tendon but still hypocellularity in comparison with

the graft that retains the tibial attachment [H-E, ·200]

Fig. 4 a The 12th post-op week. Intra-osseous portion of the

rerouting semitendinosus (graft that retains its tibial origin). Strong

attachment of the graft to the bone. Good architecture, vascullarity

and cellularity. b The 12th post-op week. Intra-osseous portion of a

free autograft. Good cellularity and vascularity. Good architecture but

still correctional type alterations of the graft and osteoblastic reaction

[H-E, ·200]
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and Paulos et al. [6], who showed that patellar tendon re-

ceives the majority of its blood supply from two major

sources, the fat pad and the retinaculum and not in conti-

nuity from its peripheral or central origins. Similarly,

Arnoczky et al. [3] after their animal study with dogs,

concluded that ‘‘The tibial attachment of the patellar

tendon graft did not contribute any vessels to the revas-

cularization process’’.

On the other hand, things might be different with the use

of hamstrings tendons.

Previous studies in our laboratory evaluated the biologic

behaviour of semitendinosus tendon autografts 3–22 weeks

after ACL reconstruction surgery [36]. The autografts were

harvested without detachment of the musculotendinus

junction. The histologic evaluation showed that grafts re-

ceived sufficient blood supply from the central origins and

retained their viability in all time periods with no signs of

avascullar–acellular necrosis.

In another interesting study, in 2003, Zaffagnini et al.

[43] evaluated the neurovascular network of the pes an-

serinus at its tibial insertion. They concluded that semi-

tendinosus and gracilis tendons receive the majority of

their blood supply from a well developed vascular network

at the tibial attachment. (Blood vessels from tibia pro-

ceeded along the tendons of pes anserinus and decreased in

diameter.) Whether or not this amount of blood supply is

sufficient to keep viable a hamstring autograft that is

harvested without detachment of the tibial attachment

remained unknown at the time and in fact was the aim of

the present study.

In an animal model, we investigated the histologic

changes that occur 3, 6 and 12 weeks after the implantation

of an intra-articular semitendinosus tendon autograft that

was harvested without detachment of the tibial insertion. A

number of control animals were used to compare the his-

tologic behaviour of free semitendinosus tendon autograft

at the same time periods.

In the present study, we have compared the effect on

tendon viability when is rerouted, preserving its peripheral

attachment and when it is used as single bundle free graft.

The results of this investigation support our feeling, that

retaining peripheral insertion of semitendinosus, preserves

enough blood supply to keep the tendon viable during the

fist crucial weeks so you might introduce early and inten-

sive rehabilitation.

During the phase of necrosis, there is no doubt, that the

strength of the tendon is diminished. In the long term and

following revascularization, the strength of the tendon

might be increased, but this possibility has not been

investigated in the present study. We have also not inves-

tigated the effect on revascularization, when the tendons

are bundled together. This is out of the purposes of the

present study.

Interestingly, at 12 weeks, macroscopic and histologic

features were more or less the same for the rerouting

semitendinosus and the free graft.

We understand the limitations of the present study, that

is: (a) an animal study and (b) absence of a method that

actually quantify the histologic changes. Nevertheless, it is

clear that in all time periods the autografts that retained the

peripheral attachment were viable with no signs of avas-

cular–acellular necrosis in all animals. On the contrary, the

free autografts 3 weeks postoperatively were avascular–

acellular or hypocelular and signs of revascularization were

evident progressively 6 and 12 weeks post-op.

For the past three decades there has been an intensive

effort to find a satisfactory intra-articular replacement of

the ACL. The results have been the development of better

methods of ACL reconstruction with stronger fixation and

better graft harvesting techniques. Nevertheless, less

attention has been given at the role of the biologic

behaviour of the grafts. Increased laxity of the joint after

ACL reconstruction may result from attenuation or rupture

of the graft during the sensitive period when it undergoes

the necrosis and revascularization process.

In conclusion, harvesting semitendinosus without

detachment of the tibial attachment preserves a sufficient

amount of blood supply to keep it viable. We consider that

the developing of an ACL reconstruction technique that

use semitendinosus not as a free autograft but as a graft

that retains its natural attachment [33–36] may be more

effective than the techniques that use free hamstrings

autografts.

Based on our results, we are developing in our depart-

ment a two bundle two tibial tunnel ACL reconstruction

technique, using a semitendinosus tendon autograft that

retains its musculotendinus origin and a gracilis tendon

autograft that retains its peripheral (tibial) insertion [33–

35]. The early results of this technique are very promising.
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