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Abstract
Purpose This study was performed to evaluate one-stage an-
terior cruciate ligament (ACL) reconstruction using a
semitendinosus tendon graft injected with bone morphogenet-
ic protein 2 (BMP-2) in a rabbit model.
Methods We injected recombinant human BMP-2 (rhBMP-2)
in the experimental group and phosphate-buffered saline in the
control group at two sites of the semitendinosus tendon (15 μg
in each site) to replace tendon with bone in the bone tunnel.
Twenty minutes later, the injected tendon graft was
transplanted for ACL reconstruction by passing the graft
through the bone tunnel. The animals were harvested at four,
eight, or 12 weeks postoperatively and examined by histolog-
ical and biomechanical methods.
Results Histological analysis revealed that the tendon graft
was replaced with new bone in the tunnel of the experimental
group. Characteristic features identical to the regenerated di-
rect insertion morphology at the bone–tendon junction were
acquired at eight or 12 weeks in the experimental group. Bio-
mechanical pull-out testing revealed greater stiffness in the
experimental than control group at 12 weeks, although the
maximum load to failure showed no significant difference
between the two groups at four, eight, or 12 weeks.
Conclusion These results indicate the potential for ACL re-
construction with regenerated direct insertion morphology.

Keywords Recombinant human bonemorphogenetic protein
2 (rhBMP-2) . Anterior cruciate ligament (ACL) reconstruc-
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Introduction

The anterior cruciate ligament (ACL) is an important stabilizer
of physiological knee motion. ACL reconstruction has be-
come a common procedure for ACL-deficient knees. Success-
ful l igament reconstruction necessitates effective
osteointegration of tendon grafts. In ACL reconstructive sur-
gery, hamstring grafts or bone–patellar tendon–bone (BTB)
grafts have mainly been used to replace the injured ACL by
graft fixation through bone tunnels. Because the ACL has a
direct insertion transitionally comprising a ligament,
noncalcified fibrocartilage, calcified cartilage, and bone, a
BTB graft may be suitable as the direct insertion in ACL
reconstruction with bone-to-bone integration between the
graft bone plug and tunnel wall [1, 2]. In ACL reconstruction
using tendon grafts, collagen fibres are re-established between
the grafted tendon and the walls of the bone tunnel in the form
of Sharpey’s fibres. The tendon–bone interface is weak,
exhibiting a woven bone formation. Furthermore, the tendon
graft always remains within the bone tunnel and itself never
replaces the bone in the tunnel [3].

Previous studies have found no differences in clinical re-
sults between BTB and hamstring grafts [4, 5]. In some stud-
ies, the BTB group exhibited a significantly higher incidence
of kneeling-induced pain and anterior knee pain than did the
hamstring group [6, 7]. On the other hand, enlargement of
bone tunnels after ACL reconstruction with the hamstring
tendon is a well-documented phenomenon in other reports
[8, 9] because of greater distance between the location of the
extra-tunnel fixation and the tunnel aperture.
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In our previous study, we successfully generated direct in-
sertion from the tendon to the bone by intratendinous injection
of recombinant human bone morphogenetic protein 2
(rhBMP-2) into the semitendinosus tendon [10] and per-
formed two-stage ACL reconstruction using an engineered
BTB graft in a rabbit model. The experimental group showed
histological analysis and biomechanical pull-out test results
superior to those of the control group at four or eight weeks
postoperatively [11]. We modified this previous two-stage
surgery to a one-stage surgery. We hypothesized that one-
stage ACL reconstruction using our previously established
semitendinosus tendon graft injected with rhBMP-2 may al-
low the grafted tendon to be replaced by bone in the bone
tunnel and regenerate the insertion site of the bone–tendon
junction.

Materials and methods

Animals

Fifty-four healthy adult female New Zealand white rabbits
weighing 3.20±0.42 kg were purchased from a breeder (Japan
SLC, Shizuoka, Japan). The animals were kept in separate
cages with free access to food and water in an air-
conditioned environment. All animal experiments were per-
formed in strict accordance with the regulations of the Institu-
tional Animal Care and Use Committee, Osaka City Univer-
sity Medical School, Japan.

Preparation of rhBMP-2-induced BTB grafts
within the semitendinosus tendon and surgical ACL
reconstruction procedure

The rhBMP-2 was produced and donated by Osteopharma
Inc. (Osaka, Japan). It was mixed with phosphate-buffered
saline (PBS) and 0.02 % indocyanine green (ICG) at a con-
centration of 1.25 μg/μl. The rhBMP-2, colored green by the
ICG, was injected into the semitendinosus tendon of the rab-
bits in the experimental group. One-stage ACL reconstruction
using the semitendinosus tendon graft injected with rhBMP-2
in the rabbit model was performed as previously described.
Briefly, each animal was anaethetised with an intramuscular
injection of ketamine hydrochloride (60 mg/kg) and xylazine
(10 mg/kg). The left hind limb hair was shaved, and the leg
was sterilized with ethanol and draped. Using a medial longi-
tudinal skin incision, the semitendinosus tendon was exposed
and ligated with 3–0 nylon suture at four points. In the exper-
imental group, rhBMP-2 was injected at 15 μg per 12 μl at the
first and third portions (7-mm width) of the semitendinosus
tendon using a microsyringe with a 28-G needle (Ito Corpo-
ration, Shizuoka, Japan) (Fig. 1). In the control group, 12μl of
PBS alone without rhBMP-2 was injected into each portion of

the tendon. We made single bone tunnels in the femur and
tibia with the knee in flexion. Twenty minutes after the
rhBMP-2 injection, all ligatures were removed and the
injected tendon graft was transplanted to reconstruct the
ACL by passing the graft through the bone tunnels (2.5 mm
in diameter) in the femur and tibia. The graft was anchored to
extraosseous post-screws with 3–0 wire sutures, and the skin
incision was closed (Fig. 1). Cast immobilization was per-
formed for two weeks postoperatively in each animal. At four,
eight, and 12 weeks postoperatively, the animals were
sacrificed and evaluated by histological examination and bio-
mechanical testing.

Histological examination

Twenty-four knees (12 in each group) were histologically ex-
amined. Each harvested left knee was fixed in 4 % neutral
formalin, decalcified in 0.5-M ethylenediaminetetraacetic ac-
id, dehydrated in a graded ethanol series, and embedded in
paraffin. Specimens were cut in the oblique sagittal direction
to observe the femoral and tibial sides of the bone tunnel, cut
to 7-μm thickness with a microtome (Leica Microsystems,
Inc., Wetzlar, Germany), and stained with toluidine blue. They
were then observed under bright and polarized light micros-
copy (Keyence Corporation, Osaka, Japan).

Semiquantitative analysis of bone and fibrocartilage
formation in the bone tunnel

For quantitative analysis of bone formation in the rhBMP-2-
injected tendon graft in the bone tunnels, we measured the
areas of new bone, bone marrow, tendon, and fibrocartilage
within the box area (1.0×1.5 mm) of the bone tunnel. The box

A B

Fig. 1 a RhBMP-2 colored with a green dye was injected with a
microsyringe and 28-G needle (arrowheads) into two semitendinosus
tendon sites (white arrow) in a rabbit model. b ACL reconstruction was
performed using a semitendinosus graft passed through the bone tunnel.
The graft was fixed with post-screws (black arrows)
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area was established at the centre of the grafted tendon in the
bone tunnel beside the tunnel wall. The percentage of each
area and the cancellous bone were measured using computer
software (ImageJ ver. 1.48; NIH, Bethesda, MA).

Biomechanical testing

Thirty knees (15 in each group) underwent biomechanical
testing. The frozen knee specimens were thawed overnight
at 4 °C. After removal of the screws and sutures used to fix
the grafts, the femur–tibia–tendon graft complexes were em-
bedded in acrylic resin (Ostron II; GC Corporation, Tokyo,
Japan), which was used to fix the specimens to a material
testing machine (Shimazu Co., Ltd., Kyoto, Japan). The ulti-
mate grafted-tendon failure load was calculated in both
groups. The stiffness was determined from the load–displace-
ment curve.

Statistical analysis

Differences in the biomechanical test results between the ex-
perimental and control groups were evaluated using the
Wilcoxon signed-rank test with SAS version 9.3 (SAS Insti-
tute, Cary, NC). Differences with a p value of <0.05 were
considered statistically significant.

Results

Gross appearance and histological examination

On the gross oblique sagittal sections in the experimental
group, most of the graft in the bone tunnel had diminished at
eight and 12 weeks postoperatively and seemed to be replaced
by bony tissue (Fig. 2b). No significant bony tissue was ob-
served in the bone tunnels of the control group (Fig. 2a). No
ectopic bone formation was seen in the knee joint tendon in
either group.

Histological examination

On histological analysis, cartilage tissues in the graft within
the bone tunnels were mainly found at four weeks postopera-
tively in the experimental group (Fig. 3f). More new bone
formation in the bone tunnels was found at eight and 12 weeks
than at four weeks in the experimental group (Fig. 3g, h). In
the experimental group, tidemarks were seen at the interface
between the tendon and the rhBMP-2-induced ossicle, which
was similar to normal bone–tendon junctions on high-
magnification views (Fig. 3i). No cartilage or bone formation
was found in the graft tendon within the bone tunnel in the
control group (Fig. 3a–d). Polarized light microscopy showed
enthesis-like morphology with collagen fibers connecting the

bone and tendon in the experimental group (Fig. 3e, j). No
ectopic bone formation was seen in the tendon of the knee
joint in either group. The results of quantitative analysis of
the tendon graft are summarized in Table 1. Postoperatively,
the experimental group showed more bone and fibrocartilage
formation and less tendon tissue within the box area as time
progressed (Fig. 4).

Biomechanical testing

The mean ultimate grafted-tendon failure loads in the experi-
mental and control groups were 33.5±6.6 and 31.3±13.1 N at
four weeks, 38.4±18.3 and 40.9±22.1 N at eight weeks, and
51.1±8.9 and 43.2±15.9 N at 12 weeks, respectively. Al-
though the ultimate failure loads at 12 weeks postoperatively
were significantly higher than those at four weeks in the ex-
perimental group (p<0.05), no significant difference was
found between the two groups four, eight, and 12 weeks
(Fig. 4a). The mean stiffness values in the experimental and
control groups were 12.0±4.7 and 13.2±8.1 N at four weeks,
12.2±3.8 and 14.2±9.5 N at eight weeks, and 25.5±8.8 and
10.2±3.9 N at 12 weeks, respectively. Stiffness in the exper-
imental group was significantly greater than that in the control
group at 12 weeks (p<0.05), and stiffness at 12 weeks was
significantly greater than that at four weeks in the experimen-
tal group (Fig. 4b). Failure in the experimental group speci-
mens occurred predominantly as midsubstance graft rupture
or fracture of the graft at the bone–tendon junctions (four of
five specimens at four weeks, and all specimens at eight and
12 weeks). However, failure in the control group specimens

BMP(-) BMP(+)

Gross inspection

A B

Fig. 2 Gross oblique sagittal section of ACL-reconstructed knee at
12 weeks postoperatively [(a) control group (BMP–), (b) experimental
group (BMP+)]. No significant bone formation in the bone tunnels was
observed in the control group (arrowheads). Most of the graft at the bone
tunnel diminished and seemed to be replaced by bony tissue in the
experimental group (arrows)
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occurred predominantly as pull-out from the bone tunnels (three
of five specimens at four weeks, two of five at eight weeks, and
one of five at 12 weeks).

Discussion

In the present study, we showed that one-stage ACL recon-
struction using the semitendinosus tendon by direct injection
of rhBMP-2 successfully induced bone formation in the

tendon and generated a bone–tendon junction similar to that
of the normal enthesis at the insertion sites. These findings
indicate that tendon grafts can directly generate BTB grafts
by injection of rhBMP-2 in one-stage ACL reconstruction.
However, the pull-out load was almost the same in both
groups.

We previously reported the potential efficacious use of
rhBMP-2 to engineer BTB grafting material as a substitute
for damaged ACLs in two-stage surgery. In the first stage of
the surgery, rhBMP-2 was injected into two semitendinosus
tendon sites; in the second stage (six weeks after the first
surgery), ACL reconstruction using the semitendinosus ten-
don with BMP-2-induced ossicles was performed. The exper-
imental group showed histological analysis and biomechani-
cal pull-out test results superior to those of the control group at
four and eight weeks postoperatively [11].

For greater clinical applicability, we hypothesized that the
current study model would produce the same results as those
of our previous study. The experimental results indicate the
potential for successful regenerative reconstruction of the
ACL with restoration of enthesis-like morphology and stiff-
ness, both of which were significantly greater in the experi-
mental than in the control group at 12 weeks postoperatively
(p<0.05). The current study model may represent an improve-
ment of the weak point of ACL reconstruction in terms of
indirect insertion of tendon grafts. However, no significant
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Fig. 3 Representative histological findings for oblique sagittal sections
of ACL-reconstructed knees at four, eight, and 12 weeks in the control
and experimental groups. (a–c) No bone formation was found at four,
eight, or 12weeks in the control group. (f–h) More new bone formation in
the bone tunnels was found at eight and 12 weeks than at four weeks in
the experimental group. Bar, 1 mm. (d, i) High-magnification views of
the boxed area in the columns of (c) and (h), respectively. (i) At 12weeks,

the experimental group showed tidemarks (black arrows) at the interface
between the tendon and the rhBMP-2-induced ossicle. T tendon,HB host
bone, NB new bone. Bar, 500 μm. (e, j) Polarized light microscopy of the
boxed area in (c) and (h), respectively. (e) Tendon grafts were passed
through the bone tunnel without direct insertion in the control group. (j)
An enthesis-like morphology with collagen fibers connecting bone and
tendon was seen in the experimental group

Table 1 Results of area measurement

Measurement Tendon Bone marrow Cartilage Bone

Cancellous bone 0 75.1 (6.2) 0 24.9 (6.2)

BMP (-)

4 W 100 0 0 0

8 W 100 0 0 0

12 W 100 0 0 0

BMP (+)

4 W 37.4 (15.5) 0 58.7 (9.9) 3.9 (6.7)

8 W 4.8 (6.6) 0.6 (1.0) 40.4 (11.3) 54.2 (10.0)

12 W 2.2 (4.5) 14.8 (11.1) 12.4 (6.9) 71.8 (9.9)

Data are expressed as mean (standard deviation), n=4
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difference was found in the ultimate failure load between the
two groups at four, eight, and 12 weeks.

With respect to the method of ACL reconstruction, tendon
grafts reportedly require a greater period of time to re-establish
mechanical strength at the graft–tunnel interface than do BTB
grafts. Various strategies for accelerating tendon-bone healing
with tendon grafts include the use of bone mesenchymal stem
cells; synovial mesenchymal stem cells [12, 13]; transforming
growth factor-β1 [14]; α2-macroglobulin, which has a
blocking effect on synovial matrix metalloproteinase activity
[15]; and low-intensity pulsed ultrasound [16]. Previous stud-
ies have shown that rhBMP-2 leads to accelerated bone in-
growth into tendon grafts with an associated improvement in
tendon attachment strength [17–19]. Ma et al. [20] reported
that BMP-2 injected around the periphery of each tunnel sur-
rounding the tendon graft demonstrated a strong effect on
osteointegration at the bone–tendon junction in a rabbit mod-
el. Although these previous methods reportedly improved the
tendon-bone healing of the bone tunnel, they did not replace
the tendon with bone at the bone tunnel and regenerate the
bone–tendon junction to form a structure similar to the ana-
tomical direct insertion of a normal ACL in the rabbit model.
Additionally, enlargement of bone tunnels after ACL recon-
struction with the hamstring tendon is a well-documented phe-
nomenon in humans. The rate of enlargement of bone tunnels
after ACL reconstruction with tendon grafts ranges from 11.0
to 73.9 % [8, 9]. Tunnel enlargement is reportedly associated
with a bungee effect and windshield-wiper motion [21–23]
because of the increased working length of the graft. Our
method enables reduction of the graft working length and
improves its stiffness because of the direct bone-to-bone inte-
gration between the rhBMP-2-injected graft and tunnel wall.
Therefore, we expect this model to avoid bone tunnel
enlargement.

With respect to the mechanical strength at the graft–tunnel
interface, Tomita et al. [3] reported that in a dog model, the
ultimate failure load of the flexor tendon graft was significant-
ly inferior (45.8 %) to that of the BTB graft at three weeks;
however, it was not significantly inferior (85.0 %) to that at
six weeks. Mihelic et al. [24] used 25 μg of BMP-7 on an
absorbable collagen sponge together with a free tendon graft
in bone tunnels. They demonstrated that this low dose of
BMP-7 enhanced trabecular bone formation and tendon graft
integration in bone tunnels and provided a significantly higher
pull-out strength in a sheep model of ACL reconstruction. In
the present study, there was a progressive increase in stiffness
in the experimental group. Direct bone-to-bone integration
between the rhBMP-2-injected graft and tunnel wall might
have decreased the graft working length and improved the
stiffness in the experimental group [25, 26]. However there
was no significant difference in the ultimate load to failure
between the two groups. The lack of a significant difference
might be explained as follows. First, we suspect that the ec-
topic bone formation in the tendon graft was fragile because
the rupture sites were mainly located at the bone–tendon junc-
tions in the experimental group.

Second, the tendon-bone healing process may differ
between BMP-2 and BMP-7, although a previous study
[27] on new bone formation of BMP-2 and BMP-7 by
ex vivo gene therapy found no significant differences in
bone formation between BMP-2 and BMP-7 in a rat
model of spinal fusion. Another study [28] reported that
BMP-2 induced not only anabolic bone formation, but
also catabolic osteoclastic bone resorption. In contrast,
Mihelic et al. [24] reported that a low dose of BMP-7
did not induce bone resorption in the bone tunnel.
Therefore bisphosphonates should be added to this
BMP-2-injected model in future studies.
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Fig. 4 Biomechanical testing to measure the pull-out strength of the
reconstructed ACL. a Ultimate failure load at 12 weeks postoperatively
was significantly higher than that at four weeks in the experimental group
(p<0.05); however, no significant difference was found between the

experimental and control groups at four, eight, or 12 weeks. b Stiffness
in the experimental group was significantly greater than that in the control
group at 12 weeks (p<0.05), and stiffness was significantly greater at 12
than at four weeks in the experimental group (p<0.05)
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There are some limitations of this study. First, this study
was performed using a rabbit model; therefore, the ACL re-
construction technique differs from that used in humans. The
tendon graft was anchored to extraosseous post-screws with
3–0 wire sutures instead of interference screws or
Endobuttons. Low initial tension was applied to the tendon
graft. Although cast immobilization was performed for
two weeks postoperatively in each animal to allow for rest in
the early postoperative phase, as in human ACL reconstruc-
tion, we could not completely mimic human ACL reconstruc-
tion in this study.

Second, the clinical use of BMP is associated with possible
side effects and complications. Fortunately, no ectopic or het-
erotopic bone formation was evident either grossly or histo-
logically in this rabbit model. We could not check for ectopic
and heterotopic bone formation after ACL reconstruction with
rhBMP-2 on radiographs or micro-computed tomography.
Preclinical studies in large animal models are essential to op-
timize the rhBMP-2 dose for regeneration of the direct inser-
tion without side effects in humans.

In conclusion, we have shown that one-stage ACL recon-
struction using the semitendinosus tendon by injection of
rhBMP-2 successfully induced the replacement of tendon
with bone in the bone tunnel and generated a bone–tendon
junction similar to the normal enthesis at the bone–tendon
junction. These results indicate the potential usefulness of re-
generative ACL reconstruction with restoration of the ACL
with regenerated direct insertion morphology while avoiding
bone tunnel enlargement. Further studies must be conducted
to show the efficacy of rhBMP-2 in large animal models and
rhBMP-2 with bisphosphonates in this model.
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