
U
Update on Ligament Fixa0on 

 Biological Enhancement  





Overview 

Good ACL Reconstruc0on requieres: 

•  bone tunnel construc0on and placement 

•  graC choices and prepara0on 

•  graC fixa0on 



But… 
Perfect surgical techniques s0ll need an adequate 
biological healing response to yield good clinical 
outcomes  
*poor graC healing is one of the causes leading to nontrauma0c 
ACLR failure 

                   Carson 2004, Ekdahl 2008  

GraC healing of ACLR involves slow biological 
processes: 

•  GraC remodeling  

•  Intratunnel graC incorpora0on  
•  intraar0cular graC ligamen0za0on 

               GuloRa 2007  

GraC healing of ACLR involves slow biological 
processes: 

•  GraC remodeling  

•  Intratunnel graC incorpora0on  
•  Intraar0cular graC ligamen0za0on 

               GuloRa 2007  



Normal inser0on site anatomy of 
the ACL has a specific arrangement 
of : 
‐     Collagen fibers 

‐  Fibroblasts 

‐  Fibrochondroblasts 
‐  Osteoblasts  

don graft show a firm junction between the graft and the
bone tunnel after 6 weeks.13,38 This junction, however,
shows longitudinally directed fibrous tissue that does not
resemble restoration of a normal ACL insertion. In biome-
chanical tensile tests, the semitendinosus tendon graft
was pulled out of the tunnel, leaving a fibrous lining
within the bone tunnel. This suggests that the graft has
been pulled out of the fibrous tissue envelope rather than
out of a firm bony attachment.13,38 The work of Shino et
al.,99 however, suggests that, in dogs, the fibrous tissue
formation within the bone tunnel transforms into a direct
insertion demonstrating the four-zonal structure after 30
to 52 weeks. These studies suggest that insertion site
healing may undergo a progression from unstructured
fibrous tissue to structured tissue and to the reestablish-
ment of a normal insertion morphology.

A recent rabbit study examined the incorporation of the
bone-patellar tendon-bone graft into the bone tunnel. In
this study, the incorporation of the bone block was de-
scribed as early as 16 weeks after transplantation, and a
normal four-zonal insertion site was reestablished after 6
to 9 months.90 These data are surprising since the regular
time for bone healing is usually faster than 16 weeks. The
results of this study suggest that the healing response of
the bone-patellar tendon-bone autograft may be more
complex than a direct bone-to-bone healing response. Fu-
ture studies will be needed to determine the differences in
healing response and ultrastructural quality of bone-pa-
tellar tendon-bone versus free tendon grafts.

FUTURE DIRECTIONS OF ACL
RECONSTRUCTION

Recent emphasis in research has been directed toward
understanding the importance of the ACL in vivo as well
as the rehabilitation and healing process after ACL recon-
struction. Biomechanical analysis of the ACL and ACL-
reconstructed knees has traditionally been evaluated in
cadaveric studies. The results of these studies are ex-
tremely useful; however, their application can be limited

without the information of their behavior in vivo. Significant
effort has been directed toward obtaining in vivo biomechan-
ics regarding the ACL and ACL-reconstructed knees. In vivo
strain measurements12 and gait analysis17,66,109 can pro-
vide valuable information that can be used in modifying
rehabilitation protocols, surgical approaches, and preopera-
tive planning. This information may also allow us to have
more thorough evaluation of ACL-reconstructed knees.

Another focus of orthopaedic research has been the ap-
plication of technology in molecular biology to accelerating
and promoting soft tissue healing. Growth factors have
been identified as specific signaling molecules that lead to
changes in the proliferative and migratory behavior of
various cells. A recent study has shown that growth fac-
tors such as the basic fibroblast growth factor, transform-
ing growth factor-!, and the platelet-derived growth factor
can promote the healing response of ligaments both in
vitro and in vivo.44,89 Promising reports have also been
published on the enhancement of ligament insertion site
healing after the application of growth factors known as
growth differentiation factors.112

Although some success has been demonstrated with
direct application of growth factors to ligament injuries in
animal experiments, there are problems associated with
direct delivery. These problems include short-term action
and an exceedingly high local concentration of proteins.
The development of delivery techniques has been aimed at
achieving continuous, local delivery of growth factors.
Gene therapy has emerged as one of the more promising
approaches to overcome this problem. By using viral or
nonviral vectors, the genetic information encoding the
protein of interest is inserted into a live cell. The geneti-
cally modified cell has the potential to express the protein
of interest in a sustained manner. This gene-transfer
method is a potential vehicle for targeted, long-term de-
livery of protein to the healing ACL.26,33
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Figure 7. A histologic section of a direct insertion showing

the four layers of insertion: ligament proper, uncalcified fibro-

cartilage layer, calcified fibrocartilage layer, and bone.

828 Fu et al. American Journal of Sports Medicine

Direct ligament insertion  

distribute longitudinal and shear forces from the ligament into the 
subchondral bone plate 

 minimizes stresses on individual collagen bundles 
Benjamin M, Evans EJ, Copp L. The histology of tendon aRachments to bone in man. J Anat. 1986 



This complex anatomy  
not restored by 
conven0onal free tendon 
transfers 
* soC 0ssue fixa0on 
predominantly composed of 
fibrous 0ssue aligned  

along the load axis  

Shino K. Replacement of the anterior cruciate ligament by an allogeneic tendon graC: An experimental study in the dog. JBJS Br 1984  



The mechanism by 
which graft-bone healing 
occurs depends on the 
type of the graft used. 



•  Resembles normal fracture healing 

   6‐8 weeks  
 * Complete incorpora0on of the bone block 
in the tunnel observed   16 weeks   

•  B‐PT‐B graCs have the advantage of 
allowing rigid fixa0on of the graC in 
the bone tunnel 

            Grana AJSM 1994, Fu AJSM 1999 



•  Fibrovascular interface 0ssue between graC and 
bone  

•  Progressive mineraliza0on of the interface 0ssue 

•  Bone ingrowth into the outer tendon  

•  Incorpora0on of the tendon graC into the 
surrounding bone (Sharpey‐like fibers forma0on) 
*indirect marker of tendon to bone healing  

Takes a long 0me  12 weeks 
             Rodeo 1993, Eriksson 2008, Chen 2009 

Complete tendon to bone tunnel healing  
 6 to 12 months 

                                       
                     Nebelung 2003, Hays 2008  



‐ GraC tunnel mo0on 

‐ Tunnel widening 

Fu  AJSM  1999  

Imaging
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Example of tibial tunnel widening on radiographs and MRI:

Example of vertical and anterior femoral tunnel placement:

Example of femoral tunnel widening on radiographs and 

MRI:

Example of posterior tibial tunnel placement (arrow):

site anatomy is designed to distribute longitudinal and
shear forces from the ligament proper into the subchon-
dral bone plate, thus minimizing stresses on individual
collagen bundles.11 This complex anatomy, however, is not
restored by conventional free tendon transfers within the
first 6 months after graft implantation. Direct implanta-
tion of tendon within a bone tunnel yields a soft tissue
fixation predominantly composed of fibrous tissue aligned

along the load axis. After 6 weeks, collagenous fibers can
be seen protruding from the collagen fibers of the graft
through the fibrous tissue into bone, thus anchoring the
tendon transplant directly into the cancellous bone.68,83

Anterior cruciate ligament insertion site healing has
been evaluated in animal studies. Studies involving ACL
reconstruction in rabbits using a free semitendinosus ten-

Figure 4. A, a titanium button-polyester tape construction for soft tissue fixation. B, a schematic diagram illustrating longitudinal

graft tunnel motion, or the bungee effect.

Figure 5. A schematic diagram demonstrating anatomic

versus distant tibial-sided fixation of the ACL replacement

graft. (Modified from Ishibashi et al.52)

Figure 6. Anteroposterior (left) and lateral (right) radio-

graphs illustrating bone-tunnel widening after ACL

reconstruction.
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Strategies to enhance  
Tendon graC to bone healing 

•  Brushite calcium phosphate cement 
•  Injectable tricalcium phosphate 
•  Calcium phosphate 
•  Magnesium‐based bone adhesive 
•  Demineralized bone matrix  

•  Bone marrow 
•  Bone morphogene0c protein‐2 (BMP‐2) 
•  Transforming Growth Factor‐β1 (TGF‐β1) 
•  Mesenchymal stem cells 
•  Granulocyte colony‐s0mula0ng factor 

•  Hyperbaric oxygen treatment 
•  Low‐intensity pulsed ultrasound 
•  Shock wave therapy  



Clinical studies 

Experimental studies 



In vitro   
•  Platelet rich plasma 
improves ACL cells 
viability and func0on 

Fallouh et al. Effects of autologous platelet‐rich plasma on cell viability and collagen synthesis in injured human anterior cruciate ligament. J Bone Joint Surg Am 2010 



•  Early administra-on of PRP (during the 
inflammatory process) may lead to an 

accelerated healing cascade (shorter than the 
typical period expected for full graB maturaCon 

and integraCon) 

 Sánchez et al. Ligamen0za0on of tendon graCs treated with an endogenous prepara0on rich in growth factors: Gross morphology and histology. Arthroscopy 2010 



Methods 

•  RCT, 108 pa0ents 
•  Addi0on of platelet concentrate to a 

ST‐gracilis graC and to the femoral 
tunnel 

Results 

•  At 6 months FU 
–  Higher rate (P = 0.036) of graC matura0on 

(low‐intensity signal on MRI) 

–  No significant effect in osteoligamentous 
interface  

Orrego et al. Effects of platelet concentrate and a bone plug on the healing of hamstring tendons in a bone tunnel. Arthroscopy 2008 



Methods  
•  RCT, 40 pa0ents 
•  Effect of the addi0on of autologous PRP gel 

sutured into the patellar and 0bial bone plug 
harvest site 

Results 
•  12‐month FU 

–  VAS scores  not significantly different 
–  VISA scores (validated to quan0fy knee func0on in 

subjects with patellar tendinopathy) significantly 
higher in pa0ents treated with PRP   P = 0.041 

Cervellin et al. Autologous platelet‐ rich plasma gel to reduce donor‐site morbidity aCer patellar tendon graC harves0ng for ACL R: A randomized, controlled clinical study. KSSTA 2012 

Usefulness of PRP in reducing subjec0ve pain at the donor‐site level 



Valenj  Arthroscopy 2009 

Purpose 
To evaluate the clinical and inflammatory 
parameters with the addi0on of platelet‐
derived growth factors (PDGF) in primary ACL 
R with B‐PT‐B allograC 

Methods 
•  RCT, 100 pa0ents 
•  Arthroscopic allograC ACL‐R (n=50) vs a 
group in whom platelet‐enriched gel was used 
(n=50)  
•  The platelet concentra0on was 837x103/mm3 
•  The gel was introduced inside the graC and in 
the 0bial tunnel 



Valenj Arthroscopy 2009 

Results 
•  No differences in the number of associated injuries  
•  No sta0s0cally significant differences between the groups for 

‐  inflammatory parameters (knee perimeter and C‐reac0ve protein level) 
‐  MR imaging appearance of the graC 
‐ clinical evalua0on scores (VAS, IKDC, and KT‐1000) 



The Periosteum  

•  Periosteum consists of 
mul0potent mesodermal 
cells  

•  It also contains 
chondroprogenitor and 
osteoprogenitor cells, 
which can form both 
car0lage and bone under 
appropriate condi0ons  



Periosteum‐enveloping tendon gra>  

METHODS 
•  Double ST & gracilis graC (10 cm in 

length) with a periosteum flap 
wrapped (cambium layer placed 
outside)  

•  Case series  368 pts 
•  From 2000 to 2005 / at least 2 y 

FU 

RESULTS 
•  Minimal tunnel widening  

–  95% less than 1mm widening (both 
femur and 0bia) 

Chen Arthroscopy 2010 



partial resection for 5 medial and 6 lateral meniscus in the
conventional method.

Surgical Procedure

To standardize the quality of operations, a single senior
surgeon (A.K.) performed all operations in the 4 hospitals.
The surgeon was blinded to the randomization group. A
standard arthroscopic examination was performed via
anteromedial and anterolateral portals. A ruptured ACL
was confirmed arthroscopically, and meniscal damage
was managed according to the injury status.

In both groups, a longitudinal or oblique skin incision of
approximately 3 cm was made on the anteromedial tibial
surface at the level of the pes anserine. The semitendino-
sus or the semitendinosus and gracilis tendons were used
as the autograft. If an adequate length (.22 cm before
halving) was not obtained with only the semitendinosus
tendon, the gracilis tendon was also used. The semitendi-
nosus tendon or the semitendinosus and gracilis tendons
were used as 2 double-stranded grafts. The tendon graft
was hooked to 1 EndoButton CL (Smith & Nephew Endos-
copy, Andover, Massachusetts). The free ends were whip-
stitched with No. 2 braided polyester suture. The grafts
were pretensioned on the suture board. The lengths of
the tendon grafts were 55 to 70 mm. The procedure of graft
preparation was same in the 4 hospitals.

A tibial guidewire was inserted from the anteromedial sur-
face of the tibia to the center of the ACL tibial insertion using
an Acufex tibial guide, and the tibia was reamed with a can-
nulated drill. For the femoral tunnel, a guidewire was placed
using a transtibial tunnel approach at the 2-o’clock or 10-
o’clock position for left or right knees, respectively. A 15- to
25-mm long femoral socket was created with a cannulated
drill. Femoral and tibial tunnel sizes were determined by
the diameter of the graft constructs. The femoral drill hole
was then extended to the lateral cortex of the femur with
a 4.5-mm-diameter EndoDrill (Smith & Nephew Endoscopy).

The graft was inserted from the tibial tunnel through the
joint to the femoral tunnel and then fixed on the femoral
cortex with the EndoButton CL. A 10- to 20-mm length of
the graft was seated in the femoral socket. Finally, the graft
was fixed to a screw and washer on the tibial side with an
initial tension of 40 to 60 N using a tension meter at 30!

of knee flexion, according to previous report.40 Notchplasty
was not needed in any of the patients (Figure 2).

Intraoperative CaP Hybridization Method

The CaP hybridization was performed after drilling both
bone tunnels. The intra-articular portion of the tendon
graft was covered with the sleeve of a rubber glove tied
on each side with No. 2 nonabsorbable sutures to prevent
CaP hybridization of the intra-articular portion and permit
ligamentization and revascularization of the tendon grafts
(Figure 3).22,23 We previously reported that the protective
system effectively worked to prevent the central part of
the graft from CaP hybridization.24 After these procedures,
the tendon graft was soaked in a calcium solution (100 mM
CaCl2 1 30 mM l-histidine, pH 7.4, 280 mOsm/L) for 30
seconds. The grafts were subsequently soaked in a NaHPO4

solution (116.4 mM NaH2PO4:128.7 mM Na2HPO4 3
12H2O = 15%:85%, pH 7.4, 280 mOsm/L) for 30 seconds.
The temperature of the solution and room was 20!C to
25!C. Before each soaking, the grafts were washed in
a saline solution. This cycle was repeated 10 times.22-27

Therefore, the total soaking time was 10 minutes in the
CaP hybridization method. Ten cups containing 200 mL

TABLE 1
Patient Dataa

CaP (n = 32) CM (n = 32)

Age at surgery, y, mean (range) 28.9 (17-44) 26.6 (16-49)
Sex, male:female 21:11 17:15
Height, cm, mean (range) 166.2 (153-182) 166.0 (151-184)
Body weight, kg, mean (range) 67.0 (47-95) 64.8 (50-93)
Months from injury to surgery, mean (range) 29.1 (0.8-156) 17.1 (0.8-204)
Associated injuries
Medial meniscus 8 7
Lateral meniscus 5 6

aCaP, calcium phosphate–hybridized method; CM, conventional method.

Figure 2. Three-dimensional computed tomography images
of anterior cruciate ligament reconstruction using a hamstring
graft with EndoButton femoral fixation and screw washer tib-
ial fixation by a transtibial tunnel approach.
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of the calcium solution and 200 mL of the NaHPO4 solution
were lined up on a table. The tendon graft was moved
through each solution manually (Figure 3). The solutions
were sterilized by 200-nm filtration and placed in an auto-
clave at 115!C for 30 minutes. The sterilization procedure
was performed twice before the operation. Using the con-
ventional method, the tendon graft was soaked in a saline
solution for 10 minutes.

Postoperative Rehabilitation

After surgery, the knee joint was immobilized at 20! of flex-
ion with a removable postoperative brace for 3 days to
avoid overstretching the graft. Three days after surgery,
range of motion exercise was started. Partial weightbear-
ing was started at 1 week, and full weightbearing walking
was allowed at 3 weeks. Running was allowed after 3
months and return to sports after 6 to 12 months. The post-
operative rehabilitation was the same even if the patient
received partially meniscectomy or meniscal repair.

Clinical and Functional Evaluations

Study participants were assessed preoperatively and at 1
and 2 years postoperatively by an independent orthopaedic
surgeon and blinded observer. The pivot-shift test was per-
formed with the patient and graded according to the Inter-
national Knee Documentation Committee (IKDC) form as
absent (0), glide (11), clunk (21), or gross (31). Anterior
knee laxity, measured with the KT-1000 arthrometer
(Medmetric, San Diego, California) at manual maximum
pull, was expressed as the difference between the injured
and uninjured legs. All patients were also evaluated using
the Tegner scale,35 the IKDC knee examination form,8 and
the Lysholm knee scale.19

Computed Tomography Analysis

All patients underwent computed tomography (CT) evalu-
ation 1 year after the operation. Peyrache et al29 reported

an increase in tunnel diameter 3 months after ACL recon-
struction and no changes between 3 months and 2 years.
Moreover, many patients in this study underwent
second-look arthroscopic examination and screw removal
1 year after the operation. Therefore, we decided to evalu-
ate the CT 1 year after the operation. The full evaluation
was performed by a radiologist, blindly and independently.
The CT scans were performed (Brilliance CT 64; Philips,
Amsterdam, the Netherlands) to assess femoral and tibial
bone tunnels. The CT scans (voltage 120 kV, current 230
mA) in the full-extension knee position were supervised
and examined by a single radiologist. A standard protocol
was used consistently throughout the study. Initial volume
acquisition was with 0.9-mm cuts from 50 mm above the
femoral tunnel to 50 mm below the tibial tunnel. Three-
dimensional images were reconstructed using a Virtual
Place Lexus workstation (AZE, Tokyo, Japan). Coronal,
sagittal, and axial images of the femoral and tibial bone
tunnels were obtained. Since the joint aperture site of
the bone tunnels has been reported as enlarged after
ACL reconstruction with suspensory fixation,30 we mea-
sured the anteroposterior diameter (APD) and mediolat-
eral diameter (MLD) of the femur and tibia at the main
joint aperture site (Figure 4). The percentage of bone tun-
nel enlargement in the tunnel APD and MLD were calcu-
lated using the following formula:

Percentage of bone tunnel enlargement (%) = [(APD
or MLD) – (original APD or MLD)] 3 100/
original APD or MLD,

Figure 3. (A) Masking technique. The intra-articular portion
of the tendon graft was covered with the sleeve of a rubber
glove tied on each side to prevent calcium phosphate
(CaP) hybridization. (B) CaP hybridization method. The ten-
don graft was soaked and passed through each solution
manually. The tendon grafts were soaked in a calcium solu-
tion for 30 seconds and then soaked in a NaHPO4 solution
for 30 seconds. Before each soaking, the grafts were washed
in a saline solution. This cycle was repeated 10 times.

Figure 4. Computed tomography images: (A) Sagittal image
of a femoral bone tunnel. The anteroposterior diameter (APD;
arrow) was measured. (B) Coronal image of a femoral bone
tunnel. The mediolateral diameter (MLD; arrow) was mea-
sured. (C) Sagittal image of a tibial bone tunnel. The APD
(arrow) was measured. (D) Coronal image of a tibial bone tun-
nel. The MLD (arrow) was measured.

Vol. 40, No. 8, 2012 Calcium Phosphate–Hybridized Tendon Graft in ACL Reconstruction 1775

 by Pablo E. Gelber on January 17, 2016ajs.sagepub.comDownloaded from 

and our method have been applied clinically. The CaP
hybridization technique is simple, does not sacrifice living
tissue, and can be applied anywhere soft tissue–hard tis-
sue fixation is required.

Anteroposterior knee laxity was improved using CaP-
hybridized tendon grafts in this study. In our previous
report, the CaP-hybridized tendon grafts, compared with
grafts in the case controls, enhanced bone formation and
tendon-bone healing with a cartilage layer of the overall
circumference near the joint aperture in both bone tun-
nels.22-27 Therefore, the fibers in the CaP-hybridized ten-
don graft can provide the appropriate tensile force from
knee extension to flexion after ACL reconstruction. Fiber
recruitment in the CaP-hybridized tendon graft can
achieve good diversification. The length of the CaP-hybrid-
ized tendon between the femoral and tibial side of anchor-
ing points in the goats was shorter than that of the
untreated tendon 1 and 2 years after ACL reconstruc-
tion.22,23 Therefore, knee stability in the CaP group is bet-
ter than that achieved with the conventional method.13

The postoperative results of the pivot-shift test were not
different in the 2 treatment groups; the ACL reconstruc-
tion improved the pivot-shift test in both groups. Recently
it has been recognized that the transtibial ACL reconstruc-
tion is insufficient to limit rotational knee stability.38 And
with this ACL reconstruction, it can be difficult to show the
superiority of the CaP technique for the pivot-shift test.
The application of the CaP technique to the ACL recon-
struction with anatomic femoral tunnel by transportal or
outside-in technique may show different results in the
future.

Even though the Tegner score and the IKDC observa-
tion grade were not different in the 2 groups, the points
of the Tegner score and the numbers of grade A (normal)
in the IKDC test tended to be higher in the CaP group
than in the conventional method group at 1 and 2 years
after surgery. These results may be because of lower AP
laxity in the CaP group. A longer follow-up is needed to
determine if significant superiority of the Tegner score
and the IKDC observation grade in the CaP group will
manifest clinically, indicating slower progression to knee
laxity and osteoarthritis. The meniscal status is a very

important factor when the functional knee scores after
the ACL reconstruction are discussed, especially in the
long term. In this study, patients with meniscal injury
were not excluded, and the status of the meniscus did not
have an effect on the results up to 2 years. However, to
clarify the long-term superiority of the CaP treatment,
a comparative study of ACL reconstruction without menis-
cal injuries is necessary.

According to studies in the goat, the CaP-hybridized
tendon graft can reduce the percentage of bone tunnel
enlargement and control the APD on both the femoral
and tibial sides because of its osteogenic effect. It can
also prevent graft-tunnel motion and synovial fluid pump-
ing when it is anchored near the joint aperture.22,27 The
CaP-hybridized tendon graft enhanced bone formation
on the surface of the tendon graft in the bone tunnel
when compared with the untreated tendon graft.25,26

Synovial fluid cytokines cause delayed healing of the
intra-articular exit of the tunnel.2 Moreover, the articular
ends of the bone tunnels are enlarged by bone resorption,
which is associated with graft-tunnel motion after ACL
reconstruction with suspensory fixation.30 The CaP-
hybridized tendon graft enhanced tendon-bone healing
with the cartilage layer near the joint aperture of the fem-
oral and tibial bone tunnels.22,23,27 The cartilage layer
can act as a shock absorber against graft-tunnel motion
and as a protective wall against synovial fluid. Bone
tunnel enlargement can have a negative effect on long-
term clinical success.11,12,20,29,36 In our study, the reduced
AP laxity in the CaP group may be explained by the
reduction of the percentage of bone tunnel enlargement
of the APD.

To evaluate the midsubstance of the tendon graft, we
analyzed the intensity of the tendon grafts by MRI and
the arthroscopic appearance of the tendon grafts. The heal-
ing process after ACL reconstruction and changes in the
tendon graft are visible with MRI, as the fiber structure
of the graft assumes the characteristics of the ligament
over time. This process is termed ligamentization and is
finalized after revascularization of the tendon graft.1,9

Although there were no adverse events associated with
the CaP hybridization, we could not find any superiority
of the CaP treatment for the status of the graft in regard
to the MRI results and the arthroscopic appearance. We
believe that knee stability, which affords appropriate
mechanical stress for the tendon graft by firm anchoring,
is important for maturation of the tendon graft. However,
the ligamentization and revascularization of the tendon
grafts in the 2 groups may be equal. We think that the lig-
amentization and revascularization of the tendon grafts in
the 2 groups was in fact unclear because we did not biopsy
the tendon grafts. To solve the problem, tendon graft
biopsy and MRI analysis more than 2 years after the
ACL reconstruction may be required.

A limitation of this study was that we did not perform
an anatomic ACL reconstruction using a transportal and/
or outside-in technique, as mentioned. However, the rela-
tively simple single-bundle technique had the advantage
of allowing determination of the efficacy of the CaP method
with minimized surgical variables. Longer follow-up is

Figure 5. (A) Magnetic resonance imaging. The intensity of
the tendon graft midsubstance area shows low intensity in
the CaP group 1 year after surgery. (B) Arthroscopic appear-
ance. The tendon graft shows complete synovium coverage
(category A) in the CaP group 1 year after surgery.
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Methods 

•  RCT, n = 64 / wIth or w/out CaP (n = 32/32) 
•  TT Single‐bundle ACL R 4‐strand ST and gracilis / EndoBuRon 

femoral and screw washer 0bial fixa0on 

Results  
Minimum 2‐year FU 

‐  Pivot‐shiC test, IKDC grade, and Tegner score; intensity of 
the tendon graC (MRI) and arthroscopic appearance not 
significantly different in the 2 groups 

‐  CaP group  

‐  KT‐1000 significant decrease AP transla0on (p < .05)  

‐  Lysholm score higher ( p <.05)  

‐  Reduced  percentage of tunnel enlargement  (AP 
diameter at the main joint aperture site  in femoral & 
0bial side) p < .05 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•  CITOKYNES  may provide important signals 
for 0ssue forma0on & differen0a0on 

•  GENE THERAPHY  may provide prolonged 
presence of important molecules for healing 

•  STEM CELLS  may provide a popula0on of 
undifferen0ated cells for healing 

•  TRANSCRIPTION FACTORS may direct 
nuclear gene expression 



Clinical studies 

Experimental studies 



Bone Marrow‐Derived Mesenchymal Stem Cells 
Infected with BMP‐2  

Purpose 
•  New Zealand white rabbits 
•  Gastrocnemius tendons wrapped by bMSCs 

infected with the control virus (bMSCs+Lv‐Control) 
vs gastrocnemius tendons wrapped by bMSCs 
infected with the recombinant BMP‐2 virus 
(bMSCs+Lv‐BMP‐2) 

Results 
Week 4 to 8   
•  Maximum loads   significantly higher in bMSCs

+Lv‐BMP‐2 group  
•  SFffness  significantly higher in the bMSCs

+Lv‐BMP‐2 group (32.5 ± 7.3 vs  22.8 ± 7.4)    
•  ProliferaFon of carFlage‐like cells and forma0on 

of fibrocar0lage‐like 0ssue  highest within the 
bone tunnels in the bMSCs+Lv‐BMP‐2 group 

Dong 2012 



•  To determine whether OMCS could induce 
bone forma0on around graCed tendons    

•  Skeletally mature Japanese white rabbits  

•  OMCS were transplanted into the interface 
between tendon and bone tunnel  

RESULTS 

•  Newly formed bony walls and posi0ve 
collagen type I staining were seen around the 
tendon with OMCS transplanta0on (thinner 
bony walls without)  

•  Bone volume  signicantly higher in the 
OMCS transplanta0on group 

•  Pullout strength  signicantly higher with 
OMCS (0.74 ± 0.23 N/mm2 ) than without 

OMCS enhance early tendon to bone tunnel healing 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)e objective of this study was to determine whether osteogenic matrix cell sheets (OMCS) could induce bone formation around
gra*ed tendons, thereby enhancing early stage tendon to bone tunnel healing in skeletally mature male Japanese white rabbits.
First, the osteogenic potential of rabbit OMCS was evaluated.)en, the OMCS were transplanted into the interface between the
gra*ed tendon and the bone tunnel created at the tibia. Histological assessments and biomechanical tensile testing were performed
a*er $ weeks. )e rabbit OMCS showed high alkaline phosphatase (ALP) activity, positive staining of ALP, and osteogenic
potential when transplanted subcutaneously with beta tricalcium phosphate disks. Newly formed bony walls and positive collagen
type I staining were seen around the gra*ed tendon with OMCS transplantation, whereas such bony walls were thinner or less
frequent without OMCS transplantation. Micro-computed tomography images showed signi+cantly higher bone volume in the
OMCS transplantation group.)e pullout strength was signi+cantly higher with OMCS (0.74 ± 0.23N/mm2) than without OMCS
(0.58 ± 0.15N/mm2).)ese results show that OMCS enhance early tendon to bone tunnel healing.)is method can be applied to
cases requiring early tendon to bone tunnel healing a*er ligament reconstruction surgery.

1. Introduction

Anterior cruciate ligament (ACL) reconstruction using a
hamstring tendon gra* has been a common procedure in
sports medicine [#]. Osteoblast formation around the gra*ed
tendon plays an important role in the healing process at #
to ! weeks a*er the tendon gra* surgery [!]. Rodeo et al.
[$] described collagen +ber continuity to the bone lining
of the newly formed bone as “Sharpey’s +bers.” A relatively
long time is necessary for the establishment of collagen
+ber continuity. Consequently, aggressive rehabilitation a*er
surgery is avoided until the gra*ed tendon has matured and
the interface between the gra*ed tendon and bone tunnel has
been integrated [&, (]. Although alternative treatment options

to speed up the healing between tendon and bone have been
studied, for example, using periosteum, calcium phosphate,
hyperbaric oxygen and growth factors, or mesenchymal stem
cells (MSCs) [,–#!], there is a need for practical treatment
options that enhance healing.

Recently, MSCs have been widely investigated with a
variety of sca-olds as a cell source for tissue regeneration. In
the +eld of ligament reconstruction, Lim et al. [#!] reported
that coating tendon gra*s withMSCs in +brin glue enhanced
tendon gra* integration. However, there are limitations to the
use of MSCs with sca-olds, including possible immunologi-
cal responses and biocompatibility [#$].)erefore, a sca-old-
free technique for MSC transplantation may be ideal.

! BioMed Research International
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F"#$%& ': Histology of the tendon to bone tunnel interface.(ick bony walls (arrows) were observed around the gra)ed tendon in the OMCS
group * weeks a)er the operation ((a), (c)), whereas such bony walls were thinner or seen less frequently in the control group ((b), (d)). In
both groups, +brovascular tissues were observed. (c) and (d) are magni+cations of (a) and (b). T and BM indicate gra)ed tendon and bone
marrow, respectively. Asterisks indicate +brovascular tissues.
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F"#$%& !: Immunohistochemistry of the tendon to bone tunnel interface for collagen type I. Positive staining was observed around the newly
formed bone in the OMCS group *weeks a)er the operation (arrows in (a)). On the contrary, such strong staining was not seen in the control
group (b). T and BM indicate gra)ed tendon and bone marrow, respectively.

cause immunological responses or have poor bioactivity and
biocompatibility [,*]. We think that the sca-old-free cell
transplantation technique is ideal, particularly in ligament
reconstruction surgeries, because it is o)en di.cult to +t
the MSCs/sca-old construct to the interface of tendon and
bone tunnels. Our method using OMCS transplantation
can be easily applied to the tendon gra) model. OMCS is

very so), /exible, and easily molded, resulting in a good
+t between the interface of the gra)ed tendon and bone
tunnel, as well as between tendon and tendon in folded
tendon gra)s. Arthroscopic surgeries are overwhelming pro-
cedures for ligament reconstruction at present [,].(erefore,
the material properties of OMCS (very so), /exible, and
easily molded) are advantageous for transplantation through



•  Improvement in graC‐to‐bone healing is crucial to ensure 
early aggressive RHB and early return to physical ac0vi0es 

•  Several biological & physical agents to enhance the healing 
process of the tendon‐bone interface have been evaluated 
in animal studies 

•  There is a lack of extensive clinical evalua0on 

•  The current evidence shows a very limited influence of all 
this therapies on graC‐bone interface healing and no 
significant difference in clinical outcomes 



•  There is currently insufficient clinical evidence 
to support the rou0ne use of these therapies 
for trea0ng ACL injuries. 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