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Abstract: This study was designed to investigate the osteoconductivity and bioresorption of
brushite calcium phosphate cement (CPC) in bone-tendon interface healing after anterior
cruciate ligament (ACL) reconstruction. Surgical reconstruction using grafted tendon in bone
tunnel was performed bilaterally in 28 skeletal mature rabbits. Brushite CPC was implanted
between grafted tendon and bone tunnel of one limb with the contralateral one as the control.
A batch of 14 rabbits was sacrificed at 6 and 12 weeks, respectively, after surgery. At each time
point, six rabbits were used for micro-CT and subsequent histological examinations, whereas
the remaining eight rabbits were used for pull-out testing. The components of brushite CPCdicalcium phosphate dihydrate matrix degraded rapidly with b-tricalcium phosphate granules
left for guiding new bone formation. Brushite CPC augmented the peri-tendon bone volume
and promoted bone growth into the healing interface. The ultimate strength and stiffness of
the graft-tunnel complexes on experimental side was higher than that of the control by 117%
and 102%, respectively, at 6 weeks postoperatively (p < 0.05 for both). The use of brushite
CPC caused a paradigm shift in failure mode from intra-tunnel to intra-articular portion at 12
weeks postoperatively (p 5 0.013). Brushite CPC significantly enhanced the bone-tendon
integration after ACL reconstruction, which provided a scientific basis for clinical application.
' 2008 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 89B: 466–474, 2009
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INTRODUCTION
Anterior cruciate ligament (ACL) rupture is one of the
most common knee injuries in sports medicine. Annually,
more than 150,000 new ACL rupture cases are recorded in
the United States.1 Surgical reconstruction using tendon
grafts in bone tunnel is often performed on patients with
ruptured ACL to restore the joint stability.2 However, the
grafted tendon healing to tunneled bone was slower and
weaker than bone to bone healing.3 It was reported that the
bone-tendon healing interface remained the weakest link
until 3 months after the operation.4
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Peri-tendon bone healing played an important role in the
bone-tendon (B-T) integration.5–7 The B-T integration is
inﬂuenced by the peri-tendon bone quantity, which in turn
determines the strength of the B-T attachment.7 It was also
found that B-T collagen ﬁbers reconnection was accompanied by progressive bone growth into B-T healing interface.6 The strength of the B-T attachment correlated with
the amount of bone in-growth.5,6 However, bone tunnel
enlargement was common clinically, which indicated peritendon bone loss after ACL reconstruction.8 The tunnel
wall may recede from grafted tendon with the gap ﬁlled
with ﬁbrous tissue, and it was associated with knee laxity.9
Hydraulic injectable calcium phosphate (CPC) is a new
family of bone substitute, which has been developed as a
void ﬁller to augment bone healing.10 According to the end
products of the setting reaction, CPC was further categorized
as hydroxyapatite (HA) (HA-CPC) and brushite (dicalcium
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phosphate dihydrate, DCPD) cements (brushite CPC).11,12
Various HA-CPC materials, including HA/collagen gel and
HA-TCP mixture, have been studied with an attempt to promote B-T integration.13–15 However, in these previous experimental studies, only decalciﬁed histological technique was
used for the evaluation of healing quality. The bioconductivity and bioresorption of CPC in the B-T interface healing has
not been clearly explored.13–15 In addition, the beneﬁcial
effect of CPC on the B-T attachment strength was only
reported at 1, 2, and 4 weeks postoperatively in previous
studies.14,15 This raised our concerns on whether the slowly
degraded HA at the healing interface would be unfavorable
for B-T integration in the midterm and long term.
Compared with HA-CPC, the brushite CPC (chronOSTM
Inject, RMS Foundation, Bettlach, Switzerland, and Synthes Biomaterials, Switzerland), which was investigated in
this study, has exhibited a signiﬁcantly higher rate of
cement resorption and new bone formation without any
signs of inﬂammatory or immunologic response at 2, 4, and
6 months.16 We hypothesized that brushite CPC ﬁlling B-T
interface could augment the peri-tendon bone healing and
enhance B-T integration at 6 and 12 weeks after ACL
reconstruction in a rabbit model. In this study, a nondestructive three-dimensional (3D) microcomputed tomography
(micro-CT) was applied to investigate the bioconductivity
and bioresorption of the brushite CPC in the peri-tendon
bone healing and B-T interface healing in conjunction with
non-decalciﬁed histology and pull-out test.
MATERIALS AND METHODS
Study Design

Twenty-eight healthy skeletal mature New Zealand white
female rabbits (26 weeks old; weight 3.5–4.0 kg) were used
for this study. The experiment was approved by the Research
Ethics Committee of the authors’ institute (Ref No. CUHK06/
004/ERG). ACL reconstruction with long digital extensor tendon graft was performed bilaterally on the hind limbs in all rabbits. Brushite CPC was implanted between the grafted tendon
and tunneled bone on one limb with the contralateral one as the
control. The batch of 14 rabbits was sacriﬁced at 6 and 12
weeks, respectively, postsurgery. At each time point, six rabbits
were used for micro-CT, followed by the ﬂuorescence and light
microscopic examinations, whereas the remaining eight rabbits
were used for the pull-out test.
Preparation of the Brushite CPC

The dry component of this cement consisted of 42 wt % bTCP powder, 31 wt % b-TCP granules, 21 wt % monocalcium phosphate monohydrate, 5 wt % magnesium hydrogen
phosphate trihydrate, and a small portion (\1 wt %) of sodium hydrogen pyrophosphate and magnesium sulfate to
control the setting time. The liquid component consisted of
0.5% solution of sodium hyaluronate. These two components were mixed together in a custom-made syringe. The
Journal of Biomedical Materials Research Part B: Applied Biomaterials

467

b-TCP granules were obtained by the granulation of the bTCP powder. After setting at body temperature, the cement
was biphasic, that is, it consisted of large granules of bTCP (0.3 mm in diameter), which were embedded in a matrix containing ﬁne DCPD crystals.17
Animal Surgery

ACL reconstruction with long digital extensor tendon graft
was performed bilaterally on the hind limbs in all rabbits
according to our established protocol.18 In brief, each rabbit
was operated under general anesthesia with 10% ketamine/
2% xylazine (Kethalar, 1 mL:1 mL) and maintained sedation
with 2.5% sodium phenobarbital injected intravenously
(Sigma Chemical, St. Louis, MO). The medial parapatella
arthrotomy was done to expose the knee joint. The patella
was then dislocated and the infrapatella fat pad was removed
to expose the joint cavity. ACL was excised and the transverse meniscal ligament was also removed. The long digital
extensor tendon graft of 2.0 mm in diameter was harvested.
Graft preparation was done by removing the attached muscle
and passing the holding sutures through each end of the tendon graft in an interdigitating whipstitch fashion. The femoral
and tibial tunnel was created through the footprint of original
ACL using 2.7-mm diameter drill bit. On the experimental
side, the cement was injected into the 2.7-mm diameter bone
tunnel and shaped on the tunnel wall before passing through
the 2.0-mm diameter tendon graft (Figure 1). The graft was
then inserted and routed through the bone tunnels via the
holding sutures. The graft at the extra-articular exits of the
tunnel was ﬁxed with maximum tension to the neighboring
soft tissue by secure knots. The wound was closed in layers
and wrapped with dressing. The rabbits were allowed for free
cage movement after surgery.
Micro-CT Examination

3D analysis of peri-tendon bone mass and microarchitecture were performed using microCT-40 (Scanco Medical,
Brüttisellen, Switzerland) according to our established protocols.19,20 In brief, the sample was placed with their long
axes in the vertical position and immobilized with a foam
pad in a cylindrical sample holder, which was ﬁlled with
70% ethanol. The femoral and tibial tunnels of each sample
were scanned. The continuous scans were prescribed perpendicular to the long axis of the limb at an isotropic resolution of 30 lm3. The region of interest (ROI) of 3 mm in
diameter was deﬁned to cover the bone tunnel region. The
same ROI was used in all the samples. The entire tunnel
was included for analysis. The acquired 3D data set was
ﬁrst convoluted with a 3D Gaussian ﬁlter with a width and
support equal to 1.2 and 2, respectively (Figure 2).
It was observed under histological examination that
newly formed bone was present in the space left by resorption of DCPD matrix with b-TCP granules left as the guiding structures at 6 weeks onward after surgery. Bone and
b-TCP granules were segmented from the marrow and soft
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Figure 1. Procedures of brushite CPC delivery. (A) Femoral tunnel was drilled; (B) the cement
was injected into the bone tunnel; (C) the cement was molded on the tunnel wall before grafted tendon
passing through; (D) Micro-CT image showed the cement was evenly distributed around the bone
tunnel.

tissue for subsequent analyses using a global thresholding
procedure.21 A threshold equal to or above 350 signiﬁed
the b-TCP granules; a threshold below 350 and equal to or
above 210 represented the bone tissue; a threshold below
210 represented the marrow and soft tissue.
After segmentation, the diameter of b-TCP granules was
calculated by the parameter ‘‘trabeculae thickness.’’ The
peri-tendon bone volume and architecture was calculated
using the built-in analysis program of the micro-CT,

including the fraction of bone volume/tissue volume (BV/
TV), connectivity density (Conn.D), structure model index
(SMI), trabecular number (Tb.N), trabecular thickness
(Tb.Th), and trabecular spacing (Tb.Sp).
Fluorescence Microscopical Examination

Newly formed bone was labeled sequentially with ﬂuorescent
dyes in vivo. The ﬂuorescent dyes, namely xylenol orange

Figure 2. Procedures of micro-CT scan and analysis. (A) The samples were placed with its long
axes in the vertical position in a cylindrical sample holder; (B) the femoral and tibial tunnel (dot line)
were scanned perpendicular to the long axis of limb; (C) for an instance, the region of interest of
3 mm in diameter covering entire tunnel region was harvested from tibial tunnel for analysis; (D) the
b-TCP granules and bone tissue were segmented from bone marrow and soft tissue by thresholding procedures for subsequent analysis.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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As shown in Table I and Figure 3, the fraction of BV/TV
in vicinity of the grafted tendon on the experimental side
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Micro-CT Analysis

BV/TV (0–1)
Con. D. (1/mm3)
SMI (0–3)
Tb.N (1/mm)
Tb.Th (mm)
Tb.Sp (mm)

RESULTS

Femur

The experimental and the control sides were compared in
respect of the volume and architecture of bone growth into the
tunnel, the bone formation rate, the ultimate strength, and the
stiffness of the graft-tunnel complexes using Wilcoxon
Signed Rank test. The failure modes between two sides were
also compared using Fisher’s exact test. The level of signiﬁcance was set at p \ 0.05. All the data analysis was performed
using SPSS 15.0 analysis software (SPSS, Chicago, IL).

Experimental Side

Statistical Methods

Parameters
(Mean 6 SD)

The graft-tunnel complexes were harvested and stored at
2208C until biomechanical testing within 1 month after the
surgery. After the samples were thawed at room temperature, the knee joints were carefully dissected to remove the
surrounding soft tissue until only ACL graft was left as the
physical connection between femur and tibia. The ﬁxations
by suture on both sides were removed when testing. The
graft-tunnel complexes were ﬁxed with custom-made
clamps, allowing a tensile loading along the long axis of
the graft in a material testing machine (H25K-S, Hounsﬁeld
Test Equipment, Surrey, UK). A preload of 1 N and a load
displacement rate of 50 mm/min tensile force were applied
to the graft-tunnel complex until failure. The failure mode
was recorded and the load to failure (N) and stiffness (N/
mm) were calculated based on the load displacement curve.

6 Weeks

Biomechanical Testing

TABLE I. Comparison of Peri-Graft Bone Volume and Architecture Between Experimental Side and Control

The MMA-resined sections were stained with metachromatic
toluidine blue. Cells and matrix at the healing interface were
examined under microscopic imaging system (Leica Q500MC,
Leica Cambridge, Cambridge, UK). The collagen ﬁbers connection from bone to tendon was examined under the polarized microscopy (Leica Q500MC, Leica Cambridge).22

Femur

Experimental Side

Histology

Tibia

12 Weeks

Femur

Control Side

Tibia

(90 mg/kg body weight) and calcein green (10 mg/kg body
weight, both from Sigma-Aldrich GmbH, USA), were
injected subcutaneously and sequentially into the rabbits of
6-week group at week 3 and 4, and of 12-week group at
week 9 and 10 postoperatively. After euthanasia, the samples
were dehydrated sequentially in ethanol and xylene and inﬁltrated with methylmethacrylate (MMA). The embedded
specimens were sectioned perpendicularly to the bone tunnels
by saw microtome (SP 1600, Leica, Germany). The sections
in the middle portion of the bone tunnel were grinded and
polished to 80–100 lm for the ﬂuorescence microscopic examination by grinder/polisher (RotoPol-21, Struers, Denmark). The sections were visualized ﬂuorometrically under
ultra-violet light as our established protocol.22

0.028
0.33
0.64
0.09
0.04
0.34
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Figure 3. The representative images showing bone growth into the tunnel during bonetendon healing on both b-TCP-treated side (A–C) and control side (C–E) at 6 weeks postoperatively. (A and B)
massive new bone formation (star) was observed on the experimental side with b-TCP granules
(arrow) embedded bone tunnel wall. (D and E) On the control side, new bone formation was found
in vicinity of grafted tendon. (C and F) Results of micro-CT 3D reconstruction revealed that there
was more new bone formation (star) on experimental side than the control; b-TCP granules (arrow)
were noted inside trabeculae (original magniﬁcation of A, B, C, and D: 316). [Color ﬁgure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 4. The representative microphotographs showing the location and direction of bone in-growth at
healing interface on experimental side (A, B) and control side (C, D) at week 6 after surgery. (A and B) On
the experimental side, the boundary between bone and tendon became obscure with massive bone
growth into the interface (arrow); b-TCP granules (star) were embedded in newly formed bone. (C and D)
On the control side, the ﬁbrous interface was distinct between tendon and bone; newly formed bone was
observed inside bone tunnel wall instead of at B-T healing interface (arrow) (original magniﬁcation:
3100). [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Figure 5. The graph showing the temporal changes of b-TCP
granules.

was signiﬁcantly higher than the control at both 6 weeks
and 12 weeks postoperatively (p \ 0.001 for both). The
peri-tendon bone microarchitecture on the experimental
side was also superior to the control, which showed more
trabeculae number, less trabeculae space, and higher connectivity. After treatment, the peri-tendon bone consisted of
more plate-like trabeculae than the rod-like trabeculae,
which was indicated by the SMI showing the maturity of
bone microarchitecture.
Interestingly at 6 weeks postoperatively, the fraction of
BV/TV in femoral tunnel was higher than that in tibial tunnel on the control side; whereas on the experimental side,
the BV/TV in tibial tunnel was signiﬁcantly higher than
that of the femoral tunnel (p \ 0.05).
As shown in Figure 5, the diameter of b-TCP granules
decreased with time postoperatively (p \ 0.05). It was
noted that the resorption rate of b-TCP granules was faster
in the tibial tunnel than the femoral tunnel at 6 weeks after
surgery (p \ 0.05).
Fluorescence Microscopic Examination

As shown in Figures 3 and 4, it was observed that there
was massive new bone formation in the vicinity of the
grafted tendon on the experimental side at 6 weeks postoperatively, where newly formed bone progressive grew into
B-T healing interface. In contrast, newly formed bone was
observed on the bone tunnel wall around the grafted tendon
but the ﬂuorescence signals were not observed at the bone
front of the B-T healing interface. There was no signiﬁcant
difference in the rate of new bone formation between the
experimental and the control sides at 6 weeks after surgery
(17 6 5 lm/week on the control side and 19 6 7 lm/week
on the experimental side, p 5 0.317). At 12 weeks after
surgery, there was also no signiﬁcant difference in the rate
of new bone formation on both sides (p 5 0.154).
Light Microscopic Examination

At 6 weeks postoperatively, the ﬁbrous interface was distinct between the tendon and bone with a few collagen
ﬁbers on the control side. The osteoblasts (lining cells)
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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were observed at the bone front in the B-T healing interface. In contrast, the B-T interface became obscure on the
experimental side and the b-TCP granules were embedded
in the newly formed bone (Figures 3 and 5). The densely
stained newly formed bone was found at the bone front at
the B-T healing interface; the chondrocyte-like cells were
observed at the healing interface with organized collagen
ﬁbers reconnection from the bone to tendon (Figure 6).
At week 12 postoperatively, the ﬁbrous interface narrowed with smooth and distinct boundary between the bone
and tendon on the control side. On the experimental side,
the grafted tendon directly connected with the tunneled
bone with the diminished B-T interface; no chondrocytelike cells were observed. The remnant of b-TCP granules
were embedded inside the mature bone tunnel wall.
Biomechanical Testing Results

As shown in Table II, the ultimate strength and stiffness of
the graft-tunnel complexes on the experimental side was
signiﬁcantly better than that of the control by 117% and
102%, respectively, at 6 weeks postoperatively (p \ 0.05
for both). The use of brushite CPC caused a paradigm shift
in the failure modes of the graft-tunnel complexes from the
tibial tunnel to the femoral tunnel (p 5 0.035).
At 12 weeks after surgery, the ultimate strength and
stiffness of the graft-tunnel complexes on the experimental
side was signiﬁcantly better than that of the control by
55% and 34%, respectively (p \ 0.05 for both). The use of
brushite CPC caused a paradigm shift in the failure modes
of the graft-tunnel complexes from the intra-tunnel to the
intra-articular portion (p 5 0.013).
DISCUSSION
This experimental study systemically investigated the
osteoconductivity and bioresorption of brushite CPC in B-T
healing after ACL reconstruction. DCPD matrix dissolved
and decreased in amount in a short term in vivo.16,17,23 At
the time points set for observations in this study, the newly
formed bone was present in the space left by the resorption
of the DCPD matrix, with b-TCP granules acting as guiding
structures. The b-TCP granules provided a large osteoconductive surface for new bone formation without affecting the
rate of bone formation. The use of brushite CPC promoted
progressive bone growth into the B-T healing interface and
direct collagen ﬁbers reconnection between the tunneled bone
and the grafted tendon. It may account for the improvement
of the B-T attachment strength after treatment. These ﬁndings
supported our hypothesis that the use of brushite CPC could
enhance B-T integration after ACL reconstruction. It was
considered that brushite CPC might be superior to HA-CPC
with regard to its long-term beneﬁcial effect and fast resorption, yet direct comparative studies would be relevant to conﬁrm our hypothesis.
Actually, various methods such as biological modalities,
including growth factors and mesenchymal stem cells, have
been extensively explored in an attempt to enhance the B-T
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Figure 6. The representative microphotographs showing the bone-tendon healing interface tissue
on experimental side (A, B) and the control (C, D) at week 6 after surgery. (A and B) Chondrocytelike cells (arrow) and densely stained new bone formation were observed at B-T healing interface
on the experimental side (b-TCP granule labeled by star); organized collagen ﬁbers in bundle (triangle) reconnected bone to tendon. (C and D) On the control side, ﬁbrous interface tissue was
observed with osteoblasts lining (arrow with dot line) along the bone front; no direct B-T collagen
ﬁber connection was observed (original magniﬁcation: 3200).

integration.24–29 The use of CPC had its uniqueness to provide initial graft ﬁxation immediately after operation as
well as its bioconductivity in comparison with the aforementioned methods.30,31 However, the tendon-cement interface remained the weakest site.30 In this study, we
demonstrated that the use of brushite CPC caused a paradigm shift in the failure mode of graft-tunnel complexes
with healing over time, from intra-tunnel healing interface
to intra-articular tendinous portion.

The use of brushite CPC was helpful to provide a large
and stable bone bed for the grafted tendon anchorage. As
shown by micro-CT evaluation, the use of brushite CPC
not only increased peri-tendon bone volume and the number of trabeculae, but also improved its connectivity and
maturity. The presence of b-TCP granules in injectable
bone cement may help to maintain the transient biomechanical function of the implanted bone and to promote the formation of good-quality new bone.32

TABLE II. Biomechanical Data and Sites of Failure

Mean 6 SD
Load to
Failure (N)

Stiffness
(N/mm)

Femoral
Tunnel

Intra-Articular
Midsubstance

Tibial
Tunnel

side (n 5 8)
side (n 5 8)

94 6 42
43 6 11

31 6 11
15 6 4

5
1

2
0

1
7

side (n 5 8)
side (n 5 8)

60 6 25
39 6 14

22 6 6
16 6 8

1
0

5
0

2
8

Group
6 weeks
Treated
Control
12 weeks
Treated
Control

Site of Failure (Number of Samples)
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It was observed under histological examination that the
chondrocyte-like cells clustered at the B-T healing interface
on the experimental side, whereas the distinct ﬁbrous tissue
was present between bone and tendon on the control side.
Mutsuzaki et al.33 also reported similar ﬁndings. They
soaked the grafted tendon in solution to yield calcium
phosphate crystal deposition with the end-product DCPD
on the tendon surface before implantation. They reported
regeneration of ﬁbrocartilage between tendon and bone at 4
weeks postoperatively on the experimental side. Thus, the
presence of cartilaginous interface on the experimental side
might be associated with DCPD matrix—the component of
brushite CPC in this study. The underlying mechanism of
the brushite CPC on chondrogenesis in the B-T healing
needs to be further investigated. For the long term, such
cartilaginous tissue was replaced with the progressive bone
in-growth, which resembled endochondral ossiﬁcation. It
was known that the development of ligament-bone attachment underwent endochondral ossiﬁcation.34 We considered
that the use of brushite CPC might be helpful for the reestablishment of a native ligament-bone attachment.
Local biological environment was different in the trabecule-rich femoral tunnel from the marrow-rich tibial
tunnel. According to the results of the previous experimental study, B-T healing was better in a trabecule-rich
femoral tunnel histologically.7 The similar results were
also observed in our study, that is, the peri-tendon bone
volume in tibial tunnel was signiﬁcantly lower than that
in femoral tunnel. Grafted tendon was prone to be pulled
out of the tibial tunnel in the natural healing process,
which indicated that the B-T attachment strength was
lower on the tibial side. The peri-tendon bone volume in
the marrow-rich tibial tunnel signiﬁcantly increased after
treatment, which exceeded that in the femoral tunnel.
This might be a cause of the failure sites of the graft-tunnel complexes on the experimental side shifted from the
tibial tunnel to the femoral tunnel at 6 weeks postoperatively. This study also showed that the grafted tendon
was prone to be pulled out of the bone tunnel with a
lower fraction of BV/TV in the vicinity of the grafted
tendon. This ﬁnding also suggested that nondestructive
3D micro-CT was a novel approach for an objective evaluation of the quality of B-T healing in bone tunnel.
The bioresorption rate of b-TCP granules varied in the
femoral and the tibial tunnel. This ﬁnding was consistent
with the previous study, which showed that the type and
extent of the cement degradation depended on the implantation sites.35 It was known that the faster resorbed CPC
were degraded by macrophages and the giant cells, whereas
the slower resorbed CPC (months–years) were decomposed
by the osteoclast-type cells in the trabecular bone.36 In
intra-articular tunnel healing, macrophages in synovial ﬂuid
were prone to be tracked in the tibial tunnel after ACL surgery.8 It was postulated that the disparity of local biological milieus in the femoral and the tibial tunnel might
explain the site-speciﬁc response of b-TCP granules.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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CONCLUSION
In this study, we demonstrated that brushite CPC ﬁlling the
B-T healing interface resulted in rapid bone-tendon integration in the mid- and long-term after ACL reconstruction in
a rabbit model. Our experimental ﬁnding might open up a
new area for the use of brushite CPC and provide a basis
for its potential clinical validation and application to
enhance the B-T healing interface integration after ACL
reconstruction.
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