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Abstract

Introduction The long treatment duration of distraction
osteogenesis (DO) usually causes some complications such
as re-fracture, non-union. We have previousy demon-
strated that the combined use of biomaterial with distrac-
tion osteogenesis technique can enhance bone formation
and consolidation. This study further tested whether the use
of biologica agents such as rhBMP-2 or alendronate
together with biomaterialsin DO will further promote bone
formation.

Methods A 1.0-cm tibia shaft was removed in the left
tibia of 30 rabbits. The 1.0-cm defect gap was reduced to
0.5 cm and the remaining 0.5-cm defect gap was filled with
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0.5-cm restorable hydroxyapatite/tri-calcium phosphates
(HA/TCP) cylindrical block. The animals were divided into
three groups with the following added on the HA/TCP
block: Group A 50 pl of saline, Group B 75 pg rhBMP-2in
50 pl of saline, Group C 250 g alendronatein 50 pl saline.
The tibia was then fixed with unilateral lengthener and
lengthening started 7 days after at arate of 1.0 mm/day for
5days. All animals were terminated at day 37 following
surgery. The excised bone specimens were subject to
micro-CT, mechanical testing and histological examina-
tions.

Results Bone mineral density and content were signifi-
cantly higher in Groups A and B compared to Group C and
the mechanical properties of the regenerates in Group B
were highest. Micro-CT and histological examinations aso
confirmed that the regenerates in Group B had the most
advanced bone formation, consolidation and remodeling
comparing to other groups.

Conclusion The combined use of rhBMP-2 with HA-TCP
biomaterial in DO has significantly enhanced bone forma-
tion and consolidation than using the HA-TCP biomaterials
alone, whereas the use of alendronate has inhibitory effects
on bone formation.

Keywords Distraction osteogenesis - HA-TCP -
rhBMP-2 - Alendronate - Bone defect

Introduction

Induction of osteogenesis through distraction osteogenesis
(DO) technique has been widely used in the management of
bone defects [1]. However, the time for bone formation and
consolidation phase is usually long during DO treatments,
complications such as re-fracture, non-union, infection of
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pin holes may result [2, 3]. It is desirable to significantly
reduce the treatment duration of distraction osteogenesis by
enhancing bone formation and consolidation. One solution is
to use bone substitutes to reduce the bone defect and then
apply the DO treatment, taken the advantage of bone con-
ductive prosperities of the biomaterials and the biological
enhancement of bone formation and angiogenesis of DO
technique. We have previously demonstrated that the use of
restorable porous hydroxyapatite and tri-calcium phosphates
cylindrical block (HA/TCP block) together with DO can sig-
nificantly enhance bone formation, consolidation and bioma-
terial remodeling for the management of bone defect [4].

The other possible solution is to use biological agent to
promote bone formation during DO. Since Urist [5] made
the key discovery that demineralized bone matrices contain
bone morphogenetic proteins (BMPs), it revolutionized
skeletal tissue engineering. Among the BMPs, BMP-2 has
been found to have pleiotropic functions that range from
extraskeletal osteogenesis to bone regeneration [6]. BMP-2
acts primarily as a differentiation factor for bone and carti-
lage precursor cells, and has been shown to induce bone
formation and heal bony defects in a variety of preclinical
models [7, 8]. We have also previously demonstrated that
administration of rhBMP-2 during distraction osteogenesis
can significantly improve bone formation, consolidation
and remodeling [9].

Anti-resportive agent such as alendronate (ALN) has
been widely used for the treatment of osteoporosis. Some
studies also demonstrated that the use of ALN before or
during fracture healing, or both, resulted in no adverse
effects on the rate of fracture healing, union or strength
[9, 10]. The use of ALN during DO may have the advantage
of enhance bone consolidation. Further to our previous
findings, this study tested the hypothesis that the use of
biological agents such as rhBMP-2 or ALN together with
HA-TCP biomaterialsin distraction osteogenesis (DO) may
further promote bone formation and consolidation than
using HA-TCP biomaterials alone.

Materials and methods

Animal model of distraction osteogenesis and experimental
groups

All animal experimental procedures were performed under
the guidelines for animal scientific procedures approved by
the host ingtitution’s ethical committee. Mid-tibial osteoto-
mies were performed in 30 adult male NZW rabbits (age
20-24 weeks, body weight 2.3-2.8 kg), with the tibiae sta-
bilized by external fixators as previoudly described [11-13].
In brief, under general anesthesia osteotomy was made by a
hand saw in the left tibia below the tibiofibular junction,
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and a 1.0-cm tibial shaft was removed through a second
osteotomy. The 1.0-cm defect gap was immediately
reduced to 0.5 cm, with tibia shortened for 0.5 cm and the
remaining 0.5-cm defect gap was filled with 0.5cm
(length) x 0.5 cm (diameter) restorable porous hydroxyap-
atite/tri-calcium phosphates (HA/TCP) cylindrical block
(OsteoStim™,  Millenium Biologix Inc, Kingston, ON,
Canada) and the bone was stabilized by an unilateral fixator
(Orthofix M-100, Orthofix, UK). The OsteoStim™ hioma-
terials consist of approximately 70% Silicon-TCP and 30%
HA/TCP, with more than 70% porosity.

The animals were divided into three groups (N =10 in
each group), with the following agents added on the HA-
TCP block: Group A 50 pl saline, Group B 75 ug rhBMP-2
(Wyeth Pharmaceuticals, USA) in 50 pl of saline, Group C
250 ng Alendronate (Merck, Rahway, NJ, USA) in 50 pl
saline. All the HA-TCP blocks were placed in a sterilized
plastic tube, and alowed to soak with the added solutions
for 30 min prior to use.

Lengthening started 7 days after the osteotomy, at a rate
of 1.0 mm/day, in two steps, for 5 days. Once the lengthen-
ing (0.5 cm) was achieved, the regenerate was alowed to
consolidate for further 25days. All animals were termi-
nated at day 37 following initial surgery, and all animal
experimental group details were summarized in Table 1.

Radiographic examination

Serial radiographs were taken at the day of surgery (day 0),
day 12, day 17, day 27, day 37 (termination point), using a
C-arm fluoroscopic machine. The exposure condition was
32KV, 10 msat 1x magnifications.

Micro-CT imaging

Specimens of the experimental tibiae including the bone

defect gap containing HA-TCP block and 0.5 cm adja-
cent intact bone at both ends were subject to micro-CT

Tablel Animal experimental group details

Parameters GroupA  Group B Group C
Reagent used N/A rhBMP-2  ALN
Defect created (cm) 1.0 1.0 1.0
Defect reduced (cm) 0.5 0.5 0.5
HA/TCP block used (cm) 0.5 0.5 0.5
Latency period (day) 7 7 7
Lengthening period (day) 5 5 5

Total lengthening (cm) 0.5 0.5 0.5
Consolidation period (day) 25 25 25

Total time at termination (day) 37 37 37

HA hydroxyapatite, TCP tri-calcium phosphates, ALN alendronate
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examinations using a micro-CT system (GE Healthcare
Explore Locus, MicroView v2.1 software ABA, UK)
before processing for mechanical testing. For CT scanning,
samples were placed in a sample holder with specimen’s
flat anterior surface facing downward. This sample orienta-
tion alows for longitudinal scanning of the single speci-
men. A contral file, or measurement protocol was created to
define scanning parameters such as source energy, sample
size, and image resolution. Parameters selected for this
study included a source voltage of 80kV and 450 mA.
Sample measurements (scans) were performed on the
samples using high resolution settings. The regenerate bone
in the 1-cm distraction gap was chosen as the region of
interest (Voxel size: 0.041 x 0.041 x 0.041, ROl type:
box). The 3D reconstruction of the distraction gap was per-
formed by 45 mm-resolution using the software provided.
For data analysis, the following parameters were used to
generate reports. mean volumetric bone minera density
(BMD), bone minera content (BMC), tissue minera
content (TMC), bone volume (BV), tissue volume (TV),
trabeculae thickness (Calib.Th.Th.3D), and trabeculae
space (Calib.Th.Sp.3D).

Mechanical testing

Mechanical testing was performed on eight samples
from each group after the micro-CT examination.
Torsional test was performed on a MTS 858 Mini Bion-
iXRII testing machine at room temperature (22°C) using
a customer designed jig. The rotation angle was applied
at a rate of 4.5°/s and the torque and angular displace-
ment was measured by the in-built devices and recorded.
The biomechanical properties of specimens were deter-
mined by the maximum torque, torsional stiffness, and
the maximum angular displacement required to failure
of specimens.

Histological examination

The samples were fixed in 10% buffered formalin for 48
hours and decalcified at 4°C over a period of 4 weeks in
14% EDTA in 0.1 M Tris-HCI buffer, pH 7.2. All samples
were then processed through graded alcohols, xylene and
embedded longitudinally (on their coronal plane) in paraffin
wax. 7 um sections are cut at and stained with routine
hematoxylin and eosin (HE) and Alcian blue/Sirius red.
Alcian blue/Sirius red staining, following de-paraffin, re-
hydration, nuclear staining with Weigert's hematoxylin,
sections are stained with Alcian blue 8GX (0.1% in 1%
acetic acid) and Sirius red F3B (1% in saturated picric
acid). Alcian blue stains the proteoglycan-rich cartilage
matrix (blue), while Sirius red stains the type | collagen
fibril (red).

Statistical analysis

All quantitative data from micro-CT examination and
mechanical testing were transferred to statistical spread-
sheets and analyzed using a commercially available statisti-
cal program SAS (Version 9.0). Data from each age group
were first tested by one-way ANOVA to identify significant
difference between the groups. If a significant difference
(p<0.05) was found, multiple comparisons were per-
formed using SNK-q (Student—Newman—keuls) test. Differ-
enceis considered significant at p < 0.05 in all tests.

Results
Genera observations

At the first 2 weeks post-operation, all the skin incision
wounds healed with no sign of pin site infection, swelling
and suppuration. During the last 3 weeks post-operation, no
apparent difference was noticed in animals in all groups.
There were total six animals had pin-hole fracture and they
were terminated and replaced by new animals.

Radiographic evaluations of the regenerates

The average (mean &+ SD) lengthening of all the animals
was 9.6 £ 0.5 mm. There was no much difference on X-ray
before day 12 among the three groups. The bone formation
was more obvious at day 17 in group B compared to groups
A and C. At day 27 and day 37 post-surgery, radiographs
show that there was more bone formation in the groups A
and B than that in groups C, more bone was seen in group
B. Radiolucent regions representing focal defectsinthedis-
traction regenerates were frequently seen in group C at day
37. Thereis also a small focal defect in the conjunction of
bone and regenerates of group A (Fig. 1). Among the three
groups, bony union of the distraction gap was seen in group
B asearly asday 17; and at day 27 there were radiographic
signs of cortical continuity and the HA/TCP block was less
visiblein group B compared to groups A and C (Fig. 1).

Micro-CT images and data

Micro-CT images of the distraction gap tissues demon-
strated enhanced bone formation in group A and B. Group
B had better bone remodeling than group A, the new corti-
cal bones have clearly formed at day 37 (Fig. 2B1). The
newly formed bone was more evenly distributed across the
distraction gap in group B compared to groups A and C
(Fig. 2A1-C1). In group C, the newly formed bone was
scarce comparing to that in groups A and B, with foca
bone defects. In group A and C, HA/TCP biomaterials were
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Day 0 Day 12 Day 17 Day 27
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Day 37
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Group C

Fig. 1 Representative radiographs of all experimental groups at day
0, 12, 17, 27 and 37 post-surgery. Day 0 The 1.0-cm defect gap was
reduced with the tibia shortened for 0.5 cm, and the remaining 0.5 cm
defect gap was filled with 0.5-cm restorable porous HA/TCP cylindri-
cal block in the three groups. Day 12 The 0.5 cm lengthening has just
completed, there was little difference on the radiographs among the
three groups. Day 17 There appeared to beincreasein callusformation
in group B compared to the other two groups. Day 27 There was visi-
bleincreasein callusformation in groups A and B compared to day 17.
Group B had more callus formation than group A and callus formation
ingroup C wasvery small. Day 37 All animalswere terminated at this
point. There was a continuous increase in callus formation in groups
A and B comparing to day 27, and all distraction gaps were filled with
new bone in groups A and B. The radiographic sign of cortical conti-
nuity was only seen in group B, indicating the best bone quality com-
pared to groups A and C. In group C, large areas of bone defects were
still visible

till clearly visible, whereas in group B, the HA/TCP bio-
material and new bone have been remodeled and the corti-
cal bone modeling was amost completed (Fig. 2B1-3).
However, in group C, larger focal defects were frequently
seen and the new bone formation was very poor in the dis-
traction gap (Fig. 2C1-3).

The quantitative micro-CT measurement results are
summarized in Table 2. The mean volumetric BMD and the
mean volumetric BMC of the regenerates was significantly
higher in groups A and B compared to group C

@ Springer

(p < 0.0001). The mean volumetric TMD and the mean vol-
umetric TMC of the regenerates was also significantly
higher in groups A and B compared to group C
(p < 0.0001). There was no significant difference between
groups A and B (p > 0.05). The BV/TV ratio was higher in
groups A and B compared to group C (p < 0.05), and there
was no difference between groups A and B.

Mechanical testing results

All mechanical testing results are also summarized in
Table 2. There was no significant difference in the maxi-
mum rotation angle for failure among the groups A and B,
and the maximum rotation angle in groups A and B were
significantly higher than that of the group C. The maximum
torque and the torsional stiffness was significantly higher in
group B compared to groups A and C (p < 0.05); and the
group A was higher than the group C (p < 0.05).

Histology results

At day 37 following surgery, the regenerates in groups A
and B were mainly consisted of woven bone with only
small areas of HA/TCP residues (Fig. 3A, B), whereas in
group C the new bone only formed in the peripherals of the
HA/TCP and not fully consolidated with large areas of HA/
TCP in the middle of the regenerate (Fig. 3C). In groups A
and B, the new bone was formed in parallel to the distrac-
tion force in the gap and grow into the HA/TCP biomateri-
as (Fig. 3A1, B1). In group B, the calus was evenly
formed in the distraction gap and the regenerates had more
signs of bone remodeling, only small areas of HA/TCP res-
idues in the regenerates were seen comparing to group A
(Fig. 3A, B). In group C, focal defects with larger areas of
HA/TCP residues were frequently seen (Fig. 3C). In com-
parison, bone consolidation and remodeling was most
advanced in group B as the regenerates were completely
united with well-organized woven bone with little HA/TCP
residues, whereas new callus formation was still going on
with some sign of bone remodeling in group B; focal bone
defects and larger areas of HA/TCP residues were still visi-
blein group C.

Discussion

We have previoudly shown that the combined use of HA/
TCP biomaterials and DO technique could reduce the treat-
ment time and enhance bone consolidation compared to the
established treatment methods, such as using DO technique
or biomaterials alone [4]. This study further tested the
effects if HA/TCP block combined with rhBMP-2 or
alendronate in DO. The data suggested that HA-TCP
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Fig. 2 Representative micro-CT images of the entire regenerateswere
shown. Thefar left panel A—-B—C showsthe representative radiographs
of the regenerates of the three groups at day 37 post-surgery. The panel
A1-B1-C1 shows the longitudina CT scans of the corresponding
specimens boxed in the A-B—C panel. The panel A2-B2-C2 was 3D
micro-CT reconstruction images of the same specimens as panel Al—
B1-C1. The panel A3-B3-C3 was the corresponding cross-sectiona
images of the boxed areas in panel A2-B2-C2. In group A, there was
still alittle focal defect in the regenerate and the HA/TCP block was
clearly evidentinthegap (A, A1, A2, A3), there was sign of new bone
formation into the HA/TCP biomaterias. In group B, the quality of

combined with a single dose of rhBMP-2 (75 pg) in DO
significantly enhanced the bone formation and remodeling
than the use of HA-TCP aone, whereas the use of ALN
with HA-TCP in DO has significantly inhibited bone for-
mation.

A rabbit model of 1-cm tibial bone defect was used, and
the three groups (HA/TCP; HA/TCP+ rhBMP-2; HA/
TCP + ALN) had the same duration for consolidation fol-
lowing surgery and DO management. Micro-CT, mechanical

newly formed bone was much superior compared to group A, the callus
was evenly distributed in the distraction gap and grown into the HA/
TCP biomaterialswith clear signs of bone and biomaterial remodeling,
new corticalization and the HA/TCP block has been almost resorbed
(B, B1, B2, B3). In group C, the bone formation was rather poor at this
stage, with frequent focal defects and only small amounts of bone for-
mation was seen at the proximal end of thetibial osteotomy end, there
were larger areas of HT/TCP and no sign of new bone formation into
the HA/TCP biomaterials, nor HT/TCP being resorbed (C, C1, C2, and
C3)

testing and histological examination data indicated that
overall quality of newly formed bone in the HA/TCP +
rhBMP-2 group was significantly improved compared to
the HA/TCP and HA/TCP+ ALN groups. The torsional
test is the golden standard for determining the functional
quality of the regenerates in DO. HA/TCP + rhBMP-2
group had the higher maximum torque and torsional stiff-
ness than those of HA/TCP and HA/TCP + ALN groups,
suggesting that the regenerate quality was the best in the
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Table2 Themicro-CT and

torsional testing data Parameters Group A Group B Group C
Reagent used N/A rhBMP-2 ALN
BMD (mg/cc) 323.78 + 22.80% 377.25 £ 27.713 133.09 + 48.70
a a
BMD bone mineral density, BMC (mg) 437.28 + 77.58 468.83 + 86.67 195.65 + 65.65
BMC bone mineral content, TMD (mg/cc) 735.99 + 40.062 744.41 + 147,53 379.95 + 18.48
TMD = tissue mineral density, TMC (mg) 439.27 + 67.76% 487.65 + 87.672 171.60 + 25.39
TMC tissue mineral content, BV g,/ 0.441 + 0.0322 0.459 + 0.0272 0.184 + 0.067
bone volume, TV tissue volume )
a o Cdib.Tb.Th.3D (mm) 1.0340.38 0.67 +0.16 0.34+0.11
The value was significantly )
C (p < 0.0001) Max rotation angle (deg) —7.514+2.022 —-8214227° —4.77+1.89
b_The value was significantly Maximum torque (N-m) —2.39 4+ 0.44% —371+ 047 —1.114 047
higher when comparedtogroups 16,0 fifiness (N-m/deg) 0.46 + 0.122 062 + 0.11 0.27 +0.18

A and C (p < 0.05)

HA/TCP + rhBMP-2 group. The micro CT and histology
results also demonstrated that bone remodeling was almost
completed in HA/TCP + rhBMP-2 group. The finding was
consistent with our previous work, that administration of a
single dose of rhBMP-2 (75 ng) significantly enhanced the
bone consolidation during distraction osteogenesis in rabbit
[9]. Watanabe et al. [14] also reported that during bone
transport, HA biomaterial loaded with rhBMP-2 was capa-
ble of promoting bone formation.

BMP-2 induced bone formation in vivo is clearly a com-
plex multistage process and likely involves the activities of
multiple locally produced growth factors and systemically
available hormones. Osteoblastic or osteoprogenitor cells
respond to BMP-2 by increasing cell proliferation [15]. The
rhBMP-2 has chemotactic effects on mesenchymal cells,
osteoblastic cells and endothelial cells [16], suggesting the
enhancement of bone formation by rhBMP-2 may be
related to an increase in recruitment of bone-forming cells
and enhancement of neovascularization. In the setting of
distraction osteogenesis, the regenerate provides a rich
source of osteoprogenitor cells and good microenvironment
for angiogenesis[11, 17]. The primary effect of rhBMP-2in
this setting is likely to promote differentiation of progenitor
cells into osteoblasts and endothelia cells, resulting in
rapid bone formation and remodeling as we have observed
in the current study.

The HA/TCP + ALN group had the least bone formation
and all the results showed that HA/TCP + ALN had inhib-
ited bone formation and remodeling when compared to the
HA/TCP aone group. Bisphosphonates are structurally
analogous to pyrophosphate, having greater affinity to bone
that can rapidly accumulate in bone tissue and induce
osteoclast apoptosis during bone resorption process [18].
Alendronate (ALN) has been widely used for the manage-
ment of osteoporosis. Little eta reported that systemic
administration of zoledronic acid significantly increased
BMC and strength in rabbit DO [19]. Based on these find-
ings, we hypothesized that application of ALN combined
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with HA/TCP biomaterial might lead to a greater bone for-
mation during DO. However, the results demonstrated that
the mean volumetric BMD, BMC, TMC, TMD and BV/TV
of the regenerates were significantly lower in the
HA/TCP + ALN group compared to the HA/TCP and
HA/TCP + rhBMP-2 groups. The Micro-CT and mechanical
testing data also shown that the bone formation remodeling
and quality was compromised inthe HA/TCP + ALN group
in contrast to the other two groups, suggesting that the local
administration of ALN with HA/TCP in DO had inhibitory
effects on bone formation and biomaterial remodeling.
However, since the ALN in this study was administrated
locally with the HA/TCP biomaterial, which was different
from usual clinical oral administration, the high dose of
ALN may cause local toxic effects and this may explain the
difference between our study and previous report by Little
et a [19]. Further investigations using ALN oral adminis-
tration and dosage similar to clinical use in this experimen-
tal system are needed.

In Greiner’'s study [20, 21], they used 20 pg Zoledronic
acid (ZOL) in 250 g rat (average dose of 80 ng/kg). In our
study, 250 ng alendronate was used in 2.5 kg rabbit (the
average dose was 100 pg/kg), which was very close the
reported dose. Because the alendronate was soaked into
the HA-TCP blocks, and there were some loss as not al the
alendronate solution was completely absorbed by the
HA-TCP block. So the dosage of alendronate used should
be close to 8,080 pg/kg. The ZOL and alendronate were all
the third-generation nitrogen-containing bisphosphonate, so
that the drug dosage used in this study was chosen accord-
ingly to Greiner’s study, which has demonstrated positive
effect on bone healing.

The negative effect seen in our study may be due to the
different micro-environment between the bone defect
healing model and distraction osteogenesis model. The dis-
traction osteogenesis process can be divided to three
phases: distraction phase, consolidation phase, and remod-
eling phase. The micro-environment of bone defect healing
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Fig. 3 Representativesof histological sectionsof theregeneratesfrom
the three experimental groups are shown. A Ingroup A, the regenerate
was mainly consisted of newly formed woven bone, but the bone for-
mation was not evenly distributed among the gap, with alarger amount
of HA/TCP blocks were still visible (arrows). A1 Boxed area in A,
showing sign of new bone formation into the HA/TCP biomaterials. B
In group B, the newly formed callus was in paralel to the distraction
force and evenly distributed throughout the gap; there were signs of
callus remodeling and new cortical bone formation and remodeling,

model is close to that of consolidation phase in distraction
osteogenesis model. But the presence of bisphosphonatesin
the distraction phase may have inhibitory effects and cause
delayed hedling in the later consolidation and remodeling
phases.

Recent studies [22, 23] also reported that bisphospho-
nates might delay repair in stress fractures. So we think that
the inhibitory effects of alendronate local application in dis-
traction osteogenesis found in this study were genuine. Of
course, arguably there are many possible factors may affect
the healing result in distraction osteogenesis model, such as
route of administration, other (low) dose of alendronate,
etc. that we did not test. Nonethel ess, the reported bisphos-
phonates dose with positive effect on bone healing did not
show beneficial effects in our distraction osteogenesis
model, hence its clinical application should not be encour-
aged for distraction osteogensis cases.

only small amounts of HA/TCP residues (arrows) were seen, and it is
hard to distinguish the HA/TCP residues and newly formed bone at this
stage (B1, boxed area of B). C In group C, the amount of callusformed
was the least among the three groups and HA/TCP block was clearly
visible (arrows), there was no sign of any new bone formation into the
HA/TCP biomaterials (C1, boxed areain C), only small amount of cal-
lus formed a ong the surfaces of HA/TCP. A—C Sirius red/Alcian blue
staining; original magnification x25; A1-C1 x100

In conclusion, we demonstrated that the use of HA/TCP
block combined with small dose rhBMP-2 in DO signifi-
cantly enhance new bone formation and regenerate remod-
eling, hence reduced trestment duration. The newly
described technique may be applied clinically for the man-
agement of larger bone defects caused by trauma, bone
infection, and bone tumors surgeries.

Acknowledgments Wethank Mr. Jason Hendry, Millenium Biologix
Corporation, Kingston, Canada for providing the cylindrical Skelite™
scaffolds for this study.
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