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Abstract: The purpose of this study is to evaluate the efficacy

of bone regeneration and volume maintenance of the three-

dimensional (3D) structured biphasic calcium phosphate (BCP)

block with porous hexahedron channels in a rabbit calvarial

model. In this work, four circular defects (diameter: 8 mm) in cal-

varium of rabbits were randomly assigned to (1) negative control

(control), (2) 3D hexahedron channel structured BCP block,

(3) deproteinized bovine bone mineral particle, and (4) deprotei-

nized porcine bone mineral particle. Animals were euthanized at

2 (n = 5) and 8 weeks (n = 5). Outcome measures included micro-

computed tomography (CT) and histomorphometrical analysis.

Results indicated that in micro-CT, BCP group showed the high-

est new bone volume with significant difference compared to

control (p = 0.008) at 8 weeks. Histomorphometrically, total aug-

mented area of BCP group was the highest with significant differ-

ence compared to control (p = 0.008) at 8 weeks. BCP group also

maintained total volume of the original defect without collapsing.

BCP block with 3D hexahedron channel structure seems to have

favorable osteogenic and volume maintaining ability and highly

porous structure might attribute to new bone formation. Further

studies regarding the optimal internal structure and porosity of

the BCP block bone substitute are needed. © 2019 Wiley Periodicals,

Inc. J Biomed Mater Res B Part B: 00B: 000–000, 2019.
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INTRODUCTION

Various guided bone regeneration (GBR) techniques and
materials have been used to augment deficient ridges for
implant placement. One of the important principles of GBR is
to seclude the space where new bone can be formed by pre-
venting the invasion of soft tissues.1–3 A variety of bone sub-
stitutes with barrier membranes can be used to secure
space. Commonly used particle-type bone substitutes include
synthetic bone substitutes or xenografts obtained from
bovine or porcine.

Biphasic calcium phosphate (BCP) is synthetic bone substi-
tute consisting of two mixed ceramics, less soluble hydroxyapa-
tite (HA) and more soluble tricalcium phosphate (TCP). It
shows different properties depending on the HA/TCP ratio.4

Xenografts such as deproteinized bovine bone mineral (DBBM)
and deproteinized porcine bone mineral (DPBM) are also com-
monly used particle type materials that can be applied in many
clinical situations.5–7 These particle-type bone substitutes
can be easily used without restriction of quantity and
patient morbidity as well as having shown clinically favorable
results.8,9 However, particle-type bone substitutes have some

disadvantages regarding material stability. When they are used
only with collagen membranes, overall shape of materials could
be easily collapsed.

Synthetic block bone substitute can overcome this limita-
tion. Even though it has no osteogenic ability like autogenous
block bone, it has favorable volume maintaining ability with-
out the limitation of availability and patient morbidity. In
addition, these synthetic blocks can be manufactured in a
desired shape before surgery using computer-aided design
(CAD) technology.10 Favorable clinical outcomes would be
achieved with shorter operation time and ease of handling
by using the pre-fabricated block bone made for the patient’s
defects.11 While there are many kinds of materials that can
be used as tissue engineering scaffolds such as plaster, poly-
mer, calcium carbonate, and ceramic, BCP is known to have
great biocompatibility and osteogenic ability among them.12

Block bone made with BCP has many advantages in bone
regeneration. In previous studies using BCP block bone, it
also showed favorable results in bone formation, volume
maintenance, and biocompatibility.9,10,13 The BCP block can
be fabricated in a desired shape and internal structure,

Correspondence to: S.-H. Choi; e-mail: shchoi726@yuhs.ac
Contract grant sponsor: National Research Foundation of Korea; contract grant numbers: NRF-2017R1A2B4002782, No. NRF-2017R1A2B4002782

© 2019 Wiley Periodicals, Inc. 1

https://orcid.org/0000-0002-6365-3557
mailto:shchoi726@yuhs.ac


which allows ease of surgery, high porosity and maintaining
the shape of grafting without collapse. However, there are
only few studies that investigated this material. Recently,
BCP block with a three-dimensional (3D) hexahedron chan-
nel structure has been developed. Neovascularization and
new bone formation are expected to be induced through
highly porous structure of the scaffold. The purpose of this
study is to evaluate the efficacy of bone regeneration and
volume maintenance of the novel 3D structured BCP block
with hexahedron channels in a rabbit calvarial model.

MATERIALS AND METHODS

Materials
3D hexahedron channel structured BCP block. The syn-
thetic block (EZEKIEL Co., Chungchung-Namdo, Korea) used
in this study was prepared from EZEKIEL, a material com-
pany. It was made of biphasic calcium phosphate (BCP) con-
sisting of 60% HA and 40% TCP and has 3D hexahedron type
channels, as shown in Figure 1. The 3D block has pore size of
400 ~ 700 μm and porosity of 95%. Since it could be fabri-
cated into a desired shape, discs with a diameter of 8 mm and
a thickness of 3 mm were used in this experiment.

Mechanical testing of BCP block. Before in vivo experi-
ments, the compressive strength of the blocks was measured
with reference to the previous study.14 Eight cube-shaped
samples (width, length, and height = 5 mm) of BCP block
which is commercially available were tested on Universal
testing machine (3366, Instron Co.Ltd, Norwood, MA) and
compressed at a speed of 0.5 mm/min. With recorded data
regarding the load (kN) and deformation (mm), stress–strain
curves of each sample were drawn and compressive strength
was calculated from the maximum load applied. The calcu-
lated average compressive yield strength of the eight sam-
ples was 1.63 MPa with standard deviation of 1.19 (MPa).

Particulate bone graft material. The particulate bone grafts
were compared as positive control groups. DBBM (Bio-Oss,
0.25–1.0 mm, Geistlichpharma AG, Wolhusen, Switzerland)

and DPBM (THE Graft, 0.25–1.0 mm, Purgo Biologics, Seoul,
Korea) which are commercially available were used in each
group.

Animals. New Zealand White rabbits (body weight,
2.8–3.2 kg) were used in this experiment. Ten male rabbits
were kept in different cages with standard laboratory condi-
tions and standard laboratory diet. All the procedures from
animal selection, care, and preparation to anesthesia and
surgical steps followed the protocols approved by the Insti-
tutional Animal Care and Use Committee (Yonsei Medical
Center, Seoul, Korea; approval number 2017–0249). All the
protocols followed the ARRIVE (Animal Research: Reporting
of in vivo Experiments) guidelines for the study design.15

Study design. Four round defects with 8 mm in diameter
were created in each rabbit calvarium. The four defects were
randomly assigned to one of the following four groups, rotat-
ing the position of each group in clockwise for each calvarium.

• Control group: filled with blood clot only.
• BCP group: 3D hexahedron channel structured BCP

block.
• DBBM group: deproteinized bovine bone mineral

particle.
• DPBM group: deproteinized porcine bone mineral

particle.

The five rabbits were sacrificed at 2 weeks (n = 5) and
the other five at 8 weeks (n = 5) after surgical procedure
and 10 calvarium specimens were obtained.

Surgical procedures. Surgical procedures were performed
according to the previously published study.16 Under the
general anesthesia induced with alfaxan (5 mg/kg, subcuta-
neous injection) and isoflurane (2%–2.5%, inhalation), surgi-
cal site was disinfected with povidone iodine and local
anesthesia was performed with 2% lidocaine. A midline inci-
sion was made on the cranium 2 cm long, and full-thickness

FIGURE 1. BCP block with hexahedron channel structure (diameter of 8 mm, thickness of 3 mm). BCP, biphasic calcium phosphate.

2 PAE ET AL. BONE REGENERATION USING HEXAHEDRON CHANNEL STRUCTURED BCP BLOCK



flap was elevated to expose the calvarium. Four round
defects with 8 mm in diameter were created with a trephine
bur under saline irrigation without damaging underlying
dura mater and brain tissue. The four defects on the calvar-
ium were randomly assigned to one of the following four
groups; control group, BCP group, DBBM group, and DPBM
group (Figure 2).

In BCP group, the prepared BCP block, which is fabri-
cated to match the morphology of the defect made by the
trephine bur, was placed into the defect. In DBBM and DPBM
groups, DBBM and DPBM particles were inserted to fill each
defect space. In negative control, the defect was filled with-
out any material but with the blood clot only. After filling
the defects with graft materials, the flaps were repositioned
and sutured carefully with the absorbable 4-0 suture mate-
rial (Vicryl, Ethicon, Somerville, NJ).

EVALUATION METHODS

Clinical observations
Animals were carefully observed and evaluated for complica-
tions such as inflammation, allergic reaction, postoperative
bleeding and infection around the surgical site for 2 and
8 weeks after surgery.

Micro-computed tomography analysis. The harvested spec-
imens were fixed to 10% formalin immediately after the
specimens were obtained. They were scanned with a micro-
computed tomography (CT) (Sky-Scan 1173, SkyScan, Kon-
tich, Belgium) at a resolution of 13.85 μm (130 kV, 60 μA).
The scanned data sets were processed in digital imaging
and communications in medicine format, and the region of
interest (ROI) was reconstructed with 3D reconstruction
software (Nrecon reconstruction program, SkyScan, Kon-
tich, Belgium). The boundaries of the ROI were defined by
the initial round defect margin formed by the trephine bur
laterally, soft connective tissue border superiorly, and dura
mater inferiorly. The total volume of the ROI was named as
“total augmented volume”, and the volume of new bone and
residual material in the ROI as “new bone volume” and
“residual material volume”, respectively. Radiopaque areas

in ROI could be distinguished with 8-bit threshold grayscale
values. The grayscale values were set from 68 to 97 for
new bone, and from 97 to 255 for residual material in the
ROI. Areas with grayscale values lower than 68 were con-
sidered fibrovascular connective tissue. This threshold was
decided by an experienced operator according to specimen-
specific thresholds.17,18 The volume of voxels with the gray-
scale values in each range was calculated with the 3D
reconstruction software. Within the ROI, the following
parameters were measured.

• Total augmented volume (TAV; mm3): total augmented
volume, or volume of ROI.

• New bone volume (NBV; mm3): volumetric measure-
ments of the new bone within the defects.

• Residual material volume (RMV; mm3): volumetric mea-
surements of the residual material within the defects.

Histologic and histomorphometric analysis. After the spec-
imens were fixed in 10% formalin and scanned with a
micro-CT, they were decalcified in 5% formic acid for
14 days and then embedded in paraffin. Five micrometer
thick serial sections were obtained in the middle of each
circular defect. The sections were stained with hematoxy-
lin–eosin and Masson trichrome. The stained histologic
slides were examined to assess overall status of tissues
with a light microscope (DM LB, Leica Microsystems, Wet-
zlar, Germany) equipped with a camera (DC300F, Leica
Microsystems, Wetzlar, Germany). The slide images were
captured and saved in digital files. Histomorphometric mea-
surements of slide images were performed using a digital
slide viewer application (CaseViewer 2.1; 3DHISTECH ltd.,
Budapest, Hungary) and a digital image software (Photo-
shop CS6, Adobe System, San José, CA). The boundaries of
ROI were defined by the initial round defect margin formed
by the trephine bur laterally, collagen membrane or soft
connective tissue border superiorly, and dura mater
inferiorly. The total area of the ROI was named as “total
augmented area” and the area of new bone and residual mate-
rial in the ROI as “new bone area” and “residual material

FIGURE 2. Surgical procedure (A) Four defects (ø = 8 mm) in the calvarium of 10 rabbits (B) Random assignment of defects, control group (left

down), BCP block group (right down), deproteinized bovine bone mineral particle group (left top), deproteinized porcine bone mineral particle group

(right top). BCP, biphasic calcium phosphate.
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area”, respectively. Those areas of the new bone and residual
material in the ROI are visually bounded in the digital image
software, and then automatically calculated using functions of
the programs. Within the ROI, the following parameters were
measured.

• Total augmented area (TAA; mm2): The total area of
ROI, or sum of new bone, block bone substitute, and
fibrovascular connective tissue within the ROI.

• New bone area (NBA; mm2): Area of new bone within
the ROI.

TABLE I. Mean � SD values of TAV and NBV measured by micro-computed tomography gray value

TAV NBV RMV

2 weeks (n = 5) Control 151.50 � 42.81 4.91 � 4.12

BCP 226.70 � 39.12a 13.61 � 4.07a 21.72 � 2.38

DBBM 217.12 � 40.32 28.82 � 7.33a 23.13 � 4.34

DPBM 212.82 � 35.41 26.20 � 8.59a 26.36 � 7.64

8 weeks (n = 5) Control 142.34 � 35.42 18.88 � 7.73b

BCP 186.05 � 16.32b 37.95 � 9.94a,b 24.22 � 6.32

DBBM 177.86 � 37.26 34.94 � 14.21 26.33 � 11.83

DPBM 186.46 � 20.89 32.80 � 13.91 19.56 � 10.12

Values are presented as mean � standard deviation (mm3).

BCP = biphasic calcium phosphate; DBBM = deproteinized bovine bone mineral; DPBM = deproteinized porcine bone mineral; NBV = new bone

volume; RMV = residual material volume; TAV = total augmented volume.
a Statistically significant difference compared to the control group.
bStatistically significant difference compared to the corresponding groups at 2 weeks.

FIGURE 3. 3D reconstructed micro-computerized tomography images of defects at 2 and 8 weeks. New bone is growing from the margin of defect.

(New bone formation is marked with arrows).

4 PAE ET AL. BONE REGENERATION USING HEXAHEDRON CHANNEL STRUCTURED BCP BLOCK



• Residual material area (RMA; mm2): Area of the resid-
ual material within the ROI.

Statistical analysis. The statistical analysis was performed
using commercially available SPSS software program (IBM
SPSS Statistics 23, SPSS, Chicago, IL). Measurements were
performed on micro-CT volume and histologic area, and
described in the mean values and standard deviations (SD).
Kruskal–Wallis test and Mann–Whitney U test (nonparamet-
ric analysis) were used to analyze any significant difference
among the four groups at each time period and between the
same groups at two different healing periods. Statistical sig-
nificance was considered when p < 0.05.

RESULTS

Clinical observations. There was no severe postoperative
complication such as bleeding and swelling throughout the
whole experimental period. The surgical sites of rabbits were
healed well without any infection or flap exposure, and health
conditions of all the animals in the study were uneventful.

Micro-CT analysis. The results of the micro-CT analysis are
summarized in Table I. In the 3D reconstructed view of
micro-CT, the new bone was formed from the margin of the
defect in all four groups.

At 2 weeks, the BCP group showed the highest TAV
(226.70 � 39.12 mm3), with the value significantly different
from that of the control group (151.50 � 42.81 mm3;
p = 0.032), but not from those of the other groups. Besides,
the DBBM group demonstrated the highest NBV (28.82 �
7.33 mm3) with a significant difference compared to the con-
trol (4.91 � 4.12 mm3; p = 0.008).

At 8 weeks, the DPBM group showed the highest TAV
(186.46 � 20.89 mm3) but there was no significant difference
among four groups regarding TAV. Regarding NBV at 8 weeks,
the BCP group showed the highest value (37.95 � 9.94 mm3)
with a significant difference compared to control (18.88 �
7.73 mm3; p = 0.008), but there was no significant difference
among BCP, DBBM (34.94 � 14.21 mm3), and DPBM (32.80 �
13.91 mm3) groups.

Histologic findings. Control group. At 2 weeks, woven bone
was observed at the periphery of the defect (Figure 4A). The

FIGURE 4. Histologic images after 2 weeks (Masson Trichrome, bar = 1 mm) (New bone formation is marked with arrows) (A) Control group: Thin

layer of woven bone is observed in the defect space which is collapsed by overlying soft tissues. (B) BCP group: Defect space is well maintained by

BCP block. Woven bone formation is observed along the pore of the scaffold from the defect margin. (C) DBBM group: Defect space is also well main-

tained by the particles. Some particles are embedded in the overlying soft connective tissues. (D) DPBM group: The same appearance as DBBM group

can be observed. BCP, biphasic calcium phosphate; DBBM = deproteinized bovine bone mineral; DPBM = deproteinized porcine bone mineral.

FIGURE 5. Histologic images after 8 weeks (Masson Trichrome, bar = 1 mm) (New bone formation is marked with arrows) (A) Control group: Defect

space is collapsed by overlying soft tissues. Mature bone formation can be observed. (B) BCP group: Mature bone is formed to the middle of defect

along the scaffold. New bone occupied the most of the pore space at peripheral area of the scaffold. (C) DBBM group: Mature bone formation is

also observed to the middle of defect around the particles. (D) DPBM group: The same appearance as DBBM group can be observed. BCP, biphasic

calcium phosphate; DBBM = deproteinized bovine bone mineral; DPBM = deproteinized porcine bone mineral.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH PART B: APPLIED BIOMATERIALS | MONTH 2019 VOL 000B, ISSUE 0 5

ORIGINAL RESEARCH REPORT



defect space was collapsed by overlying soft tissues. At
8 weeks, it was observed that more mature bone had grown
near the middle of the defect while defect space was col-
lapsed (Figure 5A).
BCP group. At 2 weeks, the defect space was well main-
tained by BCP block with new bone growing inside the scaf-
fold from the periphery (Figure 4B). At 8 weeks, BCP block
also maintained the defect space and the overlying soft tis-
sue does not seem to penetrate into the scaffold. The new
mature bone was formed near the middle of the defect sur-
rounding the channel structure of the scaffold (Figure 5B).
DBBM group. At 2 weeks, the defect space was also well
maintained by DBBM particles with the woven bone forma-
tion from the periphery (Figure 4C). At 8 weeks, much more
new bone could be observed from the periphery to the mid-
dle of the defect (Figure 5C). The bone graft particles were
placed with irregular margin above and below the defect,
and some of the grafts on the upper border were encapsu-
lated by the overlying soft tissue.
DPBM group. Overall histologic findings from DPBM group
were similar to those of the DBBM group. At 2 weeks, the
defect space was well maintained by DBBM particles with
new bone formation from the border (Figure 4D). At 8 weeks,
mature bone was formed to the middle of the defect and
restored most of the original bone height (Figure 5D). Some
of bone graft particles were also scattered above and encap-
sulated by the overlying soft tissue.

Histomorphometrical findings. The results from the histo-
morphometrical analysis are summarized in Table II.
Two weeks. At 2 weeks, TAA of the DPBM group (16.91 �
3.76 mm2) was the highest. The BCP (16.00 � 2.52 mm2),
DBBM (16.02 � 1.98 mm2), and DPBM groups showed signifi-
cantly higher TAA than control (6.97 � 2.23 mm2; p = 0.008,
0.008, 0.008, respectively).

Regarding NBA at 2 weeks, the DBBM group (1.46 �
0.33 mm2) showed the highest NBA, but there was no signifi-
cant difference among four groups.
Eight weeks. At 8 weeks, TAA of the BCP group (18.73 �
1.94 mm2) was the highest. The BCP, DBBM (16.25 �
4.53 mm2), and DPBM (14.52 � 3.10 mm2) groups showed

significantly higher TAA than the control (6.87 � 2.43 mm2;
p = 0.008, 0.008, 0.008, respectively).

Regarding NBA at 8 weeks, the BCP group
(3.90 � 1.82 mm2) revealed the highest NBA, but there was
no significant difference among four groups.
Between 2 and 8 weeks. Regarding TAA, there was no statis-
tically significant difference between 2 and 8 weeks in four
groups. On the other hand, all groups showed statistically
significant differences between 2 and 8 weeks in regards to
NBA (control: p = 0.016, BCP: p = 0.016, DBBM: p = 0.008,
DPBM: p = 0.032).

DISCUSSION

The BCP block with 3D hexahedron channel structure was
evaluated regarding new bone formation and volume mainte-
nance. It showed similar performance compared to DBBM and
DPBM particles. New bone was well formed along the gap
between 3D structures of BCP block. The scaffold also showed
favorable volume maintenance throughout the experimental
period without ingrowth of overlying soft connective tissue.
Moreover, it exhibited the biocompatible property without the
inflammation in vivo, similar to the experimental in vivo find-
ings of the previous studies using BCP.9,19

In micro-CT analysis, it is hard to distinguish the gray-
scale values of fibrovascular connective tissue, new bone, old
bone and graft materials. Micro-CT analysis was performed
to grossly determine the tendency of new bone formation
and total volume rather than to analyze the precise volume
of new bone and graft materials. Although not significant,
higher total augmented volume was seen when graft mate-
rials were used. The uniform and thin frame of the BCP scaf-
fold was well observed without volume collapse in micro-CT
(Figure 3). BCP group also showed similar results as DBBM
or DPBM in terms of new bone formation. New bone forma-
tion in BCP group was observed along the scaffold from the
periphery to the middle of the defect (Figure 3).

Histologically, the groups with graft materials maintained
the original volume of defects better than the control group
at 2 and 8 weeks. The BCP block showed a similar NBA as
DBBM and DPBM, and the tendency of new bone formation
was also similar with each other, gradually growing from the

TABLE II. Histomorphometric analysis.

TAA NBA RMA

2 weeks (n = 5) Control 6.97 � 2.23 0.89 � 0.76

BCP 16.00 � 2.52a 1.29 � 0.67 2.29 � 0.53

DBBM 16.02 � 1.98a 1.46 � 0.33 5.15 � 1.14

DPBM 16.91 � 3.76a 1.44 � 0.48 5.26 � 2.00

8 weeks (n = 5) Control 6.87 � 2.43 2.98 � 1.19b

BCP 18.73 � 1.94a 3.90 � 1.82b 3.50 � 0.42

DBBM 16.25 � 4.53a 2.85 � 0.89b 5.61 � 1.53

DPBM 14.52 � 3.10a 3.60 � 1.39b 4.27 � 1.01

Values are presented as mean � standard deviation (mm2).

BCP = biphasic calcium phosphate; DBBM = deproteinized bovine bone mineral; DPBM = deproteinized porcine bone mineral; NBV = new bone

volume; RMV = residual material volume; TAV = total augmented volume.
a Statistically significant difference compared to the control group.
bStatistically significant difference compared to the corresponding groups at 2 weeks.
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defect margin to the inside of the scaffold. New bone occu-
pied most of the large pore space between thin BCP frames
of the scaffold at peripheral area of the scaffold (Figure 5B).
In some specimens of DBBM and DPBM groups, the excess
graft particles in the superior region of the defect were
found to be incorporated into the superior soft tissue flap
(Figure 4C,D). On the other hand, in BCP group, it was found
that there was no penetration from the superior soft connec-
tive tissue into the scaffold, and that the border between the
BCP block and soft connective tissue was clearly distinguish-
able. Because particle-type bone grafts were scattered, the
excess graft materials that were not in place were not able
to contribute to maintaining the volume for new bone forma-
tion. The previous studies20–22 regarding the compressive
force of particulate bone grafts have shown that a high com-
pressive force in the GBR procedure is advantageous. On the
contrary, Krauser and Schetritt23 noted that excessive com-
pression of bone grafts should be avoided for revasculariza-
tion. In this study, the compressive force was not controlled
or standardized, because it was difficult to precisely measure
and control the compressive force of the bone grafts in the
rabbit calvarial model. Therefore, grafts were applied with a
certain pressure just before the dura mater was pushed
downward since it was impossible to apply a greater pres-
sure than that of movable dura mater.

In this experiment, the circular defect was created with
the diameter 8 mm long, which is smaller than the critical
size defect. According to the previous study,24 it is suitable
to use 8 mm defects in the early healing phase, and the four
8-mm defects in this study were formed to observe the early
stages of bone regeneration, which is also a reasonable
experimental means to reduce individual variation consider-
ing size of rabbit calvarium. For the same reasons, four
8-mm defects were also formed in previous studies25,26

using a rabbit cavarial model.
The defects filled with bone graft materials were not cov-

ered by membrane. Membrane in the GBR procedure can
prevent the penetration of overlying soft connective tissue
and help maintain the shape of particulate bone substitutes
from collapse.25 The defect created in this experiment was
simple inlay graft model and the pressure applied to the
defect site was not too high that the original shape of the
particulate bone graft could be well maintained without
membrane, even though the excess graft particles in the
superior region were found to be incorporated into the supe-
rior soft tissue flap in some specimens. In addition, since one
of other purposes in this experiment was to evaluate bio-
compatibility of the bone graft materials alone, membrane
was not used.

The BCP disc used in this experiment had a thickness of
3 mm, thicker than some parts of adjacent rabbit calvarium.
It was protruded superiorly and inferiorly over the original
bone morphology, increasing TAV and TAA of the BCP group.
It could be the limitation of this study, making false aug-
mented volume and height in results. However, in the pro-
truded parts of the block bone, the volume was well
maintained without remarkable degradation or infiltration of
the superior soft connective tissue into the scaffold, and new

bone was formed even into those protruded parts of scaffold
in some specimens (Figure 5B). It is clinically meaningful
that the volume of the over-augmented block bone is well
maintained with new bone infiltration because the over-
augmented particulate bone grafts can be easily scattered
and collapsed.

The characteristics of channel structured pores of high
porosity maintained within the synthetic block bone graft
used in the study are considered important to be noted in
aspect of bone formation. Eichi Tsuruga et al.27 observed
alkaline phosphatase and osteocalcin secretion in the rat
according to pore size of implanted scaffold, and demon-
strated that optimal pore size for bone formation is about
300 ~ 400 μm. Hulbert et al.28 demonstrated that minimum
pore size for bone formation is 75 ~ 100 μm and only the
fibrous tissue can penetrate pores below this size. The pore
size of the BCP block used in this experiment ranges from
400 to 700 μm, which is deemed to be suitable for bone for-
mation. In fact, it is not yet clearly determined whether and
how pore size affects bone formation and what pore size is
optimal for osteoconduction. However, regarding the fact
that blood enters pores, blood clots form, cells and proteins
follow to accumulate, and bone formation takes place within
the pores, it seems apparent that the pore itself might influ-
ence bone formation. As noted in other review articles,29–31

other factors of the scaffold pore such as vascularization
appear to play a more important role in bone formation if it
is larger than the minimum size. In addition to the pore size
of the scaffold, interconnectivity is also an important factor.
Scaffolds with high interconnectivity would allow easy
access to cells and proteins in blood, so that high vascular
connection would be formed inside the scaffold. The BCP
block used in this experiment has a continuous pipe struc-
ture, showing excellent interconnectivity without dead end.
Blood circulation can occur in six directions of the pipe as if
water flows through the drainpipe. The major feature of this
synthetic block bone graft material is that its porosity is as
high as 95% as described in the product manual. According
to the previous in vitro studies,32 the porosity of the DBBM
and DPBM particles used in this experiment was 70.5% and
78.4%, respectively, indicating that the porosity of the BCP
block used in this experiment is much higher. Furthermore,
high porosity seems to enhance osteogenesis in many
studies,33,34 since the graft material provides a large surface
area for protein inflow, ion exchange and cell attachment.
However, high porosity has some disadvantages that the
degradation of the graft material can occur earlier before it
can be substituted by new bone and the mechanical strength
of the scaffold can be compromised.29 In spite of these con-
cerns, neither noticeable degradation of the BCP block nor
collapse of overall structure was observed in vivo during the
experiment period. Although it is not sure whether the pore
will be completely filled with new bone during the longer
experiment period, it could be observed in this study that
the new bone tissue progressed gradually to fill in the gap of
the scaffold from the defect periphery.

There are many engineering methods to manufacture
synthetic block bone graft materials, such as solvent-casting
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particulate-leaching, gas foaming, fiber meshes, phase sepa-
ration, melt molding, emulsion freeze drying, solution cast-
ing, and freeze drying.35,36 However, it is not easy to process
ceramic BCP into a desired block shape. In our previous pre-
clinical study,9 we used the polyurethane sponge method.
With this method, a polyurethane sponge is used as a frame
and ceramic slurry is bound to the inner structure of the
sponge and sintered.37 The block used in the previous study9

was also the synthetic block bone with 8 mm diameter and
applied to the rabbit calvarium, showing favorable new bone
formation. The porosity and pore size of this BCP block were
80%–85% and 300–500 μm, respectively, which are lower
than those of the BCP block in this study.

There are several conventional methods for making
porous structures of synthetic BCP blocks. However, with
such methods, including the polyurethane sponge method, it
is difficult to achieve pore size, interconnectivity and porosity
into desired shape precisely. However, solid freeform fabrica-
tion (SFF) method can be used to fabricate tissue engineering
scaffolds with uniform structure as the materials used in this
study. Because SFF uses CAD software, it can produce the
scaffold with reproducible internal morphology and desired
external shape and size, and also adjust pore size and porosity
uniformly. In addition, scaffolds can be produced with the sus-
pension made by mixing various materials or adding chemical
components in SFF. SFF is a method that includes 3D printing,
stereolithography, fused deposition modeling, 3D plotter, and
phase-change jet printing.35,38–42

Various methods have been tried to produce synthetic
BCP blocks. Material characteristics such as pore size, poros-
ity and mechanical property which can affect protein and
cell penetration into scaffolds, are being developed with tis-
sue engineering method. As in this experiment, the BCP
block with 3D hexahedron channel structure showed favor-
able new bone formation and volume maintaining ability
when compared to conventional particle-type bone substi-
tutes. The high porosity and the excellent interconnectivity
of this scaffold due to the internal pipe structure seemed to
contribute positively to the formation of new bone tissue.
Further studies regarding the optimal internal structure and
porosity of the BCP block are needed.

CONCLUSION

Within the limits of this study, the BCP block with 3D hexahe-
dron channel structure seems to have favorable osteogenic
and volume maintaining ability. Highly porous structure of
this scaffold might attribute to new bone formation. Despite of
the mechanical weakness of porous structure, this block main-
tained the total volume of the original defect without collaps-
ing. Further studies regarding the optimal internal structure
and porosity of the BCP block bone substitute are needed.
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