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Abstract: In the present study, two biphasic calcium phosphate biomaterials (BCP) with
HA/TCP ratios of 50/50 and 30/70 were obtained from a pure HA biomaterial. The bioma-
terials which showed the same three-dimensional geometry were implanted into corticocan-
cellous costal defects of sheep. In the specimens of all three biomaterials, abundant bone
formation, mineral dissolution from the biomaterial scaffolds, and active cellular resorption of
the scaffolds was present after 6 and 12 months. Backscattered electron microscopy showed
bone invasion into the pores of the scaffolds and micromechanical interlocking at the bone/
biomaterial interface without intervening soft tissue. The pattern of bone formation and
scaffold resorption was different for cortical and cancellous bone. No time-based effect,
however, was observed. Overall, the BCP biomaterials had formed significantly more bone
than the HA biomaterial. Also, scaffold resorption, which was followed by a replacement with
newly formed bone, was significantly higher in the BCP biomaterials. Although no significant
differences were observed between both BCP biomaterials, the present study had confirmed
the assumption that HA/TCP compounding was suitable to improve bone formation and
scaffold resorption in the investigated biomaterials and at the same time maintain the
osteoconductive properties of the scaffolds. © 2005 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater 74B: 458–467, 2005
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INTRODUCTION

Calcium phosphate (CaP) biomaterials are widely used as
substitutes for autogenous bone grafts when bone reconstruc-
tion is considered.1–3 CaPs such as hydroxyapatite [HA;
Ca10(PO4)6(OH)2] and tricalcium phosphate [TCP;
Ca3(PO4)2] are remarkably biocompatible, provoke little if
any inflammatory response, and generally are accepted to be
bioactive and osteoconductive when implanted into bone
defects.4–7 The osteoconductive biomaterial serves as a scaf-
fold for new bone formation and increases the ingrowth of
osteoprogenitor cells, capillaries, and perivascular tissue from
the recipient bed.8 As a result to biomaterial implantation,
newly formed bone ideally is apposed by a direct chemical
bonding to the implant surface without intervening soft tis-

sue.9–11 The extent of new bone formation is influenced by
numerous factors such as size, shape, porosity, chemistry, and
surface microtexture of the biomaterial.12

However, bone reconstruction with nonresorbable material
may be potentially associated with long-term tissue reactions
and interference with mechanical stress and strain in load-
bearing areas.13–16 Biomaterials should ideally participate in
the continuous process of bone remodeling, and the im-
planted biomaterial should be gradually replaced at a rate
comparable to that of ingrowth of newly formed bone.17

Different bone formation rates are commonly known be-
tween HA and TCP.18 TCP has been shown to biodegrade more
readily than HA, but in an unpredictible way, so that scaffolding
for growing bone may be lost too early.19–22 Biphasic calcium
phosphate (BCP) biomaterials consisting of HA and TCP were
therefore developed to achieve a better performance in living
tissues than pure HA and TCP alone.23–29

The suitability of a granular fluorohydroxyapatite bioma-
terial ([Ca5(PO4)3OHXF1-X], FHA; FRIOS�Algiore�) to
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form new bone has been previously shown.30–32 Biodegra-
dation of the FHA scaffolds was evident but at a slow rate. It
was the intent of the present study to obtain a pure HA
scaffold and two BCP scaffolds with different ratios of HA/
TCP (30/70 and 50/50) with the same three-dimensional
geometry as the FHA biomaterial to try to control bone
formation and biodegradation of the scaffolds and at the same
time maintain their osteoconductive properties. It was as-
sumed that the BCP biomaterials would provide higher bone
formation rates while being more readily degraded during
bone remodeling than the HA biomaterial that served as
control. To prove the accuracy of this assumption, a cortico-
cancellous costal sheep model was used for the implantation
of the biomaterials that were retrieved after observation pe-
riods of 6 and 12 months, and were evaluated by light
microscopy, histomorphometry, and backscattered electron
microscopy (BSE).

MATERIALS AND METHODS

Biomaterial Preparation

The HA and BCP biomaterials that were investigated in the
present study were based on granular calcite scaffolds derived
from red algae corallina officinalis. For the production of the
HA and BCP scaffolds investigated in this study, a standard-
ized process of hydrothermal synthesis had been developed
and previously described, which preserves the three-dimen-
sional geometry of the particles of the native algae.33 To
produce the biomaterials intented for the implantation, the
natural algal material was subjected to thermal pyrolysis and
granulates with particle sizes of 0.5–1 mm were obtained.
Temperature was increased from room temperature at a rate
of about 25°C/h until a temperature of 700°C was reached
and maintained for about 30 h. Thereafter, pyrolyzed algal
calcite [Ca5CO3] scaffolds were subjected to hydrothermal
synthesis.

For the transformation of calcite into HA, a stainless steel
autoclave lined with thermoplastic polytetrafluoroethylene
was used. The calcite scaffolds were suspended in an aqueous
solution of ammonium phosphate, and ammonium was added
until the pH was set at 9.0. Hydrothermal treatment was
carried out over a period of 20 h at a temperature of 300°C
and a pressure of 35 atm. After completion of hydrothermal
synthesis, the aqueous phase was discarded and the final
product was washed and then leached with hot destilled water
several times for 1 h each leaching process. Then, the HA
scaffolds were dried at 180°C.

For the transformation of calcite into BCP, calcite scaf-
folds were suspended in an aqueous solution of ammonium
phosphate. To suppress the formation of apatite and thus
regulate the ratio of HA/TCP, the solution was slightly acid-
ified to a pH of 5.0–6.0. Hydrothermal treatment was then
carried out over a period of 20 h at a temperature of 300°C
and a pressure of 35 atm, until BCP scaffolds whith two
defined HA/TCP ratios (30/70 and 50/50) were obtained.

After the leaching process, the BCP scaffolds were dried at
180°C.

Biomaterial Examination

Samples from all three types of biomaterials were checked for
qualitative and quantitative phase composition by X-ray pow-
der diffraction (XRD). From each type of biomaterial, 0.5 g
was ground into a fine powder in an agate mortar and loaded
into a rotatable specimen holder (sample diameter 16 mm,
depth 2 mm). Measurements were taken on a Philips X’Pert
PW3050/60 q/q goniometer under the following measure-
ment conditions: CuKa radiation (11 � 1.54060 Å, l2 �
1.54439 Å), goniometer radius 200 mm, divergence slit *°,
receiving slit 0.1 mm, secondary bent graphite (002) mono-
chromator, continuous q/2q scans ranging from 5 to 70°, step
width 0.02°, 2.0-s measuring time per step. For special Ri-
etveld refinements, the following measurement conditions
were preferred: 2q � 5–140°, with a measuring time of 5 s
step-1 and a specimen rotated with four rotations s�1. Deter-
mination of the maxima of the measured diffraction profiles
and phase identification were performed with routines of the
Philips X�Pert data Collector 1.3f software using the Powder
Diffraction File (ICDD, International Centre for Diffraction
Data, Newtown Square, PA/USA). XRDs of the various
samples are shown in Figure 1(a–c).

Also, the three-dimensional geometry of the various types
of biomaterial scaffolds was assessed by scanning electron
microscopy [JSM 6310, JEOL Ltd., Tokyo, Japan; Figure
2(a–d)]. Biomaterials intented for implantation were filled in
batches of 2 mL in glass containers and �-sterilized. All
biomaterials were produced and provided by the Institute of
Cranio Maxillo Facial and Oral Rehabilitation, Vienna, Aus-
tria.

Implantation Studies

Six skeletally mature female mountain sheep (age 2–4 years,
mean body weight 58.5 kg) were used for the implantation of
the biomaterials. Housing and feeding of the animals was
performed according to the NIH guidelines for the care and
use of laboratory animals. The study protocol was approved
by the local Animal Welfare Committee.

For all procedures, the animals were premedicated with
ketamine hydrochloride. General anesthesia of the animals
was then induced with thiopental and, after endotracheal
intubation, maintained with halothane. Supplementory anal-
gesia was obtained by local administration of 2% xylocaine
containing epinephrine (1:50,000).

The right hemithorax of each animal was shaved, cleaned
with ethanol-iodine, and draped for sterile surgical procedure.
After transcutane incision and reflection of the periosteum,
two ribs were exposed. Six corticocancellous defects (5 � 5
mm) each rib were prepared using a water-cooled dental
handpiece and a trephine drill. The biomaterials were mixed
separately with 2 mL autogenous venous blood until clotting
occurred and thereafter carefully inserted into the created
defects, so that four samples of each biomaterial type were
placed in each animal. Subsequently, skin and periosteum
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Figure 1. Physicochemical characterization of samples from HA (a), 50/50 BCP (b), and 30/70 BCP
scaffolds (c). Red patterns denote hydroxyapatite, green patterns denote tricalcium phosphate. XRD
imaging, reference phases taken from the Power Diffraction File (ICDD, Newton Square, PA).
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were repositioned and closed in layers with interrupted
resorbable sutures. Animals received standard antibiotic
treatment (penicilline, streptomycine) during the first 5 post-
operative days; food and water were provided ad libitum.

Oxytetracycline (25 mg/kg; Terramycin�; Pfizer, Vienna,
Austria), xylenol-orange-tetrasodium-salt (90 mg/kg; Merck,
Darmstadt, Germany), and 2,7-bis(bis(carboxymethyle)-ami-
nomethyle)-fluoresceine (20 mg/kg; Calcein�; Merck, Darm-
stadt, Germany) were administered for fluorochrome bone
labeling at biomaterial placement, at 3 months following
implantation, and 7 days prior to animal sacrification, respec-
tively.

Three animals each were sacrificed 6 and 12 months
following implantation by infusion of potassium chloride
until isoelectric ECG was registered, and the ribs containing
the implants were retrieved.

Sample Preparation

The retrieved ribs were prepared for nondecalcified histology
utilizing a modification of the Donath technique.34 After
cleaning from soft tissue and prefixation with 4.5% neutral-
buffered formaline for 3 days, the ribs were separated to
obtain single segments containing the implanted biomaterial
within one surgical defect. These samples were placed in

Schaffer solution (80% ethanol/37% formaline; ratio 2:1) for
another 7 days, dehydrated in a graded series of ethanol, and
defatted in 100% acetone/100% ethanol (ratio 1:1). The ace-
ton was removed with 100% ethanol, the samples were then
placed in 100% methylmethacrylate monomer for 5 days, and
thereafter transferred to polymethylmethacrylate and stored at
room temperature for 7–15 days. After the resin had cured,
two longitudinal sections of each surgical defect containing
the implanted biomaterial were obtained with a diamant-
coated band saw. Slices were semiautomatically ground
down to a thickness of 50 �m for fluorescence microscopic
examination. Finally, slices were further ground down to a
thickness of 5–10 �m and stained with 1% thionine for light
microscopic evaluation. Several specimens of each biomate-
rial type were also evaluated by BSE microscopy (JSM 6310,
JEOL Ltd., Tokyo, Japan).

Histological Examination

The specimens were examined morphologically with a trans-
mission light microscope (Eclipse 800, Nikon Corp., Tokyo,
Japan) and documented microphotographically. For the mor-
phometrical measurements, a digital camera (Sony 950
Power HAD, Sony Corp., Tokyo, Japan) was connected to the
microscope, and digitized pictures were measured with an

Figure 2. (a–d) SEM imaging of the various types of biomaterials. Three-dimensional visualization of
a fractured HA-biomaterial (a) particle shows the arrangement of the pores (mean diameter 10 �m).
Central pores are longitudinally arranged, periodically septated (mean interval 30 �m) and intercon-
nectively microperforated (mean diameter of perforations 1 �m). Particles are enveloped by a thin but
compact cortex (arrows) of orthoradially arranged pores. HA scaffolds (b) are formed by spherical HA
crystals; pores are limited by fragile walls with prominent interconnecting microperforations (arrows).
50/50 BCP scaffolds (c) are formed by equal fractions of polyedric TCP (arrows) and spherical HA
crystals; walls are thicker and microperforations are less prominent than in HA scaffolds. 30/70 BCP
scaffolds (d) are mainly formed by polyedric TCP crystals; the three-dimensional geometry resembles
that of 50/50 BCP scaffolds. (a) Bar � 100 �m; (b, d) bar � 10 �m; (c) bar � 1 �m.
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image analyzing software (Lucia 32G/4.10, Laboratory Im-
aging Ltd., Prague, Czech Republik) at a magnification of 4�
by a blinded operator. Two longitudinal sections of each
surgical defect containing the implanted biomaterial were

measured. The area values for bone and biomaterial were
obtained from the total surgical defect [total bone (toBo),
total biomaterial (toBm)]. Also, separate measurements were
taken for cortical bone compartments [cortical bone (coBo),
cortical biomaterial (coBm)] and cancellous bone compart-
ments [cancellous bone (caBo), cancellous biomaterial
(caBm)] of the surgical defects. Therefore, the approximate
location of the original borderline between cortical and can-
cellous compartments of the ribs was defined as shown in
Figure 3(a, b). Neither automatic nor manual quantification
provided a practicable solution for tracing bone portions
within intact pores of the particles. These amounts were
therefore included into biomaterial area. All area values ob-
tained for statistical analysis comprized the arithmetic mean
of its two longitudinal-sectional values.

Statistical Analysis

For statistical analysis, the arithmetic mean of two longitu-
dinal-sectional values of each surgical defect was used. Sev-
eral analyses were performed separately for bone and bioma-
terial. To investigate the differences between bone and bio-
material values obtained from cortical and cancellous bone
compartments (coBo, coBm, caBo, and caBm, respectively)
for each type of biomaterial, mixed model analysis was
performed with the fixed factors healing time, type of bioma-
terial, and bone compartment. The interactions healing time
� type of biomaterial, type of biomaterial � bone compart-
ment, and healing time � type of biomaterial � bone com-
partment were analyzed. The random factor sheep was in-
cluded in the model to account for multiple measurements in
one sheep. Least-square means were calculated for each type
of biomaterial, and pairwise comparisons were then per-
formed using a Bonferroni adjustment for the p-values.

For the calculation of the bone and biomaterial values
obtained from the total surgical defect (toBo and toBm), a
similar model as described above was fitted, excluding the
fixed factor bone compartment and its interactions. p-Val-
ues � 0.05 were considered to indicate statistical signifi-
cance. All values are reported as means � standard errors.

RESULTS

Histological Results

Histology showed that all bioceramics were correctly im-
planted. No inflammatory round cell infiltrates due to the

Figure 3. (a) Histology of a cadaveric specimen showing configura-
tion and location of a 5 � 5 mm corticocancellous surgical defect
containing the biomaterial particles. Particle density resembles that of
the postinsertion situs. Vertical line denotes the approximate border
between cortical and cancellous bone. Undecalcified specimen, thi-
onine staining. Bar � 1 mm. (b) Histology of a 50/50 BCP specimen
12 months after implantation. A measurement frame as used for
morphometrical quantification of bone and biomaterial values from
the total surgical defect is shown. Morphometric measurements were
also obtained for cortical and cancellous bone compartments alone.
Vertical line denotes the approximate border between cortical and
cancellous regenerated bone. Newly formed bone showes the same
corticocancellous pattern as native bone. Remnants of biomaterial
particles are visible in both compartments; biomaterial resorption and
replacement was more intense in cortical than in cancellous bone
compartments. Undecalcified specimen, thionine staining. Bar � 1
mm.

Figure 5. (a, b) Comparison of different patterns of biomaterial replacement. Histology showing a
cortical and cancellous compartment of a surgical defect in a 50/50 BCP specimen 12 months after
implantation. Original outlines of two biomaterial particles are outlined by white lines. In cortical
compartments (a), circular scaffold defects are present produced by osteonal bone remodeling;
defects show a complete repair by secondarily formed osteons. In cancellous compartments (b), the
repair of scaffold portions due to lamellar bone remodeling is incomplete; trabecular remnants of
scaffolds are interlocked by newly formed bone trabeculae in a cancellous pattern. Undecalcified
specimens, thionine staining. (a, b) Bar � 100 �m. (c, d) Comparison of histological (c) and BSE (d)
investigation in a 30/70 BCP specimen 12 months after implantation. Large portions of the biomaterial
scaffold have been removed and replaced by secondarily formed osteons during osteonal bone
remodeling. BSE imaging shows a micromechanical interlocking at the bone/biomaterial interface and
bone ingrowth into the pores; newly formed bone is fully mineralized. Undecalcified specimens,
thionine staining in (c). (c, d) Bar � 100 �m.
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Figure 4. (a, b) Comparison of biomaterial degradation in the absence of osteoclastic activity. High
power view showing a HA specimen (a) and a 30/70 BCP specimen (b) 6 months after implantation.
Intraporous bone is present in both types of biomaterials [note viable osteocytes (arrows) in (a)].
Although the three-dimensional geometry has been retained almost completely in the HA scaffold,
biomaterial degradation due to mineral dissolution from the scaffolds is much more pronounced in the
30/70 BCP specimen. Undecalcified specimens, thionine staining. (a, b) Bar � 20 �m. (c) Histology
showing active biomaterial resorption in a 30/70 BCP specimen by a multinucleated giant cell during
osteoclastic bone remodeling 6 months after implantation. Arrows denote resorption lacunae (left) and
incorporated remnants of a particle scaffold (right). Undecalcified specimen, thionine staining. Bar �
20 �m. (d) Histology showing resorbed portions of a 50/50 BCP biomaterial due to osteoclastic bone
remodeling 6 months after implantation. Older lamellar bone (1) is present along with woven bone (2).
Note that deposition of newly formed unmineralized bone (3) and formation of vasculature (arrows) are
closely linked. Undecalcified specimen, thionine staining. Bar � 50 �m.

Figure 5.
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implantation of the biomaterials were observed. The surgical
defects included the outer cortical bone of the ribs and can-
cellous bone [Figure 3(a)]. All defects containing the im-
planted biomaterials had been repaired by bone promotion
from dissected surrounding bone; the biomaterial particles
had served as osteoconductive scaffolds [Figure 3(b)]. Bone
formed within the surgical defects did not differ in quality
between the various types of biomaterials; however, staining
was more intense than in surrounding older bone after thi-
onine staining.

At sites of active bone formation, seams of osteoblasts and
unmineralized matrix containing collagen fibrils were seen.
Incipient mineralization was indicated by calcification fronts.
Bone formation was closely linked to angiogenesis [Figure
4(d)].

Bone response to biomaterial implantation was different
for cortical and cancellous compartments of the surgical
defects. In cortical bone, biomaterial scaffolds were embed-
ded in mature and compact bone that showed an osteonal
structure. No intervening soft tissue was present at the bone/
biomaterial interface. Bone surrounding the particles showed
the presence of Haversian osteonal remodeling after both
fluorescence and light microscopy. In cancellous bone, scaf-
folds were crosslinked by a framework of newly formed bone
trabeculae that showed lamellar reinforcement after both light
and fluorescence microscopy. Bone had only been incom-
pletely apposed to the scaffolds here; soft tissue and multinu-
cleated giant cells were present where no bone was apposed
to the biomaterials. Fibrovascular soft tissue had formed in
the marrow cavity, and vasculature was seen near the surfaces
of newly formed bone trabeculae.

Histology and BSE imaging showed micromechanical in-
terlocking at the bone/biomaterial interface and bone growth
into the pores of the particles in all types of biomaterials.
Bone invasion was more intense when particles had been
fractured during biomaterial implantation; many particle scaf-
folds had been completely obstructed by newly formed bone.
Moderate vascular ingrowth into the particles was also seen.

Active resorption of particle scaffolds by multinucleated
giant cells that functionally resembled osteoclasts was cou-
pled with remodeling of newly formed bone [Figure 4(c)].
Scaffold resorption was evident in all types of biomaterials
but was more pronounced in the BCP scaffolds. Resorbed
portions had been largely replaced by newly formed bone that
had caused a moderate increase in bone mass from 6 to 12
months. The pattern of biomaterial resorption, however, was
different for cortical and cancellous compartments of the
surgical defects. In cortical bone, defined circular areas of the
scaffolds and intraporous bone had been removed by cutting
cones from surrounding bone remodeling [Figure 5(a)]. Most
of the cortical scaffold defects had been repaired by bone
deposited from following closing cones [Figure 5(c, d)].
Osteonal remodeling respected no boundaries, and defects
were located in central as well as in peripheral portions of the
scaffolds. In cancellous bone, scaffolds and intraporous bone
had been resorbed by multinucleated giant cells located in
resorption lacunae of bone apposed to the biomaterials. Can-
cellous bone remodeling respected lamellary boundaries, and

defects were mostly located in the periphery of the scaffolds.
Repair by new bone deposition was incomplete in most of the
cancellous scaffold defects; biomaterial particles were mod-
eled into trabecular remnants that were integrated into the
cancellous structure of the bone/biomaterial mixture by
crosslinking bone trabeculae [Figure 5(b)]. In both compart-
ments, remodeling activity and biomaterial replacement had
increased from 6 to 12 months. Remodeling activity and
biomaterial replacement were more pronounced in the BCP
than in the HA scaffolds. Between the 30/70 and 50/50 BCP
scaffolds, however, no differences were obvious.

Histology and BSE imaging also showed ultrastructural
changes of the biomaterial scaffolds in the absence of oste-
oclastic activity. Mineral dissolution from the walls of the
scaffolds was seen whether the pores of the scaffolds had
been obstructed by invading bone or not. Dissolution, how-
ever, was more intense when multinucleated giant cells were
adherent to the scaffolds. In the BCP scaffolds, mineral
dissolution and fragmentation of the scaffolds were more
pronounced than in the HA scaffolds [Figure 4(a,b)].

Histomorphometrical results are given in Figure 6.

Statistical Results

For each type of biomaterial, a significant difference was
observed between bone values obtained from cortical and
cancellous compartments of the surgical defects (coBo and
caBo; p � 0.01). Also, a significant difference was present
between cortical and cancellous compartments in the various
types of biomaterials (p � 0.01); the pattern of differences
between the biomaterials, however, was similar for cortical
and cancellous bone values. In HA biomaterials, significantly
lower bone values were present than in 50/50 BCP (p � 0.01)
and 30/70 BCP biomaterials (p � 0.01). 50/50 BCP bioma-
terials, however, did not differ significantly from 30/70 BCP
biomaterials (p � 0.93). There was no indication for a
difference between the values measured 6 and 12 months
following implantation for the various types of biomaterials
(p � 0.93).

Pearson correlation procedure showed that values for bone
and biomaterial were highly negatively correlated (�0.93 at
cortical bone compartments and �0.59 at cancellous com-
partments). Therefore, calculation of the biomaterial values
(coBm and caBm) showed similar results to those for bone
values.

For bone values obtained from the total surgical defects
(toBo), no time-based effect was observed either. Again,
significant differences were found between the various types
of biomaterials. HA biomaterials showed significantly lower
bone values than 50/50 BCP (p � 0.01) and 30/70 BCP
biomaterials (p � 0.01). 50/50 BCP biomaterials, however,
did not differ significantly from 30/70 BCP biomaterials (p �
0.93). Due to the highly negative correlation between bone
and biomaterial values, statistical calculation of the biomate-
rial values obtained from the total surgical defects (toBm)
showed similar results to those for total bone values.

464 SCHOPPER ET AL.



DISCUSSION

In the present study, bone formation and biomaterial degra-
dation rates of three different granular biomaterials with the
same three-dimensional geometry but varying HA/TCP ratios
(HA, 50/50 BCP, and 30/70 BCP) were investigated histo-
logically 6 and 12 months following implantation.

CaP biomaterials allow for attachment, proliferation, mi-
gration, and phenotypic expression of bone cells leading to
bone apposition in direct contact to the biomaterial.35–37

Noncritical size defects were used in this study to ensure fast
and reliable bone healing and to achieve biomaterial replace-
ment at an advanced stage within the observation periods. In
defect sizes as employed, healing would have occurred even
without biomaterial implantation. Because histological inter-
ests were only focused on differences between the various
biomaterials, negative controls were not included in this
study.

The surgical defects containing the implanted biomaterials
had been repaired by appositional bone growth to the parti-
cles that served as an osseoconductive scaffold. Bone forma-
tion was closely linked to angiogenesis. Pericytes and vascu-
lar endothelial cells from ingrowing capillaries38–40 may
have contributed osseoprogenitor cells. New bone had also
formed inside the pores in all types of biomaterials. The size
range, extent, and interconnectivity of the pores of biomate-
rials are critical factors affecting diffusion of nutrients, cell
attachment, migration, and expression, and tissue ingrowth
necessary for bone formation.41 Although pore sizes of at
least 50 �m have been recommended for bone invasion,42 the
suitability of biomaterials with interconnected pore sizes of
about 10 �m to allow for the ingrowth of bone in vivo has
been recently demonstrated.30 In this study, bone invasion
was more pronounced when particles had been fractured
during implantation. Bone ingrowth may have been rendered
more difficult by a dense cortical layer in intact particles.

Figure 6. Statistical results for cortical, cancellous and total bone area (a–c), and for cortical,
cancellous, and total biomaterial area (d–e). Significant differences were present as shown. Cortical
and cancellous values for both bone and biomaterial differed significantly in all types of biomaterials
after both healing times (not shown). Data were obtained from a total number of 144 specimens (24
each type of biomaterial and healing time). Level of significance was set at p � 0.05. Values are
reported as means � standard errors.
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Osteoconductivity has been closely related with the chem-
ical composition of biomaterials.37 For TCP, a trabecular
pattern of bone apposition to the particles has been found at
cancellous implantation sites, while HA produced a more
disseminated pattern.43 The histological results of this study,
however, showed no morphological differences of bone for-
mation between the various types of biomaterials.

Bone formation did not significantly increase from 6 to 12
months; healing times longer than 6 months may not provide
a beneficial clinical effect on bone regeneration. Analysis of
the data obtained from the total surgical defects showed that
the BCP biomaterials had produced significantly more bone
than the HA biomaterial. Because biomaterials showed the
same three-dimensional geometry, the difference in the bone
formation rates must be attributed to the presence of TCP in
both BCP biomaterials. Biomaterial dissolution in the body
fluids at the implant site may have occurred. For HA, lower
solubility and higher stability are known when compared with
TCP.45 In a previous study, we have found mineral dissolu-
tion from the walls of the pores in a FHA biomaterial.30 In
this study, mineral dissolution and fragmentation of the scaf-
fold walls in the absence of osteoclastic activity was more
pronounced in the BCP than in the HA scaffolds. Enhanced
dissolution and accumulation of calcium ions from the walls
of the BCP scaffolds at the defect site may have stimulated
bone formation.46 Reprecipitation of apatite has been sug-
gested to be causal for a chemical binding of bone to a
biomaterial.46,47 Whether the intimate bonding of bone to the
biomaterials as it was observed in this study comprized
micromechanical interlocking, chemical bonding, or a com-
bination of both remains unclear.

TCP has been shown to bioresorb more readily than
HA.19,48–50 We have previously shown active cellular resorp-
tion in the scaffolds of a FHA biomaterial.30 In this study, the
BCP biomaterials showed significantly higher scaffold deg-
radation rates than the HA biomaterial. Active resorption of
scaffolds during bone remodeling that was followed by a
replacement with newly formed bone was observed for all
three types of biomaterials. Because of the different patterns
of bone formation, bone remodeling, and biomaterial resorp-
tion in cortical and cancellous compartments, a corticocan-
cellous structure of the bone/biomaterial mixture had been
partly regenerated at the surgical defects; it has been sug-
gested that cortical and cancellous compartments may be
considered as two separate functional entities of bone.44 The
higher metabolic activity and bone turnover of cancellous
bone, when compared to cortical bone,51 may also be a
reasonable explanation for a reduction of trabecular bone
mass from 6 to 12 months, which was present in all types of
biomaterials. Cancellous bone healing may have been com-
pleted at an early stage after implantation, and newly formed
cancellous bone was then reduced by bone remodeling be-
cause of the unloaded character of the animal model. Cortical
bone mass, in contrast, had moderately increased from 6 to 12
months in the BCP biomaterials but failed to increase in the
HA biomaterial. Because bone and biomaterial were strongly
negatively correlated (r � �0.93) in cortical compartments,
a further increase in cortical bone mass was depending on

biomaterial resorption, which was more pronounced in the
BCP than in HA scaffolds.

In the present study we have shown that HA/TCP com-
pounding was suitable to improve bone formation and scaf-
fold degradation while the osteoconductive properties of the
investigated biomaterials were maintained. Although the dif-
ferences between HA/TCP ratios of 50/50 and 30/70 failed to
reach statistical significance, 30/70 scaffolds were better in-
tegrated into physiological bone remodeling. It would be
interesting whether a higher percentage of TCP could further
increase bone regeneration and biomaterial replacement; cur-
rently, HA/TCP ratios of 20/80 and 10/90 are being tested.
We will report on the results.

The authors would like to acknowledge the support of the present
investigation by the Institute of Cranio Maxillo Facial and Oral
Rehabilitation, and wish to thank Dr. Erich Halwax for the X-ray
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