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Biomaterial Resorption Rate and Healing Site 
Morphology of Inorganic Bovine Bone and �-Tricalcium

Phosphate in the Canine: A 24-month Longitudinal 
Histologic Study and Morphometric Analysis
Zvi Artzi, DMD1/Miron Weinreb, DMD2/Navot Givol, DMD3/Michael D. Rohrer, DDS, MS4/

Carlos E. Nemcovsky, DMD1/Hari S. Prasad, BS, MDT5/Haim Tal, DMD, PhD6

Purpose: An inorganic xenograft (inorganic bovine bone [IBB]) and a porous alloplast (�-tricalcium phos-
phate [�-TCP]) material were compared at different healing periods in experimental bone defects in
dogs. Materials and Methods: Six round defects, 5 � 4 mm, were made on the lateral bony mandibular
angle in 8 dogs at different times. Two defects were randomly filled with IBB, 2 with �-TCP, and 2 were
left to blood clot. A bi-layer collagen membrane covered 1 defect of each type. Four specimens per treat-
ment group were obtained for each treatment group at 3, 6, 12, and 24 months postoperatively. Morpho-
metric analysis of decalcified (Donath technique) histologic slides was conducted using the measured
areas of regenerated bone, grafted particles, and remaining concavity. Results: In IBB sites, complete
bone healing was evident at 12 and 24 months, but grafted particles dominated the sites. In �-TCP sites,
only particle remnants remained at 12 months. At 24 months, particles had completely resorbed in both
membrane-protected (MP) and uncovered (UC) defects. Data were combined for final analysis since
there were no statistically significant differences within each graft material group (MP or UC). Mean bone
area fraction increased from 3 to 24 months at all sites. In bone area fraction a statistically significant
difference was found between 3 and 6 months in the IBB and �-TCP groups. IBB sites also showed such
significance between 6 and 12 months. A statistically significant difference was found between MP
ungrafted sites (42.9%) vs IBB (24.7%) and vs the control (24.8%) at 3 months. At 6 months, �-TCP bone
area fraction (68.8%) was significantly greater than IBB (47.9%) and control (37.5%) sites. At 12 months,
�-TCP bone area fraction (79.0%) was significantly greater than the control (42.5%). At 24 months, �-
TCP bone area fraction (86.5%) was significantly greater than IBB (55.6%) sites. Mean particle area frac-
tion of �-TCP sites decreased gradually until complete resorption at 24 months. IBB sites showed a sig-
nificant decrease only between 3 (38.7%) and 6 (29.4%) months. Discussion and Conclusion: Complete
bone healing was established in all grafted defects. IBB and �-TCP are both excellent biocompatible
materials. However, at 24 months �-TCP particles were completely resorbed, whereas IBB particles still
occupied a remarkable area fraction without significant resorption beyond 6 months. (More than 50 ref-
erences.) INT J ORAL MAXILLOFAC IMPLANTS 2004;19:357–368
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Natural and synthetic bone substitutes, when
used in bone regeneration procedures associ-

ated with implant placement, should comply with
several criteria. These include biocompatibility,
osteoconductivity, and complete lack of antigenicity.
The material should serve as a scaffold for capillary
ingrowth. Complete resorption of the material,
which is to be replaced by new osseous tissue at a

1Senior Lecturer, Department of Periodontology, The Maurice and
Gabriela Goldschleger School of Dental Medicine, Tel Aviv Uni-
versity, Tel Aviv, Israel. 

2Associate Professor, Department of Oral Biology, The Maurice
and Gabriela Goldschleger School of Dental Medicine, Tel Aviv
University, Tel Aviv, Israel.

3Attending Surgeon, Department of Oral and Maxillofacial
Surgery, Chaim Sheba Medical Center, Tel Hashomer, Israel.

4Professor, Division of Oral & Maxillofacial Pathology, School of
Dentistry, University of Minnesota, Minneapolis, Minnesota.

5Research Scientist, Hard Tissue Research Laboratory, School of
Dentistry, University of Minnesota, Minneapolis, Minnesota.

6Professor, Department of Periodontology, The Maurice and
Gabriela Goldschleger School of Dental Medicine, Tel Aviv Uni-
versity, Tel Aviv, Israel. 

Correspondence to: Dr Zvi Artzi, Department of Periodontology,
The Maurice and Gabriela Goldschleger School of Dental Medi-
cine, Tel Aviv University, Tel Aviv, Israel. Fax: +972 3 6409250. 
E-mail: zviartzi@post.tau.ac.il



358 Volume 19, Number 3, 2004

ARTZI ET AL

later stage, is preferable. The grafting agent serves
as both a mechanical support for the overlying bar-
rier membrane and an osseoinductive or osseocon-
ductive matrix for the regenerating tissue.

Several bone derivatives or substitutes have been
used in bone reconstruction. Allografts, xenografts,
and alloplasts are the 3 major nonautologous graft
sources. Bovine bone mineral, a xenograft, and �-
tricalcium phosphate (�-TCP), an alloplast, are both
excellent biocompatible materials. Inorganic bovine
bone (IBB) has been extensively investigated and has
produced satisfactory results in correcting alveolar
ridge deficiencies1–7 as well as in peri-implant
repair.8–10 It has also been applied in socket preser-
vation techniques11–14 and is considered 1 of the pre-
ferred nonautologous graft materials in sinus aug-
mentation procedures.10,15–20 It has been speculated
that the preservation of delicate porotic morphology
during sterilization probably enhances the effective-
ness of this material.21,22

Similar findings have been attributed to �-
TCP.23,24 It is also biocompatible25–27 and acts as a
space maker and scaffold for bone ingrowth.28–32 In
a comparative histomorphometric study on differ-
ent biomaterials in miniature pigs,33 TCP showed
the most promising results for biodegradation and
substitution among other nonautologous graft
materials such as coral-derived hydroxyapatite and
demineralized freeze-dried bone allografts. IBB was
not tested.

However, neither IBB nor �-TCP have achieved
the level of osteoconductivity or the resorption rate
necessary for absolute general acceptance. The pur-
pose of this study was to compare the potential of
IBB and �-TCP to promote bone regeneration in
experimental bone defects in dogs. (The rate of
bone formation coincides with the rate of graft
material resorption.) The surface morphology of
the graft sites after different healing periods was
evaluated morphometrically.

MATERIALS AND METHODS

The study sample consisted of 8 mongrel dogs, 5 to
6 years old, weighing between 17 and 29 kg (aver-
age 21.6 kg). Premedication (2% Chanazine
[Chanelle Veterinary, Loughrea, Ireland] and 20
mg/kg penicillin G benzathine [Durabiotic; Bio-
chemie, Kundl, Austria]) was administered 30 min-
utes before the intravenous administration of the
general anesthetic agent (20 mg/kg pentobarbital
sodium). A facial incision was made using an elec-
trosurgical device (SSE21; Valleylab, Boulder, CO)
and a knife with a no. 15 blade to expose the outer

(lateral) line angle of the mandible. For homeostasis
and to reduce postoperative pain, 2% lidocaine with
norepinephrine (1:100,000) was administered by
local infiltration. The mandibular bone surface was
exposed from the mental foramen anteriorly to the
ramus notch posteriorly. 

To make the defects, a grid with 6 round holes
was applied to the bony plate slightly inferior to the
estimated location of the mandibular canal pathway
(Fig 1a). Six round defects, each 5 mm in diameter
and 4 mm deep, were prepared at least 3 mm apart
using an inverted-cone diamond bur mounted on a
high-speed hand drill. The dimensions of the
defects were verified with a periodontal probe. In
each dog, 2 randomly selected defects were filled
with IBB particles (Bio-Oss; Geistlich Biomaterials,
Wolhusen, Switzerland) and 2 with �-TCP (Cera-
sorb; Curasan, Kleinstheim, Germany). The
remaining 2 defects were left ungrafted to form a
blood clot. Three defects (1 of each type) were cov-
ered with an absorbable collagen membrane (Bio-
Gide, Geistlich Biomaterials) as a guided tissue
regeneration (GTR) barrier, and stabilized with 1.6-
mm miniscrews (Auto-Drive; OsteoMed, Addison,
TX) (Fig 1b). In each dog, a membrane-protected,
ungrafted defect and an unprotected, ungrafted
defect served as controls for the membrane-pro-
tected grafted defects and the uncovered grafted
defects, respectively. Soft tissue closure was per-
formed in layers; the inner muscles were sutured
with 4-0 chromic catgut suture (Johnson & John-
son/Ethicon, Cornelia, GA) and the outer skin with
4-0 resorbable rapid, Vicryl polyglactin sutures
(Johnson & Johnson/Ethicon).

This procedure was repeated on the contralateral
side at a different given time; thus each dog had 2
sets of defects that were allowed to heal for periods
of different lengths (eg, 3 and 6 months, 6 and 12
months, 3 and 24 months). Ninety-six defects (6
defects � 2 sides � 8 dogs) were made—4 defects
per defect type per healing period. Defects were
allowed to heal for either 3, 6, 12, or 24 months.
Postoperative medication included an intramuscular
injection of antibiotics (240,000 IU/mL Durabi-
otic). The dogs were fed a soft diet for 2 weeks. The
wound healing site was observed daily for the first
week, then weekly for the first month.

Four biopsy specimens were obtained for each
healing period. The dogs were sacrificed using 2%
Chanazine as premedication followed by a lethal
dose of sodium pentobarbital injected intravenously.
Subsequently, 300 mL of 10% neutral buffered for-
malin was injected into the external carotid artery
branch34 to achieve tissue fixation prior to specimen
block removal.
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Radiographs of the specimen blocks were taken
prior to histologic processing. The outlined defects
were distinguishable at the inferior mandibular 
border (Fig 1c).

Histologic Preparation
The specimen blocks were placed in 10% neutral
buffered formalin, divided in half through the area
of interest, and immediately dehydrated with a
graded series of alcohols for 9 days. After dehydra-
tion, the specimens were infiltrated with a light-
polymerized embedding resin (Technovit 7200
VLC, Heraeus Kulzer, Hanau, Germany). After 20
days of infiltration with constant shaking at a nor-
mal atmospheric pressure, the specimens were
embedded and polymerized by 450-nm light at a
temperature of 40°C. The specimens were then pre-
pared using the cutting/grinding method described
by Donath and Breuner.35–37 They were cut to a
thickness of 150 µm on an EXAKT cutting/grinding
system (EXAKT Technologies, Oklahoma City,
OK). Slides were polished to a thickness of 40 µm
using the EXAKT microgrinding system followed
by alumina polishing paste and stained with
Stevenel’s blue and Van Gieson’s picro fuchsin. Pho-
tomicrographs were obtained using a Zeiss Axiolab
photomicroscope (Carl Zeiss Microimaging,
Thornwood, NJ).

Histomorphometry
A projection microscope (Visopan; Reichert, Leica,
Vienna, Austria) was used for morphometric mea-
surements (�20 final magnification). A 64-square
(1.5 cm � 1.5 cm) graticule was superimposed on the
screen for the point-counting calculation.13,20,38,39 All
measurements were taken by the same investigator
(ZA). To determine the reproducibility of the mea-
surements and the coefficient of variation for each
parameter, 10 randomly selected slides were mea-
sured 5 times, not consecutively, without reference to
the previous data. The mean coefficients of variation
of bone, biomaterial particle, and remaining concav-

ity area fractions were 2.2%, 1.9%, and 1.8%,
respectively, indicating that these measurements were
highly reproducible. Prior to measuring, the exact
original boundaries of each defect were determined.
If necessary, polarized light microscopy, which easily
distinguished between the newly formed bone and
the native bone, was used. In most examined section
cuts, the defect boundaries were identified without
polarized light. 

Whenever the graticule-square center (marked
by a “+”) hit one of the components, regenerated
bone or a grafted particle, the specific component
scored 1 point. The sum of the points overlying
each specified component (Pi) was calculated. The
area of each component was calculated as a percent-
age, or fraction, of the whole section area—Pi/�i,
where �i represents the total number of points
superimposed on each section.

Additionally, the morphologic outcome of the
defect was quantitated by counting the number of
graticule-square center points found on the external
area(s) beyond the periosteum devoid of graft parti-
cles or regenerated bone to represent the residual
concavity (RC) area fraction.

Statistical Analysis
To evaluate the relatively small sample size (n = 4) of
each defect type at each healing period, 2 statistical
analyses were conducted: the nonparametric
Kruskal-Wallis 1-way analysis of variance for rank-
ing differences of means and for multiple compar-
isons within each healing period, and the nonpara-
metric Mann-Whitney test for multiple comparisons
within each examined site between each pair of con-
secutive periods. BMDP statistical software was used
for the statistical analyses (SPSS, Chicago, IL). This
test was also applied to the particle area fraction
comparison of the 2 graft materials at each healing
period. The Bonferroni method was used to adjust
for multiple testing for comparisons among treat-
ment groups and for comparisons across time peri-
ods. The level of significance was set at P ≤ .05.

Fig 1c A specimen block radiograph in
which defect radiolucency is evident.

Fig 1b Membrane-protected defects and
an uncovered defect before soft tissue
suturing.

Fig 1a Six round defects, 5 � 4 mm,
were made on the buccal bony shelf of the
mandible.
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RESULTS

Histologic Observations
IBB Sites. Membrane-protected and unprotected
grafted sites showed similar findings. At 3 months,
IBB particles filled the defect. Newly formed bone was
evident near the bony walls, occasionally surrounding
some of the grafted particles at the peripheral zone
(Fig 2). The newly formed bone observed in the
defect center, away from the bony walls, was primarily
surrounded by the particles. There was an abrupt
transition from the well-organized old bone to the
highly cellular newly formed bone. At 6 months, most
of the particles were surrounded by newly formed
bone. The particles were about the same size as they
had been at 3 months. The newly formed bone
showed a tendency to bridge the defect; however, at
this stage of healing, a significant soft tissue concavity
was still observed (Fig 3a). Particles not surrounded by
bone were layered by greenish striae staining, showing
osteoid formation. Xenograft resorption was not a
typical finding, and multinucleated cells, ie, osteo-
clasts, were seldom seen near the particles (Fig 3b).

At 12 and 24 months, the grafted defects showed
complete bone healing; the defect configuration had
been completely eliminated (Fig 4a). Although the
newly formed bone was mature and organized at
this stage, the defect boundaries and regenerated
bone were clearly distinguishable by the staining
and tissue arrangement. The regenerated bone
included haversian canals, ie, osteons, in accordance
with the grafted particles’ configuration (Fig 4b). 

�-TCP Sites. At 3 months, �-TCP particles were
aggregated in the defects. Some were incorporated
with the newly formed bone, particularly on the
periphery of the sites. While the uncovered �-TCP
grafted defects showed newly formed bone primarily
in the defect base, close to the bony walls (Fig 5a), the
membrane-protected defects showed superficially
more regenerated bone mass (Fig 5b). Nevertheless,

both membrane-protected and uncovered sites exhib-
ited a remarkably concave healing configuration at
this stage. Higher magnification of the �-TCP parti-
cles, which were surrounded by newly formed bone,
showed grafted particles in advancing stages of
resorption (Fig 5c). In the defect center, where no
bone was observed, greenish-stained osteoid forma-
tions encapsulated the particles (Fig 5d), identical to
the IBB particles in the early healing stage. 

At 6 months, �-TCP–grafted defects were almost
completely filled with bone (Fig 6). The grafted par-
ticles were completely embedded in the newly
formed regenerated bone. At 12 months, the mem-
brane-protected �-TCP site showed complete
bridging of the defect; remnants of the grafted par-
ticles were still evident in the center of the defect
surface, completely surrounded by the regenerated
bone (Fig 7). The uncovered sites showed similar
progress. The newly formed bone was still easily
distinguished from the surrounding well-organized
native bone. In polarized microscopy, the remodeled
regenerated bone was well defined by its brightness
compared to the dark native bone. 

At 24 months, the configuration of the sites was
consistent with complete healing (Fig 8). In polar-
ized microscopy, the bone, although organized, had
not reached final maturation. The new bone could
be distinguished with staining and by its tissue orga-
nization. The �-TCP particles had been completely
resorbed and replaced by established organized
bone. However, a minor RC could still be seen. 

Ungrafted Sites. At 3 months, newly formed
bone was observed near the native bony walls and
under the membrane at the membrane-protected
ungrafted site (Fig 9a). Continual healing with the
same pattern was observed at 6, 12, and 24 months.
At 24 months, the configuration of the membrane-
protected defect showed complete bone healing
(Fig 9b). However, the density of the regenerated
bone appeared sparse compared to the grafted sites.

Fig 3b Multinucleated cells, ie, osteo-
clasts, near the graf ted IBB particles
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �400).

Fig 3a At 6 months, most of the defects
were filled with newly formed bone incorpo-
rated around the graf ted par ticles
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �20).

Fig 2 At 3 months, newly formed bone
surrounded part of the grafted IBB parti-
cles, mainly close to the native bony walls
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �20).
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The uncovered blood-clotted sites (control)
showed newly formed bone at the defect base.
However, most of the defect was filled with connec-
tive tissue, presenting a remarkable concavity (Fig
10a). At 6, 12, and 24 months, the size of the defect
decreased progressively along with bone remodel-
ing. At 24 months, a superficial RC was observed
(Fig 10b). 

Morphometric Observations
Kruskal-Wallis ranking means showed an overall
significant difference (P � .05) in bone, particle and
RC area fractions at the different experimental sites.

Since no significant difference was found between
membrane-protected and uncovered grafted sites
for any biomaterial at any healing period for any
parameter (Tables 1 to 3), data were combined for a
statistical analysis re-run. 

Bone. Effect of Time. Mean bone area fraction grad-
ually increased at both the grafted and ungrafted sites
(Table 1). The �-TCP sites increased from 35.6% at
3 months to 86.5% at 24 months. They showed
greater bone area fraction than the IBB sites in all
examined healing periods. However, between consec-
utive periods a statistically significant difference was
found only between 3 and 6 months (P = .003).

Fig 4a (Left) At 24 months, IBB particles
dominated the sites and were completely
incorporated with the newly formed bone to
achieve complete healing site configuration
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �20).

Fig 4b (Right) Haversian canals, ie,
osteons (arrows), established around IBB
par ticles toward bone maturation
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �40).

Fig 5a (Left) �-TCP uncovered site at 3
months. Newly formed bone was noticed near
native bone surrounding some of the grafted
particles (Stevenel’s blue and Van Gieson’s
picro fuchsin; original magnification �20).

Fig 5b (Right) �-TCP membrane-protected
site at 3 months. Newly formed bone was
seen close to native walls, attempting to re-
establish under the membrane (Stevenel’s
blue and Van Gieson’s picro fuchsin; origi-
nal magnification �20).

Fig 5c (Left) Newly formed bone incorpo-
rated with the grafted �-TCP particles that
were in an advanced stage of resorption
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �100).

Fig 5d (Right) Greenish-stained osteoid
formation was evident around �-TCP parti-
cles in the defect center (Stevenel’s blue
and Van Gieson’s picro fuchsin; original
magnification �400).

Fig 6 (Left) At 6 months, newly formed
bone completely bridged the defect
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �20).

Fig 7 (Right) At 12 months only a few
fragments of grafted �-TCP particles were
present (Stevenel’s blue and Van Gieson’s
picro fuchsin; original magnification �20).



Mean bone area fraction of IBB sites increased
from 24.7% at 3 months to 55.6% at 24 months.
Between consecutive periods, a statistically signifi-
cant difference was found between 3 and 6 months
(P = .003) and between 6 and 12 months (P = .006).

Effect of Biomaterial. Multiple comparisons of
newly formed bone at 3 months revealed a signifi-
cantly smaller bone area fraction at IBB and uncov-
ered ungrafted sites versus the membrane-protected
ungrafted sites. At 6 months, bone area fraction at
the �-TCP sites was significantly greater than at the
IBB and uncovered ungrafted sites. At 12 months,
�-TCP sites no longer had significantly greater
mean bone area fraction than IBB sites, but they did
have significantly greater mean bone than uncov-
ered ungrafted sites. At 24 months, �-TCP sites
again had significantly greater bone area than IBB
sites. 

Biomaterial Particles. Effect of Time. Biomaterial
particle area fractions at 3, 6, 12, and 24 months are
presented in Table 2. The average �-TCP particle
area fraction decreased from 27.1% at 3 months to

0% at 24 months, ie, all �-TCP particles were com-
pletely resorbed. A statistically significant reduction
was found between 3 and 6 months (P = .009) and
between 12 and 24 months (P = .003). IBB sites
showed a slight decrease in particle area fraction
from 38.7% at 3 months to 30.2% at 24 months.
Nevertheless, a statistically significant difference
was noted between 3 and 6 months (P = .009).

Effect of Biomaterial. Between the 2 different bio-
materials, differences regarding average particle
area fraction reached statistical significance at all
healing periods (�-TCP � IBB).

Surface Site Morphology. Effect of Time. While all
test sites showed a gradual decrease of RC area frac-
tion toward complete bone fill, the uncovered
ungrafted control sites showed the greatest residual
area (31.8%) at 24 months (Table 3). Within the
grafted sites, a significant decrease was found
between 3 and 6 months (P = .006) and between 6
and 12 months (P = .027) at �-TCP sites, whereas
at the IBB sites, RC area fraction decreased signifi-
cantly between all consecutive periods.
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Fig 8 At 24 months, �-TCP particles were
fully resorbed and the defect was com-
pletely f i l led by newly formed bone
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �20).

Fig 9a (Left) Newly formed bone estab-
lished under the membrane at an ungrafted
site at 3 months (Stevenel’s blue and Van
Gieson’s picro fuchsin; original magnifica-
tion �20).

Fig 9b (Right) At 24 months complete
bone healing was evident at the membrane-
protected ungrafted site. Part of the fixation
screw can be seen in black stain (Stevenel’s
blue and Van Gieson’s picro fuchsin; origi-
nal magnification �20).

Fig 10a (Left) A remarkable concavity was
evident at 3 months at the ungrafted uncov-
ered site. Newly formed bone (dark red) was
established only along the native bone walls
(Stevenel’s blue and Van Gieson’s picro
fuchsin; original magnification �20).

Fig 10b (Right) The ungrafted uncovered
site at 24 months. The remodeled bone
occupied most of the site but a residual
concavity was still evident (Stevenel’s blue
and Van Gieson’s picro fuchsin; original
magnification �20).
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Effect of Biomaterial. At 3 months, a statistically
significant difference of multiple comparison
between each site type of RC area fraction was
found only between the ungrafted sites (RC area
fraction was greater in uncovered sites than in
membrane-protected sites). Between the grafted
sites, a significant difference of RC area fraction was
observed only at 6 months (�-TCP � IBB). At 6
and 12 months, �-TCP showed a significantly
lower RC area fraction than the uncovered
ungrafted control. IBB sites showed a significantly
lower RC area fraction than the uncovered
ungrafted control only at 12 and 24 months.

DISCUSSION

In the present animal model, both nonautogenous
graft materials, IBB and �-TCP, demonstrated
excellent biocompatibility and osteoconductivity.
Newly formed bone surrounded the grafted parti-
cles 3 months after grafting. Osteoconductivity, as
expressed by direct bone-to-particle contact, was
primarily present at the IBB sites. Grafted particles
not surrounded by newly formed bone were layered
by greenish-stained osteoid formation. These parti-
cles were located mainly in the defect center, distal
from the bony defect borders. Bone growth and

Table 1 Percentage of Mean Bone Area Fraction at 3 to 24 Months

Healing period (mo)

3 6 12 24

% SE % SE % SE % SE

�-TCP
UC 32.5 1.4 62.9 2.0 80.9 2.0 83.9 1.7
MP 38.7 2.9 74.7 4.4 77.1 3.7 89.1 3.1
Mean 35.6 1.9 68.8 3.2 79.0 2.1 86.5 1.9

IBB
UC 23.1 2.4 44.0 2.9 63.4 1.7 58.8 0.9
MP 26.4 3.8 51.7 2.5 61.2 4.3 52.4 1.7
Mean 24.7 2.2 47.9 2.3 62.3 2.2 55.6 1.5

Ungrafted control
UC 24.8 3.7 37.5 1.5 42.5 3.7 60.9 1.1
MP 42.9 1.0 59.9 3.7 61.2 3.7 69.5 1.3

Statistical significance IBB � ContMP �-TCP � IBB �-TCP � ContUC �-TCP � IBB
ContMP � ContUC �-TCP � ContUC

�-TCP = �-tricalcium phosphate; IBB = inorganic bovine bone; MP = membrane protected; UC = uncov-
ered; ContMP = membrane-protected ungrafted control; ContUC = uncovered ungrafted control; SE = stan-
dard error.
*P = .003.

Table 2 Percentage of Average Particle Area Fraction at 3 to 24 Months

Healing period (mo)

3 6 12 24

% SE % SE % SE % SE

�-TCP
UC 24.8 4.8 16.2 1.6 8.1 1.9 0.0 0.0
MP 29.4 4.2 11.3 0.4 8.3 3.0 0.0 0.0
Mean 27.1 3.1 13.8 1.2 8.2 1.7 0.0 0.0

IBB
UC 39.6 3.2 29.0 0.9 27.6 1.5 26.8 2.1
MP 37.9 2.1 29.8 3.5 26.8 2.2 33.7 3.6
Mean 38.7 1.8 29.4 1.7 27.2 1.3 30.2 2.3

Statistical significance �-TCP � IBB �-TCP � IBB �-TCP � IBB �-TCP � IBB

�-TCP = �-tricalcium phosphate; IBB = inorganic bovine bone; MP = membrane protected; UC = uncov-
ered; SE = standard error.
*P = .003.
†P = .009.

* *

*

†

†

*
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maturation developed centripetally from the
peripheral borders of the defect.

In the early periods of this study, ie, in the first 6
months, acceleration of bone formation was
observed at the membrane-protected grafted sites,
which was probably the result of the presence of the
membrane. The GTR membrane serves as an
osteoconductive factor and plays a significant role
initially as an osteopromotive agent to the regener-
ated bone.40,41 However, membrane-protected
grafted defects did not reach a significantly greater
amount of regeneration than the uncovered grafted
ones at any healing period. Apparently, the applica-
tion of a GTR membrane over these intrabony
grafted sites was not significantly advantageous.

At 6 months, newly formed bone occupied most
of the defects. It appears that the newly formed
bone pathway actually buds itself through particle
location, supporting the hypothesis that the high
osteoconductivity of the grafted material encour-
ages bone growth. Between 3 and 6 months bone
area fraction progressively increased and was signif-
icantly greater at both �-TCP and IBB sites. Fur-
thermore, bone area fraction at IBB sites also
increased significantly between 6 and 12 months,
which reflects the osteoconductivity of this material.
At �-TCP sites, a significant difference was further
observed only between 6 and 24 months. Mem-
brane-protected ungrafted and uncovered ungrafted
control sites continued to increase in bone area
fraction, but the increases were insignificant statisti-

cally. Clinically, greater acceleration in the forma-
tion of new bone can be expected at sites grafted
with IBB than at sites grafted with �-TCP site, as
seen in the advanced healing phase, between 6 and
12 months.

A completely healed configuration could not be
seen at either membrane-protected or uncovered
grafted sites at 6 months. An RC was observed at all
sites at 6 months. Nevertheless, grafted sites
showed significantly lower RC area fraction versus
controls, whether membrane-protected or uncov-
ered. The change in the average RC area fraction
was inversely related to the change in average bone
area fraction; a significant decrease was observed
between 3 and 6 months and between 6 and 12
months in the grafted sites, and additionally
between 12 and 24 months in IBB sites. This signif-
icant RC decrease at the advanced healing stage was
probably related to the prolonged presence of the
IBB grafted particles and their continuing osteocon-
ductivity, which contributed to the filling of the site. 

In the �-TCP sites, the reduced size and decreas-
ing morphologic change of the particles as observed
between 3 and 6 months and 6 and 12 months was
evidence of the material resorption phase. Only
small fragments of �-TCP were present at 12
months. These fragments had been completely
replaced by organized bone by 24 months. At the
completely resorbed �-TCP sites, the regenerated
tissue was more organized than the IBB sites at any
time period. The slow resorption and continued

Table 3 Percentage of Mean Residual Concavity Area Fraction at 3 to
24 Months

Healing period (mo)

3 6 12 24

% SE % SE % SE % SE

�-TCP
UC 54.2 11.0 17.3 3.3 7.0 2.6 3.9 0.6
MP 33.8 2.9 12.2 2.2 6.4 1.0 8.7 3.2
Mean 44.0 6.5 14.8 2.1 6.7 1.3 6.3 1.7

IBB
UC 59.0 5.9 32.8 6.2 7.1 0.9 0.9 0.6
MP 48.2 2.7 27.4 4.6 7.7 1.9 1.3 1.3
Mean 53.6 3.6 30.1 3.7 7.4 0.9 1.1 0.7

Ungrafted control
UC 63.9 1.3 41.5 3.6 29.9 1.6 31.8 3.7
MP 32.1 3.9 24.7 2.9 9.6 2.2 6.8 2.8

Statistical significance ContMP � ContUC �-TCP � IBB �-TCP � ContUC IBB � ContUC

�-TCP � ContUC IBB � ContUC

�-TCP = �-tricalcium phosphate; IBB = inorganic bovine bone; MP = membrane protected; UC = uncov-
ered; ContMP = membrane-protected ungrafted control; ContUC = uncovered ungrafted control; SE = stan-
dard error.
*P = .027.
†P = .006.
‡P = .003.

*†

† ‡ ‡



presence of the grafted IBB particles may have influ-
enced and prolonged the bony remodeling process.

At 12 and 24 months, the healing site configura-
tion was completely restored at all sites, whether
membrane protected or uncovered. This could be
attributed to the fact that these surgically created
experimental intrabony defects were actually “4-
wall defects.” As such, the healing tissues were pro-
vided with excellent stability and optimal nourish-
ment. However, the completely restored sites varied
in content. While �-TCP particles were completely
resorbed and the whole grafted site was occupied by
regenerated osseous tissue, the “cancellous net-
work” of the IBB-grafted site was composed of
dense newly formed bone harboring a substantial
amount of the grafted particles. The high osteocon-
ductivity and the very slow resorptive pattern of
IBB (assuming the particles are resorbed at all)
could contribute to the strength of the newly
formed cancellous network, upgrading the bone
quality for future implant placement.

The biodegradability and resorption rate of the 2
biomaterials were totally different in the examined
healing periods. The particle area fraction at the �-
TCP sites progressively decreased until the particles
were completely resorbed, while at the IBB sites,
particle area fraction did not change significantly
beyond 6 months. The fact that a statistically signif-
icant decrease of �-TCP particles was noted
between 3 and 6 months, and especially between 12
and 24 months, showed that there was an acceler-
ated resorptive phase in the later healing periods.
Consequently, because of the continual �-TCP par-
ticle resorption, bone area fraction was significantly
higher at the �-TCP sites than at IBB sites at 6, 12,
and 24 months. Nevertheless, at the advanced heal-
ing periods, all grafted sites showed significantly
smaller RC area fraction than control sites. It
appears that the resultant healing site morphology
was molded by these grafting materials. That is, the
regenerated bone surface outline returned to its
original contour in grafted sites.

Studies testing pure-phase �-TCP in vitro30,42,43

in vivo in animal studies,44–46 and more recently
humans23,47,48 have shown satisfactory results. Most
studies using �-TCP in osseous deficiencies have
shown high biocompatibility,25–27 an influence on
osteoconduction,44,46,49 an association with osteo-
blastic activity,50 and continuous osteoclastic
resorption.42,50–52 During the remodeling phase, �-
TCP served as an agent for volume mainte-
nance.28,29 In experimental defects in miniature pig
tibias,45 �-TCP showed 90% to 95% particle
resorption after 24 months, which is similar to the
present observations.

�-TCP was completely resorbed after 24 months.
Complete resorption of �-TCP was also shown in a
comparative study in the spine.51 Recently, this
material was adopted for use in sinus augmentation
procedures with a clinical outcome comparable to
sinus augmented by autogenous bone.23,47,53

IBB has been widely used to generate bone
growth in defective and/or deficient bone sites. The
long-term presence of grafted particles has been
reported in different augmented sites.12,18–20,54–58

Although bovine bone mineral resorption is ex-
tremely slow, it has proved to be an excellent bio-
compatible and osteoconductive material.7,8,16,18,59,60

In a recent study,59 IBB in block form generated
bone growth outside the original bone envelope,
which demonstrates its excellence in terms of con-
duction. In an ultrastructural study,22 bovine bone
mineral showed a morphologic structure similar to
that of human cancellous bone, primarily in terms of
intercrystallite bonding.

Morphometric data17,19,20,41,61–69 have shown an
average of 15% to 30% area fraction occupied by the
grafted IBB particles in an augmented site, depend-
ing on healing time observation and specimen
retrieval location. Nevertheless, bone area fraction
was similar to sites augmented by autogenous bone.
The grafted particles actually occupied part of the
area fraction usually occupied by soft tissue marrow.
Furthermore, the long-lasting presence of the min-
eral particles completely incorporated with bone and
strengthened the osseous tissue mass, creating a
dense cancellous network, thus improving its biologic
ability to withstand loading forces transmitted by
implants placed in these sites. However, this should
be further investigated before it is it is accepted as a
conclusive finding. As well, controlled clinical human
follow-up studies evaluating functional osseointe-
grated implants in these regenerated sites are war-
ranted to test whether this structural “cancellous net-
work” affects long-term success. 

Certain limitations of the current animal model
should be mentioned. The experimental defect was
a nonpathologic basal bone site where chewing
habits, functional forces, and saliva were not
involved. However, several clinical implications
could be drawn from the current findings. When an
implant is placed in a regenerated ridge augmented
by a nonautologous bone graft, 6 to 12 months are
required to achieve optimal volumetric healing con-
figuration. With IBB, it should be anticipated that at
least 25% of the regenerated hard tissue will encase
grafted particles. It appears that the long-term pres-
ence of the particles plays an important role in the
hard tissue “cancellous network.” The fact that
osteoclasts were rarely seen raises the question of
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whether the resorption mechanism of these grafting
materials mimics the mechanism at work in the
resorption of autogenous graft material. Another
question that should be raised is the timing of
implant placement in such a grafted site.

The present study demonstrated the advantages
of the staged techniques over the simultaneous
(bone augmentation and implant placement) tech-
nique. This finding is supported by other stud-
ies70–72 using autogenous bone graft. As shown in
this experimental design, placement of a protective
membrane over this type of grafted intrabony site is
unnecessary. However, a membrane is usually a 
si qua non in lateral and/or vertical regeneration 
procedures. 
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