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Abstract
Objective To assess the influence of biphasic calcium phosphate materials with different surface topographies on bone formation
and osseointegration of titanium implants in standardized alveolar ridge defects.
Materials andmethods Standardized alveolar ridge defects (6 × 6mm) were created in the mandible of 8 minipigs and filled with
three biphasic calcium phosphate materials (BCP1–3, 90% tricalcium phosphate/10% hydroxyapatite) with different surface
properties (micro- and macroporosities) as well as a bovine-derived natural bone mineral (NBM) as a control. At 12 weeks,
implants were placed into the augmented defects. After further 8 weeks of healing, dissected blocks were processed for histo-
logical analysis (e.g., mineralized (MT), residual bone graft material (BS), bone-to-implant contact (BIC)).
Results All four biomaterials showed well-integrated graft particles and new bone formation within the defect area. MT values
were comparable in all groups. BS values were highest in the NBM group (21.25 ± 13.52%) and markedly reduced in the
different BCP groups, reaching statistical significance at BCP1-treated sites (9.2 ± 3.28%). All test and control groups investi-
gated revealed comparable and statistically not significant different BIC values, ranging from 73.38 ± 20.5% (BCP2) to 84.11 ±
7.84% (BCP1), respectively.
Conclusion All bone graft materials facilitated new bone formation and osseointegration after 12 + 8 weeks of healing.
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Introduction

Bone grafting has become an important field in implant den-
tistry for the treatment of alveolar ridge defects due to trauma,

periodontal disease, or infection. Over the years, different bio-
materials were used to fill and regenerate bone defects, subse-
quently allowing an implant-based prosthetic reconstruction.
The ideal grafting material should (1) be osteoconductive to
serve as a matrix for vascular and cellular migration, (2) fea-
ture an osteoinductive potential by stimulating mesenchymal
cells to differentiate into bone-forming osteoblasts, and (3)
contain osteoprogenitor cells being able to produce new bone
matrix. Autogenous bone (AB) comprises all desired proper-
ties and represents the gold standard of bone grafts. However,
disadvantages of AB like donor site morbidity, limited avail-
ability, and graft resorption led to the introduction of alterna-
tives such as allografts, xenografts, and synthetic alloplasts,
which include hydroxyapatite, β-tricalcium phosphates, and
biphasic calcium phosphates (BCP) [1–4].

Experimental data indicated that the application of either a
particulate xenograft or BCP showed predictable bone forma-
tion at chronic alveolar ridge defects in the posterior mandible
revealing a vertical and horizontal bone deficiency [5, 6]. In
particular, these experimental data demonstrated that a
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particulate xenograft or BCP with and without the addition of
AB at saddle-type defects were associated with adequate bone
formation and osseointegration of titanium implants [5, 6].
Clinical findings could also support the experimental data
reporting a clinically important bone gain [1, 3, 7]. While β-
tricalcium phosphate is fast resorbing and lacks volume sta-
bility over time, hydroxyapatite (HA) is very slowly resorbing
and might lead to higher amounts of residual graft material to
the disfavor of new bone formation [8]. The ideal bone sub-
stitute material should be completely resorbable while having
a timeframe of resorption stability to maintain space within the
defect [9]. The use of biphasic combinations of HA and β-
TCP showed a balance between long-term stability and new
bone formation combining the positive features of both mate-
rials [10]. Apart from resorption behavior, surface topography
of biomaterials seems to play an important role for new bone
formation. While macroscale features such as interconnected
macropores, particle size and surface concavities have been
speculated to be a prerequisite for bone formation, surface
microtopography might even influence the osteoinductive ca-
pability of certain biomaterials [11–15]. Various experimental
models demonstrated that microstructured HA and BCP in-
duced ectopic bone formation [12, 13, 16, 17]. Previously, the
dimension of the surface microstructure has also been de-
scribed to play an important role for osteoinduction. In partic-
ular, experimental studies revealed that TCP with a
submicron-scale surface structure stimulated de novo bone
formation, while TCP with a micron-scale surface did not
show any osteoinductive potential [18, 19]. Based on this data,
it might be hypothesized that the surface topography of graft
materials, especially microporosity, could have a potential to
support new bone formation. Therefore, the aim of the present
study was to evaluate the influence of three BCP graft mate-
rials with different surface topographies on new bone forma-
tion and osseointegration of titanium implants in an experi-
mental defect model.

Material and methods

Animals

A total of 8 female Gottingen minipigs (Ellegaard, Dalmose,
Denmark) with an age of 20–24 months and a weight of 36–
42 kg were recruited for the present study. During the exper-
iment, minipigs were fed using a standard diet (soft food)
expanded for minipigs (SDS Standard Service, UK) and water
ad libitum. The animals were kept in specially designed areas
under supervision of veterinarian staff during the entire study
period. Animal selection, management, and surgery protocol
were approved by the Malmö-Lund University Animal
Experiment Ethics Committee (number M-204-11.7;
Malmö-Lund University, Lund, Sweden). The experimental

phase of the study started after an adaption period of 1 week.
On the day of surgery, animals were fasted and weighed.
Premedication was performed by means of an intramuscular
injection atropine (0.05 mg/kg) of 10 ml ketamine (Ketalar
Vet, Pfizer AB, Sollentuna, Sweden; 50 mg/ml) mixed with
3 ml midazolam (Dormicum 5 mg/ml: Roche, Basel,
Switzerland). During surgery, 10ml of ketamine was addition-
ally injected every 30 to 40 min to maintain sufficient
anaesthesia.

Study design and randomization

The study was performed in three surgical phases (Fig. 1). In
the first phase, the lower premolars PM2–4 as well as the first
molars were extracted and the sites were left to heal for a
period of 3 months. In the second phase, a total of three stan-
dardized cylindrical-type defects (mesio-distal width, 6 mm;
height, 6 mm) were bilaterally prepared in the lower jaws (i.e.,
n = 6 defects per animal).

The following groups were investigated:

& Test 1: BCP1—porous biphasic calcium phosphate (HA
10%, β-TCP 90%/particle size 250–1000 μm (Institut
Straumann AG, Basel, Switzerland)

& Test 2: BCP2—porous biphasic calcium phosphate (HA
10%, β-TCP 90%/particle size 250–1000 μm, less mac-
ro-/less microporosity (Institut Straumann AG)

& Test 3: BCP3—porous biphasic calcium phosphate (HA
10%, β-TCP 90%), particle size 250–1000 μm, more
macro-/less microporosity (Institut Straumann AG)

& Control 1: NBM—natural bovine bone material (HA)
(BioOss, Geistlich, Wolhusen, Switzerland)

& Control 2: no defect fill

Macroporosity was defined as pores > 75 μm, and micro-
porosity as pores > 2 nm.

The experimental sites (n = 48) were randomized according
to a computer-generated list: BCP1 (n = 10); BCP2 (n = 10);
BCP3 (n = 10); control 1 (n = 10); control 2 (n = 8).

The second healing period was 12 weeks. In the third
phase, titanium implants were placed at the respective test
and control sites. Following another healing period of 8weeks,
animals were terminated, and separated block biopsies pre-
pared for histological processing (Fig. 1).

Surgical phases

All surgeries were performed in an operation room ensuring
aseptic conditions. Surgeries were conducted under general
anaesthesia utilizing an intramuscular injection of 10 ml keta-
mine (Ketalar Vet, Pfizer AB, Sollentuna, Sweden, 50 mg/ml)
mixed with 3 ml midazolam (Dormicum® 5 mg/ml; Roche,
Basel, Switzerland). During surgery, 10 ml of ketamine was
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additionally injected every 30 to 40 min to maintain sufficient
anaesthesia. While anaesthetized, all animals received a con-
stant rate infusion of lactated Ringer’s solution to maintain
hydration. The tooth extraction surgeries were performed by
three surgeons, whereas defect creation, augmentation, and
implant placement were performed by one blinded surgeon.

Tooth extraction

Following local anaesthesia using 2% xylocain–adrenaline
(ASTRA, Södertälje, Sweden) and midcrestal gingival inci-
sion, full-thickness mucoperiostal flaps were raised bilaterally
in the mandible. Lower PM2–4 and the first molar M1 were
carefully extracted (Fig. 2a). After accurate inspection of the
sockets, wound closure was achieved using multiple single
sutures (Vicryl 4-0, FS2, Ethicon, Somerville, NJ, USA).
Postoperatively, radiographs were taken to control the extrac-
tion sites.

Defect creation and augmentation

After a healing period of 3 months, edentulous mandib-
ular alveolar ridges were exposed bilaterally using
midcrestal incisions and reflection of full-thickness flaps.
Subsequently, the crestal area was evened out by means
of a carbide bur under continuous cooling with saline to
achieve a crestal ridge width of at least 10 mm. Three
cylindrical-type defects measuring 6 mm in width and
depth were created using spiral burs with ascending di-
ameters. Between each defect and the second molar, a
distance of 5 mm was kept. Additionally, titanium
minisc rews (1 .5 × 6 mm; Medar t i s AG, Base l ,
Switzerland) were inserted at the alveolar crest 5 mm
mesial of the most anterior defect to ensure orientation
and precise implant placement into the defects at re-entry
(Fig. 2b). Following adequate rinsing of the drill holes to
remove bone debris, respective defects were homoge-
neously filled with BCP1, BCP2, BCP3, or NBM (Fig.

Fig. 2 Surgical procedures. a
Occlusal view of the alveolar
ridge after tooth extraction. b
Occlusal view of the alveolar
ridge after creation of cylindrical-
type defects. Mesial of the most
anterior defect, a miniscrew is
visible. c Occlusal view of the al-
veolar ridge after application of
the bone graft material. d
Radiographic image after implant
placement into the previously
augmented defects

Fig. 1 Study outline including
tooth extraction, defect
augmentation, and implant
placement (P, posterior; M,
middle; A, anterior defects)
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2c). Particular care was taken that the graft particles did
not exceed the contour of adjacent bone walls. After the
augmentation procedure, mucoperiostal flaps were
repositioned and wound closure was achieved by multi-
ple single sutures (Vicryl 4-0, FS2, Ethicon, Somerville,
NJ, USA). Animals received antibiotics for 7 days post-
operatively (Streptocillin vet 3–4 ml/animal i.m.;
Boeh r i nge r Inge lh e im , Inge lhe im , Ge rmany ) .
Additionally, Temgesic (3–5 ml/animal i.m.; Essex
Pharma GmbH, Munich, Germany) was administered
for 3 days postoperatively.

Implant placement

Following a healing period of 12 weeks, surgical sites
were exposed by midcrestal incisions and elevation of
full-thickness flaps. After identification of the augmented
defect si tes by the help of previously inserted
microscrews, titanium implants (Straumann Bone Level
SLActive, Straumann AG, Basel, Switzerland) with di-
mensions of 3.3 × 8 mm were placed in an epicrestal
position, according to the manufacturer’s surgical proto-
col. Hereafter, wound closure was obtained by multiple
single sutures (Vicryl 4-0, FS2, Ethicon, Somerville, NJ,
USA). Postoperatively, digital radiographs were taken to
ensure a proper implant installation (Fig. 2d). Animals
received antibiotics for 7 days (Streptocillin vet 3–4 ml/
animal i.m.; Boehringer Ingelheim, Ingelheim, Germany).
Additionally, Temgesic (3–5 ml/animal i.m.; Essex
Pharma GmbH, Munich, Germany) was administered
for 3 days postoperatively.

Study termination

Eight weeks after implant placement, animals were killed by
an intracardiac injection of a 20% solution of pentobarbital
(Pentobarbitalnatrium, Apoteket AB; Stockholm, Sweden,
60 mg/ml). Following block resection of the hemi-mandibles,
augmented/implanted sites were isolated and fixed in 10%
neutral buffered formalin solution for 10 days.

Histological preparation

The collected specimens were dehydrated using ascending
grades of alcohol and xylene, infiltrated, and embedded in
methylmethacrylate (MMA, Technovit 9100 NEU, Heraeus
Kulzer, Wehrheim, Germany) for non-decalcified sectioning.
During this procedure, any negative influence of polymeriza-
tion heat was avoided due to a controlled polymerization in a
cold atmosphere (− 4 °C). After 20 h, the specimens were
completely polymerized. Each implant site was cut in the
buccal-oral direction along with the long axis of the implant
using a diamond wire saw (Exakt, Apparatebau, Norderstedt,

Germany), resulting in 4 sections of approximately 300 μm in
thickness each. Subsequently, all specimens were glued with
acrylic cement (Technovit 9100 VLC, Heraeus Kulzer,
Wehrheim, Germany) to silanized glass slides (Super Frost,
Menzel GmbH, Braunschweig, Germany) and ground to a
final thickness of approximately 40 μm. Prepared specimens
were employed for histomorphometric analysis.

Histomorphometrical analysis

Histological sections were stained with toluidine blue (TB) to
evaluate bone formation. The specific staining technique al-
lows the differentiation of mature and new bone according to
the color staining strength. Mature bone can be identified by a
light blue staining, whereas new bone stains dark blue due to
its higher protein content.

Histomorphometrical analysis was performed by one expe-
rienced investigator masked to the specific experimental con-
ditions (I.M.). For image acquisition, a color CCD camera
(Color ViewTM III, Olympus, Hamburg, Germany) was
mounted on a binocular light microscope (Olympus BX50,
Olympus, Hamburg, Germany). Digital images (original mag-
nification × 200) were evaluated using a software program
(analySIS FIVE docu, Soft Imaging System, Münster,
Germany).

Histomorphometrical analysis concentrated on two as-
pects: the defect area (DA) and bone-to-implant contact
(BIC). DA was identified at the buccal and oral aspects of
the inserted implant being confined by the bottom of the de-
fect, the implant surface, the coronal level of bone in contact
with the implant surface (CBI), and the demarcation of the
defect and pristine bone at the buccal/oral aspect (Fig. 3a).
Within DA, the surface areas of mineralized (MT) and residual
BCP/NBM particles (BS) were automatically assessed (in %)
by the image analysis software. To assess BIC, the implant
shoulder (IS) and CBI were identified. Consequently, BICwas
assessed as a percentage of the distance from IS at the buccal
aspect to IS at the oral aspect (Fig. 3b). In addition, the vertical
linear distance from IS to CBI was assessed at both buccal and
oral aspects. Before the start of the histomorphometrical anal-
ysis, a calibration procedure was initiated for the image anal-
ysis software and revealed that repeated measurements of n =
12 different sections were similar at > 95% level.

Statistical analysis

The statistical analysis was performed using a commercially
available software program (SPSS Statistics 19.0, SPSS Inc.,
Chicago, IL, USA). The mean values and standard deviations
among animals were calculated for each variable and group.
The data rows were examined using the Kolmogorov–
Smirnov test for a normal distribution. Between-group
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comparisons were performed using the unpaired t test. The
alpha error was set at 0.05.

Results

Clinical healing

The postoperative healing was uneventful in all animals. No
complications such as allergic reactions, swellings, abscesses,
or infections could be observed throughout the whole study
period.

Descriptive histology

After 12 + 8 weeks of healing, all histological specimens
showed a bony filling of the secluded wound area treated with
BCP1–3 and NBM (Fig. 4a). A scaffold of cancellous bone
accompanied by blood vessels and bone-forming cells homo-
geneously surrounded all graft particles. Graft particles of all
groups appeared to be in close contact with newly formed
bone. However, slight differences between different bone graft
materials were visible. NBM particles were well integrated
into the surrounding new bone tissue, whereas no signs of
graft resorption could be detected (Fig. 4b). In groups

Fig. 3 Representative histological views (TB stain, original
magnification × 4) and histological landmarks. a Defect area (red line)
was defined by the implant (line connecting the implant threads), the
alveolar crest, and the defect borders (BCP3 specimen). b Red lines

marking IS and CBI which served as reference for the assessment of
BIC and IS-CBI values (NBM specimen). c BCP1 specimen. d BCP2
specimen. e Untreated control specimen
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BCP1–3, bone graft particles were more frequently in contact
with immature bone revealing increased surface areas lined by
a provisional bonematrix. These areas were characterized by a
dissolution of BCP, resulting in a superficial disintegration of
particles into smaller grains accompanied by osteoclast activ-
ity near the graft surface. Disintegrated BCP graft particles
were frequently surrounded by newly formed bone (Fig. 4c).
Within BCP groups, no pronounced differences regarding re-
sorption pattern and bone remodelling could be noted
histologically.

In all groups investigated, titanium implants were lined by
a firmly attachedmature, parallel-fiberedwoven bone. Several
areas showed implant surfaces being in direct contact with the
BCP1–3 or NBM particles (Fig. 4d). However, these areas did
not reveal any interposition of NMT between the implant

surface and the respective bone graft particles. The maturity
of the woven bone was identifiable by the development of

Fig. 4 Descriptive histological findings in different groups. a Residual
BS could be identified in all groups. These particles were well integrated
into the bone matrix (BCP2, TB stain, original magnification × 10). b
NBM particles were in close contact with adjacent osteoid tissue but
without showing signs of resorption. NBM was well incorporated into
the newly formed bone (NBM, toluidine stain, original magnification ×

20). c In all BCP groups, bone graft particles were characterized by an
ongoing resorption and dissolution accompanied by osteoclast activity
near the graft surface (BCP3, toluidine stain, original magnification ×
50). d All BCP particles were predominantly surrounded by a compact
bonematrix, whereas areas with no contact to matured bonewere lined by
mineralized tissue (BCP3, toluidine stain, original magnification × 40)

Table 1 Mean values for MT, NMT, and BSM in all groups (n = 8
animals)

BCP1 BCP2 BCP3 NBM C

Mean BS (%) 9.2* 14.04 13.46 21.25* 7.73

SD 3.28 5.77 2.76 13.52 3.23

Mean MT (%) 67.49 61.75 63.06 57.36 71.63

SD 14.2 9.1 10,36 10.59 14.27

Mean BS + MT (%) 76.69 75.79 76.51 78.64 79.37

SD 13.27 6.52 10.57 13.21 12.31

*Significant between-group difference at P < 0.05
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primary osteons and appeared to be comparable in regenerated
and control areas of all treatment groups.

Histomorphometrical analysis

Mean values and percentages of MT and BS values in differ-
ent groups are presented in Table 1. In particular, mean MT

values were equally distributed within the different BCP
groups without showing obvious differences between the re-
spective sites (61.75 ± 9.1% (BCP2) to 67.49 ± 14.2%
(BCP1)). These percentages were markedly lower in the
NBM group (57.63 ± 10.59%), however, without showing
any significant differences between the grafted sites
(P > 0.05, respectively).

Table 2 Mean values for BIC and
CBI-IS in all groups (n = 8
animals)

BCP1 BCP2 BCP3 NBM C

Mean BIC (μm) 18,055.29 15,887.33 17,477.9 17,662.76 16,673.55
SD 2176.29 4467.02 3755.55 1430.12 2581.41
Mean BIC (%) 84.11 74.38 80.26 81.15 77.57
SD 7.84 20.5 16.13 6.23 12.87
Mean CBI-ISb (μm) − 146.09 − 213.45 − 286.55 246.77 86.37
SD 586.16 472.94 491.34 515.75 308.18
Mean CBI-ISo (μm) 195.91 0 16.09 64.38 139.92
SD 545.13 0 50.87 72.45 258.1

b, buccal aspect; o, oral aspect
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Mean BS values were highest in the NBM group (21.25 ±
13.52%) and markedly reduced in the different BCP groups
(Table 1). The lowest BS values were noted in the BCP1 (9.2
± 3.28%) group, reaching statistical significance when com-
pared with the NBM group. When comparing BS + MT
values, all grafted areas revealed similar mean values, ranging
between 75.79 ± 6.52% (BCP2) and 78.64% ± 13.21%
(NBM), respectively.

Mean values and percentages of BIC and IS-CBI values in
different groups are presented in Table 2. All test and control
groups investigated revealed comparable and statistically not
significant different BIC values, ranging from 73.38 ± 20.5%
(BCP2) to 84.11 ± 7.84% (BCP1), respectively. Except for
BCP2 grafted sites, all implants investigated were associated
with positive IS-CBI values, ranging from 16.09 ± 50.87 μm
(BCP3) to 195.91 ± 545.13 μm (BCP1), respectively. These

differences, however, failed to reach statistical significance
(P > 0.05, respectively).

Discussion

The present study aimed at histologically investigating the
influence of three BCP graft materials with different surface
topographies on new bone formation and staged
osseointegration of titanium implants inminipigs Figs 5 and 6.

The selected experimental model represents a well-
established standard to investigate bone remodelling process-
es in implant dentistry [20]. Similar cylindrical-type defects
have also been described in previous experimental studies and
were reported to be non-critical, as they allowed for a certain
spontaneous healing [4, 21].
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The present histological analysis has indicated that BCP1–
3 and NBMgroupswere equally and homogeneously integrat-
ed into a newly formed scaffold of cancellous bone after
20 weeks. All bone graft materials lead to comparable
amounts of new bone formation, as indicated by comparable
mean MT values. Even though mean MT values were mark-
edly lower in the NBM group, these differences did not reach
statistical significance when compared with BCP1–3 groups.
These differences may be attributed to the higher BS values
noted at NBM-treated sites, which in turn reflects a higher
degradation rate of BCP particles. This was particularly noted
in the BCP1 group, reaching statistical significance over
NBM-treated sites. The dissolution of BCP particles was
clearly depicted in the present descriptive histological analysis
and was also confirmed in a previous experimental study
employing a similar type of microstructured BCP (10% HA
and 90% β-TCP, particle size 500–1000 μm) [21]. The
cylindrical-type defects were filled with BCP1, NBM, and
another BCP (60% HA and 40% β-TCP, particle size 500–
1000 μm) (refers to as SBC). At 8 weeks, BCP was associated
with significantly higher MT and BS values when compared
with NBM- and SBC-treated defects. However, when com-
paring the histomorphometrical outcomes at 3 and 8 weeks,
this BCP also revealed a marked reduction in mean BS values
(median 45.5 at 3 weeks and 38.3% at 8 weeks) [21]. Potential
differences between the findings of the latter study and those
of the present analysis may be mainly attributed to the
prolonged healing period of 20 weeks. Moreover, implant
placement and the associated dynamic stages of
osseointegration may have also contributed to the dissolution
of the various BCP grafts. To the best of our knowledge, these
are the first data reporting on the histological outcomes fol-
lowing two-stage implant placement at BCP1–3 grafted sites.

However, previous animal studies performed in the canine
tested SBC in dehiscence- and saddle-type defects along with
a simultaneous or two-stage grafting procedure [5, 6, 22]. A
dissolution of SBC particles was noted between 9 and
10 weeks and resulted in markedly lower BS values than the
respective NBM groups, respectively [5, 6, 22]. The pro-
nounced bone remodelling in the SBC group was also evi-
denced by an elevated collagen type I, osteocalcin, and
transglutaminase antigen reactivity in the adjacent non-
mineralized tissue [22].

Despite the lack of immunohistochemical analyses, the
present analysis also commonly revealed that BCP particles
were well integrated and surrounded by bone with an adjacent
non-mineralized zone containing multiple dissolved graft par-
ticles. Similar findings were made by Dahlin et al. [21] and
hypothesized as being linked to a dissolution of ions into the
adjacent tissue. In fact, bone remodelling and subsequently
resorption of TCP have previously been linked to its micro-
structure, with a more pronounced activity being noted for
submicron-scaled over micron-scaled materials [18, 23].

Accordingly, future studies need to further focus on the spe-
cific degradation pattern of BCP1–3.

When further analyzing the present data, it was also noted
that BCP1–3 and NBM groups were associated with compa-
rable BIC values after 8 weeks of healing, which were on a
level equivalent to those noted at pristine bone sites.
Moreover, the BIC values noted in all test and control groups
were within the range of those data (71.9 ± 4.0 to 74.9 ± 7.8%)
that were reported for the same implant surface after 2 weeks
of healing in the mandible of dogs [24, 25].

Previous data also pointed to comparable BIC values fol-
lowing two-stage implant placement at SBC andNBMgrafted
sites. In particular, after a submerged healing period of
2 weeks, mean BIC values varied between 54.1 ± 22.6 and
67.7 ± 16.9% in the NBM and between 61.0 ± 8.7 and 66.9
± 17.8% in the SBC group, respectively [6].

Conclusions

Within the limits of the present study, it was concluded that all
investigated bone graft materials supported bone formation
and the staged osseointegration of titanium implants.
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