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ABSTRACT

Aim: The first objective of this study was to qualitatively and quantitatively assess the bone formation process, particularly
the long-term behavior and three-dimensional volume stability of subsinusal bone regeneration, using titanium (Ti) or
bovine hydroxyapatite (BHA) granules, in a rabbit model. The second objective was to evaluate the effect of the hydration
of the BHA particles with a therapeutic concentration of doxycycline solution on the osteogenesis and biomaterial
resorption.

Materials and Methods: Rabbits underwent a double sinus lift procedure using one of three materials: grade 1 porous Ti
particles, BHA, or BHA hydrated with doxycycline solution (0.1 mg/ml) (BHATTC). Animals were sacrificed after 1 week,
5 weeks, or 6 months. Samples were analyzed using mCT and nondecalcified histology.

Results: The materials used in each of the three groups allowed an optimal bone formation; bone quantities and densities
were not statistically different between the three groups. At 6 months, more stable three-dimensional volume stability was
found with Ti and BHATTC (p = .0033). At 5 weeks and 6 months, bone to material contact corroborating osteoconduction
was significantly higher with BHA and BHATTC than with Ti (p < .0001).

Conclusions and Clinical Implications: Even though the studied biomaterials displayed different architectures, they are
relevant candidates for sinus lift bone augmentation prior to dental implants because they allow adequate three-
dimensional stability and osteogenesis. However, to recommend the clinical use of Ti, both an observation on the drilling
effects of Ti particles and clinical trials are needed.
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INTRODUCTION

Trauma, infection, or even simple teeth extractions often

lead to alveolar bone defects that impair dental implant

placement. Preservative or reconstructive surgical tech-

niques have been developed to preserve or regenerate an

adequate bone volume for dental implants.1,2 Autog-

enous bone grafting was considered the gold standard

for such procedures because it contains the patient’s

own bone cells and growth factors, leading to osteoin-

ductive properties. However, autologous bone grafting

requires a second surgical site and has variable and

unpredictable resorption rates.3 The use of biomaterials

in extraction socket preservation, implant site develop-

ment (guided bone regeneration) and sinus lift
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procedures are currently a well-documented and reliable

approach.1,4–6 For instance, systematic reviews have

clearly shown that sinus lift procedures were successful

when they used biomaterials exclusively.1 Nonresorbable

biomaterials are of great interest in the dental field

because they are subjected to external loads such as

tongue and lip forces or intrasinusal positive pressure

that might lead to bone resorption.3,7 The long-term

stability of three-dimensional bone augmentation is a

determinant factor for dental implant and aesthetic

success.

The biological concept of subsinusal bone augmen-

tations is well described in animal models.8–12 If bone

regeneration can be obtained with a simple blood clot,

then regenerated bone is progressively resorbed con-

comitantly with a reexpansion of the sinusal cavity

because of positive air pressure. When using autologous

bone particles in sinus lifts, particles are completely

remodeled into woven bone and subsequently into rar-

efied trabecular bone, a process that is associated with a

significant decrease in the regenerated volume. In con-

trast, nonresorbable biomaterials seem to withstand the

reexpansion of the sinus cavity and provide a long-term

three-dimensional stability.11

Titanium (Ti) is known to be highly compatible in

vivo and poorly corrosive in bodily fluids. For these

reasons, this material is often used in dental implants and

orthopedic prostheses. Both the mechanical stability and

nonresorbable properties of titanium (Ti) are potential

advantages for bone augmentation prior to dental

implantation.3,7 Ti particles were recently used to support

bone regeneration in sinus lifts and in the treatment of

peri-implantitis.13,14 Nevertheless, tissue integration and

three-dimensional bone regeneration with Ti particles

were poorly explored in these previous reports.

The association of a therapeutic agent such as tet-

racycline that can prevent bacterial infection and influ-

ence regenerative cell behavior to a space filler such as

bovine hydroxyapatite (BHA) could contribute to more

predictable clinical outcomes.15,16 Indeed, the nonanti-

biotic effects of doxycycline on fibroblastic cells, mesen-

chymal stem cells and osteogenic cells were clearly

demonstrated in vitro.15,17–19 Doxycycline seems to

promote cell adhesion and consequently to induce the

proliferation and osteogenic differentiation of mesen-

chymal stem cells as well as to inhibit osteoclast forma-

tion, thus decreasing bone or biomaterial resorption.

Hydrating biomaterial with a tetracycline solution

might be of interest to promote osteogenesis and

decrease the material resorption. However, such effects

of the local delivery of tetracycline in vivo have not been

extensively investigated.

The first objective of the present study was to

observe the behavior of grade 1 Ti porous particles in a

rabbit model of sinus lifts and to compare the results

with the outcomes of BHA, a commonly used biomate-

rial for alveolar bone regeneration. Qualitative and

quantitative assessments of both early osteogenesis and

the long-term behavior of the regenerated bone were

performed. The three-dimensional volume changes,

cell colonization, bone density, osteoconductivity, and

resorption rates were explored in this study. The second

objective was to evaluate the effect of the hydration of

the BHA particles with a therapeutic concentration of

doxycycline solution on the osteogenesis and biomate-

rial resorption.

MATERIALS AND METHODS

Animals

New Zealand White rabbits (adult, males, average body

weight of 3.0 kg) were used in the study. All experimen-

tal procedures and protocols used in this investigation

were reviewed and approved by the Institutional Animal

Care and Use Ethics Committee of the University of

Liège, Belgium. The “Guide for the Care and Use of

Laboratory Animals,” prepared by the Institute of Labo-

ratory Animal Resources, National Research Council,

and published by the National Academy Press, was fol-

lowed carefully.

Study Design

This study is part of an overall project where 96 sinus-lift

procedures performed on 48 rabbits using 10 different

types of space fillers were assessed at three distinct time

points: 1 week, 5 weeks, and 6 months, respectively. Spe-

cifically, the space fillers were randomly allocated to the

sinuses and 16 rabbits were sacrificed at each time point,

so that at least three sinuses were available for each space

filler at each time point, yielding a two-factor experi-

mental design (space filler and time) with repeated mea-

surements. In the present study, three space fillers were

compared: BHA (Geistlich Bio-Oss®, Geistlich Pharma

AG, Wolhusen, Switzerland, 0.25–1 mm particle size),

grade 1 porous Ti particles (Natix®, Tigran, Malmö,

Sweden, 0.7–1 mm particle size), or BHA hydrated

with a doxycycline solution (0.1 mg/mL) (BHATTC;
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Bio-Oss®, Geistlich Pharma AG). A total of 28 sinus-lift

procedures were analyzed from 28 different rabbits.

Surgical Procedure

Anesthesia of the rabbits was induced by administration

of a ketamine/xylazine bolus (respectively 65/4 mg/kg,

IM) 20 min after a fentanyl/dehydrobenzperidol pre-

medication (0.22 mL/kg of a bolus 25 mg/1.25 mg/mL

IM). Two hours before surgery, animals also received

buprenorphin at a dose of 0.05 mg/kg. This was admin-

istered twice a day for 2 days. Surgical interventions were

performed under strict sterile conditions. The surgical

area was shaved and disinfected with iodine, and a

straight incision was made to expose the nasal bone

and the naso-incisal suture lines. The soft tissues were

reflected with the periosteum in order to access the

upper bone wall of the sinus. Two ovoid windows

(approximately 6 ¥ 4 mm) were created bilaterally using

a round diamond bur. The membrane was carefully

raised from the floor and lateral walls and the space-

filling material was inserted into the created compart-

ment. The volume of filling material was standardized

to 0.4 mL per sinus using insulin syringes. The bony

windows were covered with a resorbable membrane

(Biogide, Geistlich, Wolhusen, Switzerland) and the

wounds were sutured with 4/0 polyester thread (Per-

masharp, Hu Friedy, Rotterdam, the Netherlands)

(Figure 1). Animals were sacrificed by injection of pen-

tobarbital (200 mg/kg, IV, after the same premedication

as for surgeries). Samples were dissected (Figure 2) and

soaked in fixative (6% formol).

X-ray Microtomography Analysis

All collected samples were first submitted to x-ray

microtomography. Before scanning, the samples were

transferred to an Eppendorf® tube containing fixative.

The tube was affixed to the brass stub and examined

with a Skyscan 1,172 high-resolution desktop micro-CT

system (Skyscan®, Kontich, Belgium). The cone beam

source operated at 100 kV and 100 mA. The detector was

a two-dimensional, 1,048 ¥ 2,000 pixel, 16-bit x-ray

camera. The sample was rotated through 180° with a

rotation step of 0.49°, giving an acquisition time of

30 min per sample. Taking into account the camera

definition and the source-object-camera distance, two-

dimensional images with a pixel size of 17.28 mm were

obtained, using a cone-beam reconstruction algorithm.

The corresponding three-dimensional images were

produced by stacking all the two-dimensional

cross-sections.

Analysis of the three-dimensional images allowed

the calculation of the total volume of the regenerated

space at baseline, at 5 weeks and at 6 months. The three-

dimensional measurements were carried out with the

CTscan software (release 2.5, Skyscan®).

Histological Analysis

The samples were processed for nondecalcified histology

using polymethacrylate (PMMA) resin. After fixation

for about 1 week, the samples were dehydrated in

ascending graded ethanol series (24 h each grade) and

then placed in pure acetone for 24 h. Finally, samples

were impregnated with methylmethacrylate for 4 days

with one refreshment before embedding in PMMA at

4°C for 4 days. Each resulting nondecalcified block was

cut sagittally with a circular diamond saw (Leica SP1600,

Leica Microsystems, Wetzlar, Germany) at two different

levels in the central region. The first cut was in the area

of the window and the second, 1.5 mm outwards. The

two slices were then polished with a grinding machine

Figure 1 Surgical procedure. (A) The maxillary sinus was opened and the membrane was pushed inwards. (B) Space fillers were
calibrated and inserted into the created cavity using a customized syringe. (C) The windows were covered with collagen membranes
before suturing.
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(Metaserv®2000, Buehler, Düsseldorf, Germany) and

sputter coated with a thin layer of gold/palladium on

both sides. Samples were observed under scanning elec-

tron microscopy (SEM; Leo 1450 VP, Zeiss, Berlin,

Germany). SEM observations were made using back-

scattered electron mode (BSE). Moreover, 30-mm sec-

tions were cut and polished using the same material

from the rest of each block in the close vicinity of the

central area and were stained with HTX-eosin and coun-

terstained with toluidine blue. To allow a better obser-

vation of cells, thin 7-mm sections were also created

using a hard tissue microtome (Leica Polycut SM 2500)

and stained with Goldner trichrome. However, samples

from the Ti group could not be treated this way because

Ti particles were too hard to cut using the microtome.

Histomorphometry

Scanning electron micrographs (Leo 1450 VP) were

taken using the BSE mode at 30¥ magnification and

assembled to visualize the entire sinus. These contiguous

BSE pictures allowed a quantitative evaluation of the

mineralized bone, the remaining biomaterial, and the

soft tissue areas based on their respective gray levels

using a semiautomatic image analyzer (Leica Qwin).

The regions of interest were manually defined, and the

different areas were automatically calculated. The fol-

lowing measurements were made:

• augmented area, defined as the raw surface of the

secluded space underneath the sinus membrane;

• bone formation, space-filler area and noncalcified

tissues, all expressed as percentages of the aug-

mented area;

• regenerated area, defined as the raw surface invaded

by new bone, calculated in mm2 (Figure 3);

• bone density: defined as the percentage of bone

inside the regenerated area

• Bone to material (BMC) contact: defined as the

percentage of particle perimeter in contact newly

formed bone.

Statistical Analyses

For each variable studied, one value was obtained for

each sinus. Results were expressed as mean, standard

deviation (SD), minimum and maximum. The

Figure 2 Samples of rabbit augmented maxillary sinuses at 1 week (A, C) and 5 weeks (B, D) with Ti and BHA. Membrane thickness
seems to be thinner at 5 weeks than at 1 week postsurgery. BHA = bovine hydroxyapatite; Ti = titanium.
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experimental data were analyzed by two-way analysis of

variance (anova) with repeated measurements, allow-

ing a test for interaction between the two factors. When

the interaction term was significant, space fillers were

subsequently compared at each time point by one-way

anova. Otherwise, the overall time and space-filler

effects were tested. Results were considered to be signifi-

cant at the 5% level (p < .05). A Bonferroni correction

was applied to account for multiple comparisons.

Statistical analyses were performed using SAS version

9.1 (SAS Institute, Cary, NC, USA).

RESULTS

A total of 28 sinuses were available from 28 different

rabbits in this study. The sinuses were considered as

statistically independent experimental units. There were

at least three sinuses in each experimental cell.

Macroscopically, at the time of dissection, the

sinusal membranes appeared to be thicker 1 week post-

operative compared with 5 weeks (see Figure 2).

Descriptive Histological Analysis

The normal sinus cavity was surrounded by respiratory

mucosa and a thin layer of cortical bone. The mucosa

was composed of ciliated stratified cuboidal epithelium,

lamina propria, and submucosal tissues containing

serous glands (Figure 4). The histological analysis did

not display any difference between the BHA and the

BHATTC groups.

One Week after Implantation. No evidence of inflamma-

tion was found in any of the three groups. A penetration

of connective and vascularized buds into the subsinusal

space was observed along the bone walls and under the

lifted sinusal membrane. Early steps of centripetal new

bone formation were observed progressing from the

anterior part of the sinus and the bone walls (Figure 5).

In the Ti group, cell proliferation was only visible at the

periphery of the created space, while the blood clot was

still noninvaded by cells in the center of the cavity on the

30-mm sections (see Figure 5, C and D). With BHA and

BHATTC, on the 7-mm sections, cell colonization was

found throughout in the cavity, and remnants of the clot

were sometimes visible. Osteoclasts were sometimes

present along the BHA particles (Figures 4 and 6).

Five Weeks after Implantation. In the BHA groups,

newly formed bone bridged the particles of hydroxya-

patite. Most of the particle surfaces were in tight contact

with a layer of newly formed bone. Only the center of

the regenerated area was not filled with new bone

(Figure 7). Some osteoclastic cells could be found along

the particles (Figure 8), and osteoblastic cells were

observed only in the central region.

In the Ti group, the newly formed bone was still

mostly immature with few areas of bone marrow. The

newly formed bone was sometimes in contact with the

particles, and the ingrowth seemed to be independent of

the Ti space filler (Figure 9). Under the sinusal mem-

brane, the mucosal epithelium was in close contact and

matched the shape of the granules (see Figure 9C).

Six Months after Implantation. In the BHA groups, bone

marrow and adipocytes were much more frequently

observed than at 5 weeks, whereas multinucleated cells

Figure 3 Scattered electron microscopy micrographs of
subsinusal spaces filled with Ti at 5 weeks. Representation of the
regenerated area in orange: surface invaded by newly formed
bone inside the augmented area. Ti = titanium.

Figure 4 Ti group at 1 week: nondecalcified section of an
augmented sinus floor in the region under the sinusal
membrane (10¥; staining: HTX-eosin/toluidine blue). Note the
ciliated stratified cuboidal epithelium (red arrow), submucosal
tissues containing serous glands (blue arrow) and the Ti porous
particle (white asterisk). Ti = titanium.
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were no longer visible. Lamellar bone was only found in

intimate contact with the particles and bridged them

together (Figure 10). The BHA granules located just

under the sinusal membrane sometimes protruded into

the sinusal cavity. Bone trabeculae were covered with a

unicellular flat layer of cells; neither osteoid tissue nor

osteoblasts were noted. At 6 months, in the Ti group,

bone density was very low, without visible interconnec-

tions between trabeculae; large bone marrow spaces

with adipocytes were observed (Figure 11). Still, few

Figure 5 Ti group, 1 week. (A) Scattered electron microscopy micrographs: reconstruction of the full sagittal section. (B) Scattered
electron microscopy (magnification 30¥). (C) Nondecalcified histology (2¥, staining: HTX-eosin/toluidine blue). (D) Nondecalcified
histology (10¥, staining: HTX-eosin/toluidine blue). Note newly formed bone in the anterior part of the sinus (blue arrow) and
porous Ti particle (white asterisk). Ti = titanium.

Figure 6 BHA, 1 week. (A) Scattered electron microscopy micrographs: reconstruction of the full sagittal section. (B) Scanning
electron microscopy (magnification 30¥). (C) Nondecalcified histology (10¥, staining: Goldner trichrome). BHA particles are stained
in light green (asterisk). BHA = bovine hydroxyapatite.
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Figure 7 BHA group, 5 weeks. (A) Scattered electron microscopy micrographs: reconstruction of the full sagittal section. (B)
Scattered electron microscopy (magnification 30¥); newly formed bone (grey) bridges the BHA particle (white) together. (C)
Nondecalcified histology (2¥, staining: HTX-eosin/toluidine blue). (D) Nondecalcified histology (10¥, staining: Goldner trichrome).
Note newly formed bone in dark red around the BHA particle (white asterisk). BHA = bovine hydroxyapatite.

Figure 8 At 5 weeks. (A) BHA. (B) BHATTC. Note the presence of osteoclasts along the biomaterial particles (black arrows).
BHA = bovine hydroxyapatite; BHATTC = chemically modified bovine hydroxyapatite.
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contacts were observed between the bone and the Ti

biomaterial.

Histomorphometric Analysis

By applying two-way ANOVA to histomorphometrical

data (augmented area, bone formation, space-filler area,

and noncalcified tissues), no significant interaction was

found between space filler and time for any of the vari-

ables. Thus, the time evolution of histomorphometrical

parameters was similar in each space-filler group. As

seen in Table 1, for the augmented area, BHA differed

significantly from Ti and BHATTC with lower values

(p = .0078). The time effect was not significant (p = .62).

There was a significant increase of bone formation along

time (p < .0001) but no difference was seen between the

three biomaterials (p = .28). The space-filler area did not

change with time (p = .22) but differed significantly

(p = .0028) between space-fillers BHA and Ti. Finally, the

percentage of noncalcified (soft) tissues clearly decreased

over time (p < .0001) and a significant statistical differ-

ence appeared between Ti and BHA/BHATTC (p = .001).

Regenerated Area. The interaction term was not signifi-

cant. No difference was observed between the three

biomaterials (p = .094) but the augmented area signifi-

cantly increased over time (p < .0001) (Table 2).

Bone Density. The interaction term was not significant.

The percentage of bone inside the regenerated area was

comparable in each biomaterial groups (p = .17), but it

decreased between 5 weeks and 6 months (p = .0007)

(see Table 2, Figure 12).

Figure 9 Ti group, 5 weeks. (A) Scattered electron microscopy micrographs: reconstruction of the full sagittal section. (B) Scattered
electron microscopy (magnification 30¥). (C) Nondecalcified histology (2¥, staining: HTX-eosin/toluidine blue). (D) Nondecalcified
histology (10¥, staining: HTX-eosin/toluidine blue). Ti = titanium.
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Bone to Material Contact. The interaction term was not

significant. The percentage of material perimeter in

contact with regenerated bone was significantly lower

(p < .0001) in the Ti group (see Table 2, Figure 13).

MicroCT Analysis: Three-Dimensional Volume

Variation. Two-way anova applied to three-

dimensional volumes did not reveal any significant

interaction (p = .12) between space filler and time. An

overall negative time trend of three-dimensional volume

variation was observed (p = .0081) while a significant

statistical difference of three-dimensional volume was

found between Ti and BHA (p = .0033) (Table 3). Fig-

ure 14 gives the correlation between volume variation

and the percentages of bone, space filler, and soft tissues

within augmented tissues for each time point.

DISCUSSION

The first objective of this study was to observe the short

and continuing behavior at a tissue level of grade 1 Ti

porous particles used as a space filler in a rabbit model of

sinus lift and to compare the outcomes to BHA. The

second objective was to evaluate the potential effect of

treating BHA with tetracycline.

Porous Ti particles were recently used in clinical

human models.13,14 Nevertheless, tissue integration and

three-dimensional bone regeneration with this material

were poorly explored, and only a few investigations

have been carried out for alveolar bone regeneration.

Wolflang and colleagues,20 in a tibial defects model in

rabbits, primarily studied the in vivo biological perfor-

mance of metallic or oxidized porous Ti granules. They

hypothesized that Ti has thrombogenic properties

Figure 10 BHA, 6 months. (A) Scattered electron microscopy micrographs: reconstruction of the full sagittal section. (B) Scattered
electron microscopy (magnification 30¥). (C) Nondecalcified histology (2¥, staining: HTX-eosin/toluidine blue). (D) Nondecalcified
histology (7-mm sections) (10¥, staining: Goldner trichrome). BHA particules (asterisk) appear lost or disrupted because of the thin
section processing. BHA = bovine hydroxyapatite.
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which might result in the release of higher levels of

growth factors into the blood clot and enhanced

osteogenesis.

In the present study, bone formation quality and

quantity, osteoconductivity (BMC), three-dimensional

volume changes, and material resorption rates were

explored. The model used was based on a previously

described model for studying the performance of

biomaterials.8–12,21

Both Ti and BHA showed here an excellent biocom-

patibility with no signs of inflammation. Moreover, both

biomaterials proved to be as effective in terms of newly

formed bone quantity and regenerated area (surface

invaded by bone) at each time point (see Table 2).

In terms of bone density, an effect of time was

observed with reduction of the density from 5 weeks to

6 months, most likely related to the bone maturation. At

6 months, the bone quantity and density (see Figure 12)

were lower in the Ti group than in the BHA and

BHATTC groups, but this difference did not reach the

level of statistical significance.

Another parameter evaluated in this study was the

osteoconduction potential of the various materials as

measured by BMCs. Osteoconduction is a physical effect

by which the biomaterial’s matrix forms a scaffold that

allows outside cells to penetrate the graft and form new

bone.22 Our results clearly indicate that BHA has a high

osteoconductive potential, superior to that of Ti (see

Figure 13): BHA could potentially exhibit calcium and

phosphate ions, leading to the precipitation of biological

carbonated apatites on their surface. This layer of bio-

logical apatite, which incorporates various proteins,

favors the adhesion, proliferation, and differentiation of

the osteoprogenitor cells that produce the bone extra-

cellular matrix, resulting in direct bone apposition on

calcium phosphate biomaterials.23 In the case of Ti,

unless bioactive surface treatments such as alkaline or

calcium phosphate coatings are used, the metal is in

Figure 11 Ti group, 6 months. (A) Scattered electron microscopy micrographs: reconstruction of the full sagittal section. (B)
Scattered electron microscopy (magnification 30¥). (C) Nondecalcified histology (2¥, staining: HTX-eosin/toluidine blue). (D)
Nondecalcified histology (10¥, staining: HTX-eosin/toluidine blue). Note that the rarefied bone trabeculae (red staining) are not in
close contact with Ti particles (white asterisk). Ti = titanium.
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contact with a fibrous tissue layer and is in partial

contact with the bone.24–26

Biomaterials having non- or slowly resorbable

properties are of great interest in alveolar ridge augmen-

tation because these sites are often subjected to external

pressure that might induce the resorption of the regen-

erated bone and therefore impact implant success. In the

present study, the three-dimensional volume stability of

the bone regenerations was also measured, by using

mCT. The main advantage of this three-dimensional-

imaging technique lies in its nondestructive approach, as

opposed to SEM, which requires cutting of the sample

and two-dimensional determination. With its large field

of view, x-ray microtomography allows scanning of

the entire region of interest within the samples. This

technique has been primarily used to characterize highly

porous materials.27–33

Ti proved to efficiently prevent the remodeling of

the augmented volume: our results displayed stable

three-dimensional volumes and two-dimensional sur-

faces (augmented area) at each time point, corroborat-

ing the interlocking and unpackable properties

described by the manufacturer of this material. More-

over, the invariable surface percentages of the remain-

ing space filler confirmed the nonresorbable properties

of Ti, which is probably also a factor in the volume

stability.

The volume of the samples treated with BHA

appeared to be slightly less stable, with a decrease limited

to about 15% compared with the baseline volume; this

TABLE 1 Augmented Area and Histomorphometric Data – Mean (SD) (Min–Max)

BHA Ti BHATTC

p Value*

Time Effect Space-Filler Effect

Augmented area mm2

1 week 46.8 (6.4) 54.4 (2.8) 49.1 (12.0) 0.62 0.0078

(38.0–52.3) (51.8–57.3) (37.7–61.6)

5 weeks 47.5 (2.1) 52.0 (7.1) 59.6 (3.9)

(45.1–49.1) (45.9–59.8) (55.1–62.3)

6 months 43.8 (1.9) 55.9 (4.8) 55.9 (3.5)

(42.1–45.8) (50.9–60.5) (51.9–58.0)

% Bone

1 week 0.1 (0.1) 0.1 (0.1) 0.3 (0.2) <0.0001 0.28

(0.0–0.3) (0.0–0.2) (0.0–0.4)

5 weeks 14.8 (2.1) 13.7 (4.5) 12.6 (2.4)

(12.8–16.9) (8.7–17.3) (10.1–14.9)

6 months 16.0 (3.7) 11.0 (2.1) 16.5 (3.0)

(13.1–20.2) (8.9–13.2) (13.6–19.6)

% Filler

1 week 42.7 (3.9) 32.8 (1.4) 36.6 (9.8) 0.22 0.0028

(38.5–47.7) (31.2–33.8) (26.1–45.5)

5 weeks 40.3 (3.1) 29.6 (1.9) 37.6 (5.9)

(37.5–43.6) (27.9–31.6) (31.9–43.7)

6 months 34.9 (5.1) 31.3 (3.6) 35.0 (1.9)

(30.8–40.6) (28.6–35.4) (33.2–36.9)

% Soft tissues

1 week 57.2 (3.9) 67.1 (1.3) 63.2 (9.9) <0.0001 0.001

(52.3–61.4) (66.2–68.6) (54.2–73.7)

5 weeks 45.7 (2.1) 56.7 (5.5) 49.9 (7.4)

(43.7–47.8) (51.1–62.2) (41.4–55.4)

6 months 49.2 (4.5) 57.7 (5.4) 48.7 (2.8)

(44.8–53.7) (51.4–61.2) (45.5–50.9)

*The interaction term was not significant.
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observation might be related to the slight resorption of

the filling material.

The secondary objective of this study was to evalu-

ate the effect of hydration of the BHA particles with

therapeutic concentrations of a doxycycline solution

on osteogenesis and biomaterial resorption. The use of

doxycycline in guided bone regeneration might be

relevant to induce bone formation while preventing

TABLE 2 Regenerated Areas and Tissue Densities – Mean (SD) (Min–Max)

Time BHA Ti BHATTC

p Value*

Time Effect Space Filler Effect

Regenerated area mm2

1 week 0.3 (0.2) 0.5 (0.4) 0.6 (0.6) <0.0001 0.094

(0.1–0.5) (0.0–0.9) (0.1–1.2)

5 weeks 32.4 (4.3) 34.6 (10.0) 38.1 (11.4)

(28.7–37.1) (25.3–45.3) (28.4–50.6)

6 months 42.4 (3.3) 54.0 (4.4) 55.0 (5.6)

(40.5–46.1) (49.1–57.3) (48.7–59.3)

Bone density %

1 week NA NA NA 0.0007 0.17

5 weeks 21.8 (1.9) 20.5 (1.2) 20.2 (3.9)

(19.7–23.3) (19.1–21.3) (17.8–24.6)

6 months 16.5 (3.9) 11.4 (2.5) 16.7 (2.4)

(14.1–21.0) (8.7–13.7) (14.5–19.2)

Bone-material contact %

1 week NA NA NA 0.22 <0.0001

5 weeks 60.5 (5.4) 13.5 (5.2) 51.3 (7.0)

(56.2–65.6) (7.6–17.4) (44.1–58.1)

6 months 50.8 (2.3) 14.5 (5.2) 50.5 (0.9)

(49.1–53.4) (8.8–19.0) (49.8–51.5)

*The interaction term was not significant.
NA = not applicable.
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Figure 12 Evolution of the bone density from 5 weeks to 6 months.
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bacterial infection: Gomes and colleagues15 demon-

strated in vitro that ceramic-based biomaterials loaded

with tetracyclines combine the antimicrobial activity in

implant-related bone infections with an induction of

osteoblastic proliferation and maintenance of the

characteristic biological activity of the cultured cells.

Further properties of doxycycline, such as inhibition

of matrix metalloproteases as well as osteoclast and

osteoprogenitor cell adhesion were emphasized in vitro

and in vivo.16–19,34–37

In the present study, BHA treated with doxycycline

displayed similar levels of osteogenesis and of osteocon-

ductivity (BMC) as compared with native BHA. The

percentage of residual filling material at 6 months was

not influenced by the presence of doxycycline; however,

the volume appeared to be more stable with BHATTC.

The effect of doxycycline on biomaterials with higher

resorption rates should be investigated preferably using

immunohistology and gene expression analyses.

It must be emphasized that a limitation of the

present study is linked to the limited number of samples

for each condition. A higher number of samples might

have emphasized the intergroup differences.

CONCLUSION

Titanium porous particles and BHA allowed optimal

bone formation in sub-sinusal bone regeneration in a

rabbit model. Nevertheless, the BMC proved to be sig-

nificantly higher on BHA/BHATTC than on Ti. The

studied biomaterials are relevant candidates for sinus lift
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Figure 13 Level of bone to material contact (BMC) at 5 weeks and 6 months.

TABLE 3 Volume Variations for the Different Space Fillers at Each Time Point – Mean (SD) (Min–Max)

Time BHA Ti BHATTC

p-Value*

Time Effect Space Filler Effect

1 week 344 (16) 374 (21) 386 (41) 0.0081 0.0033

(323–363) (350–387) (352–431)

5 weeks 321 (12) 340 (7) 330 (39)

(314–335) (332–346) (286–360)

6 months 287 (23) 375 (6) 338 (30)

(262–308)* (369–381)* (309–368)

*The interaction term was not significant.
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bone augmentation prior to dental implants because

they allow three-dimensional stability. However, obser-

vations on the drilling effects of Ti particles as well as on

the effect of Ti incorporation on mechanical properties

of peri-implant bone should be further investigated to

clinically recommend the used of porous Ti particles in

bone alveolar bone regeneration.
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