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The aim of this study was to histologically evaluate the performance of demineralized bone matrix
(DBM) when compared with a blood clot in addition to an occlusive barrier in the bone regeneration
process for bone defects in a rabbit model. Prefabricated metallic capsules with 4.5 mm and 3.5 mm
dimensions were placed in five adult rabbit skulls. At the right side, the capsule was filled with DBM, and
the clot was located on the left side. The barriers were supplied with a 0.5 mm horizontal peripheral flap
and a vertical edge, fitting tightly into a circular slit prepared by a trephine in the skull. After a healing
period of three months, the animals were sacrificed, and the samples were prepared for histological and
histomorphometric analyses after capsule removal. Trabecular and medullar bone percentages were
calculated from the different areas of the newly formed bone inside the metallic barriers, and non-
parametric statistical analysis was used to describe the findings. The results showed a complete filling
of newly formed bone inside the capsules of both groups. Less mature bone tissue was observed in the
upper third of all samples, and a higher trabecular area was observed in the samples with DBM. The use
of barriers resulted in the augmentation of newly formed bone in a three-month period. However, a
higher trabecular area was observed in the barriers filled with DBM.

� 2014 Surgical Associates Ltd. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Bone-graft substitutes are useful for increasing the healing of
bony defects caused by traumatic injury, tumor removal, abnormal
skeletal development, cyst removal, and prosthetic loosening. The
common sources of bone graft materials include autogenous bone,
vascularized fibular grafts, allogeneic bone, synthetic calcium
phosphate bone-graft substitutes, and a variety of osteoinductive
agents [1]. One of the most commonly used biomaterials for bone
augmentation is demineralized bone matrix (DBM), which has
osteoconductive and osteoinductive properties [2,3]. In this
ental School, Universiidad de
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context, osteoconductivity is defined as the ability to provide a 3D
configuration for the in-growth of host capillaries, perivascular
tissue, and osteoprogenitor cells into the graft, and osteoinduction
is defined as the ability to encourage the host to synthesize new
bone [1]. Osteoinductivity can also be explained as the ability to
stimulate the formation of bone in heterotopic sites, leading to the
isolation of several osteoinductive factors, including bone
morphogenetic proteins (BMPs), from extracts obtained from DBM
[4].

However, the stabilization and retention of the graft material
within the defect site is of paramount importance for bone
regeneration. In this context, several studies have demonstrated
the possibility of regenerating or generating bone prior to or in
conjunctionwith implant treatment, and the effects of an occlusive
titanium cap on bone generation beyond the skeletal envelope have
.
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also been evaluated [4e7]. In humans, vertical augmentation of the
alveolar crest using membranes has not yet been established as a
routine procedure, and a number of unresolved questions remain.
The space-making function of membranes in particular has been
underestimated until now [8]. A technique with occlusive barriers
may influence augmentative procedures in various alveolar sites in
the future because the concept is based on well-known surgical
principles using a flapless approach and a secure space-making
device [9].

Some authors have used rigid barriers in rabbit models and have
observed favorable results with bone regeneration. In humans,
similar devices have been placed in transverse maxillary bone de-
fects, with results that depend mainly on the barrier size, the time
of placement in the donor bone, and the associated use of bio-
materials [8e11]. Engelke et al. [9] used small diameter barriers in
combination with osteoconductive bone biomaterials, reporting
favorable results for up to eight months after insertion in humans.
However, the success of the methods, related to the characteristics
of the stimulated bone receptor and the type of biomaterial used,
has not been clarified in humans. Additionally, the presence of an
osteoinductive commercial biomaterial and its behavior over the
bone-regeneration process has not been reported in the literature.

Thus, the aim of this study was to histologically evaluate the
performance of demineralized bone matrix when compared with a
blood clot in addition to an occlusive barrier, in the bone regener-
ation process for bone defects in a rabbit model.

2. Materials and methods

2.1. Study design

The following study was experimental with a non-randomized
sample. Five rabbits (Oryctolagus cuniculus) were selected for the
study, with a mean weight of 3.1 � 0.7 kg to minimize the growth
effect. Two 4.5 mm defects were created in each rabbit skull in five
randomly chosen rabbits. Each defect was created to apply an
occlusive barrier with biomaterial or blood clot inside and to keep it
separated from periosteal influence.

The research was conducted in accordance with the interna-
tional ethical principles for biomedical research involving animals
and was approved by the University de la Frontera Ethical Com-
mittee (protocol N� 06/008). The animals were confined and
maintained with ad libitum feeding in separated closed cages with
controlled temperature.

2.2. Surgical technique

Anesthesia was administered with ketamine 30 mg/kg and
xylazine 5 mg/kg supplemented with intraoperative analgesia with
buprenorphine 0.3 ml/kg at 30-min after the first application. In
addition, diazepam 5 mg/mL, with a dose of 1 mg/kg i.m. was used
to maintain neuroleptanalgesia levels and this was complemented
with Hypnorm 0.1 ml/kg i.m. at intervals of 30 min during surgery.
In addition, as a local anesthetic, 0.4 ml of lidocaine 2% was applied
with a dose of 1:100,000 of epinephrine (Octocaine-100, Novocol
Pharmaceutical, Ontario, Canada).

The rabbit’s skin was shaved and treated for surgery with 70�

ethanol and povidone-iodine to enable performance of the surgical
stages under a sterile environment. A median lineal incision was
made from the frontal to the occipital region, separating the skin
and periosteum 3e4 cm laterally. Subsequently, two osteotomies
were performed with a 4.5-mm trephine bur and continuous irri-
gation. After this, multiple perforationswere created in the external
cortical trephined area of the calvaria with low-speed round burs,
0.5 mm in diameter with safety stops to prevent intracranial
perforation. This caused profuse bleeding from the blood vessels of
the bone (Fig. 1A). Therefore, at the left side (clot group), a capsule
was filled with blood from the spontaneous bleeding that occurred
through small holes in the calvaria bone of the same rabbit (Fig. 1B).
The other capsule, at the right side, was filled with the deminer-
alized bone matrix (DBM, Dynagraft� putty-D, Keystone Dental,
Burlington, Massachusetts, USA). The capsules were inserted on
each side of the sagittal suture in the same specimen without
contact (DBM group). Each capsule was 4.5 mm in diameter
(3.7mm internal diameter) and 3.5mm in height, with internal and
external smooth surface walls. Following surgery, the rabbits were
medicated during the three first days with one daily dose of
Oxytetracycline 200 mg/kg i.m and Meloxicam 0.2 mg/kg s.c.

2.3. Specimens processing

After three months, the animals were sacrificed with 1 ml of
Hypnorm (i.m.) and 10 ml of sodium pentobarbital (i.v.). Biopsies
were sampled from each rabbit calvaria that comprised the two
previously inserted barriers. These were fixed by immersion in 4%
tamponed formaldehyde for 48 h and refrigerated at 5 �C (41�F).
Subsequently, the capsules were cut with a circular saw (0.2 mm
thick) in the antero-posterior direction. The first cut was made to
eliminate the lateral metal wall, the second was made at the center
of the sample, and the third was made to eliminate the contralat-
eral metal wall (each cut was parallel to the one above). In this way,
two sections of the samples were obtained. Then, the metal part
was eliminated carefully, and the samples were decalcified for
conventional histology. Only the medial faces of the samples were
used for histological analysis.

For histological analysis, Hematoxylin-eosin and Masson tri-
chrome techniques were used. Trabecular and medullar bone per-
centages were calculated from the different areas of the newly
formed bone inside the metallic barriers. For this purpose, the
newly formed bone tissue was divided in thirds from the base
cortical bone to the uppermost region of the newly formed bone at
the clot (Fig. 2) and the DBM (Fig. 3).

In the histomorphometric analysis, the samples were analyzed
in detail at all segments of the newly formed bone tissue. First, the
basal bone of the cranium and the lower third of the newly formed
bone tissue were differentiated. Serial parasagittal cuts were used
to determine the amount and comparative distribution of trabec-
ular bone, and the relationship with the trabeculae number of each
third. Histomorphometric analysis was performed with a camera
(NIKON DS-Fi1 (Sigth) and a Stemi 2000-C stereomicroscope) with
1280 � 960 pixels. The software Scion Image was used to measure
the medullar and trabecular bone areas.

2.4. Statistical analysis

The ShapiroeWilk test was applied to determine the normality
of the data. After this, the KruskaleWallis test was used to deter-
mine the behavior of the population medians for all of the inves-
tigated thirds between the newly formed callus and the
intramembranous or basal bone (p � 0.05).

3. Results

3.1. Animal behavior

No signs of discomfort or suffering were observed in the ani-
mals. Feeding was normal, and the weight was considered to be
within normal parameters for all of the animals. The surgical site
showed normal healing and the suture was reabsorbed 16e22 days
post-surgical intervention without signs of infection.



Fig. 1. A. Schematic of rabbit-skull, showing the locations for occlusive-barrier insertion. FB: Frontal Bone; NB: Nasal Bone; IFS: Interfrontal Suture; FNS: Frontonasal suture; B.
Schematic showing a barrier inserted in the cortical area of the frontal bone. CB: cortical bone.
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3.2. Histological and histomorphometric analyses

Newly formed bone tissuewith slender trabeculaewas observed
in both treatment groups. Additionally, two areas showed similar
distributions as the initial two-thirds of the newly formed bone
tissue; the upper third showed apparently less mature bone tissue
(Fig. 2AeD and Fig. 3AeD). Some DBM particles were observed
within the trabecular bone in the capsules.

A tendency in favor of DBM was observed in relation to the
amount of trabecular bone within the capsules for the sectioned
thirds. This was more evident for the middle third and mild for the
upper third (Fig. 4). A greater trabecular area was identified in the
middle and lower thirds of the DBM samples, which was different
Fig. 2. Histological analysis of bone tissue obtained from the barrier with blood clots obtaine
cut of bone tissue formed inside the capsule. UT: upper third; MT: middle third; LT: lowe
respectively. It is possible to observe trabecular bone (TB) and bone marrow (BM) in all third
trichrome stain; B, C and D. Hematoxylin e eosin stain.
from the upper thirdwhere only aminimal differencewas observed
between the two tissues.

Trabeculae numbers was clearly higher for DBM samples when
compared with clots, mainly for the upper and middle thirds.
However, the lower third of the newly formed bone showed a
greater amount of trabeculae in the clot group but a greater area of
trabecular bone in the DBM samples (Table 1). No significant dif-
ference was observed between the total trabecular areas of the
samples with the DBM and the clot (P � 0.05). However, individual
analysis of the thirds showed a statistical difference in favor of the
DBM samples in themiddle third (Table 1 and Fig. 4). In general, the
trabecular bone area of the DBM specimens was the highest for the
newly formed bone inside the barrier.
d from bleeding from the cortical bone perforation. A. Histological image of the frontal
r third; B, C and D show histological detail from the lower, middle and upper thirds,
s. Black arrows in image C and D indicate the lamellar organization of bone. A. Masson



Fig. 3. Histological analysis of bone tissue obtained from the barrier with demineralized bone matrix (DBM) and blood clots obtained from bleeding from the cortical bone
perforation; A. Histological image of the frontal cut of bone tissue formed inside the capsule. UT: upper third; MT: middle third; LT: lower third; B, C and D show histological detail
from the lower, middle and upper thirds, respectively; B. Trabecular bone formed among DBM particles; C. Shows that mature trabecular bone formed in the middle third with bone
marrow surrounding it (BM). D. Upper third shows immature bone tissue (bt), which was less calcified and similar to woven bone. The black arrows indicate Howship’s lacunae, a
typical sign of bone remodeling.
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4. Discussion

To increase bone volume, a subperiosteal barrier has been used
to allow the blood clot to develop bone tissue. This technique is
called guided bone augmentation. Lundgren et al. [12] stated that
Fig. 4. Mean quantification of trabecular bone observed inside capsules. In general, the cap
with clots. However, only the middle third showed a statistically significant difference base
the best method for guided bone augmentation is to use a stiff
occlusive barrier. The stiffness of the barrier used in this study
allowed shape maintenance and the creation of a space for graft
placement, preventing collapse of the defect space and achieving
the required volume. Another important feature is the occlusivity of
sules with DBM showed a greater amount of trabecular bone compared with capsules
d on the analysis of nonparametric samples (95% confidence using the median).



Table 1
Relationship between the mean numbers of bone trabeculae observed and mean measurements made in different thirds of the capsules with DBM and clots. Although the
means of the measurements show a tendency toward greater trabecular bone formation in samples with DBM, the analysis of nonparametric samples indicates that no
statistically significant differences were present in this parameter between capsules with DBM and with clots. The mean numbers of trabeculae were approximated without
decimals.

Inferior third of capsules Middle third of capsules Superior third capsules Total area of capsules

Mean of
trabeculae
observed

Mean of trabecular
bone area (�100 ì2)

Mean of
trabeculae
observed

Mean of trabecular
bone area (�100 ì2)

Mean of
trabeculae
observed

Mean of trabecular
bone area (�100 ì2)

Mean of
trabeculae
observed

Mean of trabecular
bone area (�100 ì2)

DBM (n ¼ 5) 9 13,188.03 20 19,523.96 18 9628.79 47 42,340.78
CLOT (n ¼ 5) 15 9940.12 12 10,337.43 12 8361.92 39 28,639.47
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this barrier, which is necessary to avoid fibrous tissue formation
[13]. The main disadvantage of these barriers is the tendency to
become exposed during the healing period. However, the use of
other non-resorbable devices such as non-rigid membranes is not
recommended. This is because such membranes can be deformed
or flattened during the augmentation procedure by tension from
the adjacent soft tissue [14].

The capsule used in this study had a smooth surface because as
stated by Lundgren et al. [4], the surface roughness does not seem
to influence the amount of bone formation beyond the skeletal
envelope.

This study made sure that the barriers that were used enabled
bone-graft and blood-clot stabilization as well as space mainte-
nance, as described in the literature [15,16]. However, it is also
necessary to check some of the additional factors that are required
for a successful outcome: barrier stability, peripheral sealing be-
tween barrier and bone, blood supply and access to bone-forming
cells, among others [5]. If these factors are not controlled, the
barrier’s principal aims of keeping the biomaterial or the blood clot
inside, and separate from periosteal influence, would not be
possible.

Tamura et al. [17] used three-dimensional images constructed
from computed tomography images after one or three months in
rabbits, and observed bone regeneration, with newly formed bone
along the cylinder wall and a central crater, with the same shape as
the dome. These agree with the clinical observations of the present
study. Here, it was demonstrated that it is possible to increase the
skull bone thickness beyond the skeletal envelope, which agrees
with other studies [5,18,19]. Additionally, the capsules were
completely filled with newly formed bone which agrees with the
results of Lundgren et al. [18]. However, the bone quality, mainly in
the upper third, appeared to be poor. Some studies with barriers
[17,20,21] found that the upper surface may present incomplete
maturation, indicating that this process may require more than 90
days of bone healing. This may be the result of poor blood supply to
the upper third in combination with a higher contact area with the
barrier when compared with the middle and the lower thirds. All of
the histological samples showed slender trabeculae, which is in
accordancewith some reports [5,10], where screwed cylinders with
only clot inside were tested. It is important to note that these
findings should not be rare because the original diploe of the rabbit
skull exhibits slender trabeculae and a low degree of mineraliza-
tion. Furthermore, Van Steenberghe et al. [10] proposed that the
configuration and low mineralization degree of the newly formed
bone inside the barrier may be related to the fact that it was not
subjected to any functional stimuli.

Molly et al. [8] mention that although bone formation can be
obtained under a barrier with just a clot, it is necessary to insert a
bone graft to augment the bone volume. This statement is not in
accordance with the results of this study because both groups
exhibited bone augmentation with the barriers, despite the
dissimilarity in the trabecular bone areas in the different thirds of
the two groups. The same authors [8] reported that the behavior of
some allografts and xenografts could be different when these grafts
are placed under a stiff occlusive barrier.

Newly formed bone was identified inside both capsules. How-
ever, the trabecular bone area (for the newly formed bone inside
the barrier) was the highest for the DBM specimens. Similar results
were described by Slotte and Lundgren [6], who reported that
domes filled with other bone-graft (cancellous deproteinized
bovine bone) material revealed a higher amount of augmented
tissue. Despite the great quantity of bone graft alternatives that are
available in the market, DBM was used as the bone graft inside the
capsule, mainly because of its osteoinductive capacity in combi-
nation with the successful reports in the literature [22,23]. Fuentes
et al. [23,24] tested DBM and freeze-dried bone allograft (FDBA) in
human alveolar sockets, and observed a more mature and miner-
alized bone tissue in the samples treated with DBM after a six-
month healing period.

The use of the barrier seems to help with bone formation.
However, the use of an osteoinductive graft material such as DBM
seems to further increase the trabecular bone area. Nevertheless,
further studies with a larger sample and other histological tech-
niques could lead to better interpretation of these preliminary
results.

5. Conclusions

The use of barriers resulted in the augmentation of newly
formed bone in rabbit skulls in a three-month period. However,
higher trabecular areas were found when the barriers were filled
with DBM as bone grafts.
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