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Abstract
Objectives This study aimed to compare the performance of a xenograft (XG) and a biomimetic synthetic graft (SG) in three-wall
alveolar defects in minipigs by means of 3D computerised tomography and histology.
Materials and methods Eight minipigs were used. A total of eight defects were created in the jaw of each animal, three of which
were grafted with XGs, three with SGs, and two were left empty as a negative control. The allocation of the different grafts was
randomised. Four animals were euthanised at 6 weeks and four at 12 weeks. The grafted volume was then measured by spiral
computed tomography to assess volume preservation. Additionally, a histological analysis was performed in undecalcified
samples by backscattered scanning electron microscopy and optical microscopy after Masson’s trichrome staining.
Results A linear mixed-effects model was applied considering four fixed factors (bone graft type, regeneration time, anatomic
position, and maxilla/mandible) and one random factor (animal). The SG exhibited significantly larger grafted volume (19%)
than the XG. The anterior sites preserved better the grafted volume than the posterior ones. Finally, regeneration time had a
positive effect on the grafted volume. Histological observations revealed excellent osseointegration and osteoconductive prop-
erties for both biomaterials. Some concavities found in the spheroidal morphologies of SGs were associated with osteoclastic
resorption.
Conclusions Both biomaterials met the requirements for bone grafting, i.e. biocompatibility, osseointegration, and
osteoconduction. Granule morphology was identified as an important factor to ensure a good volume preservation.
Clinical relevance Whereas both biomaterials showed excellent osteoconduction, SGs resulted in better volume preservation.
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Introduction

Bone loss continues to be a major clinical burden in the dental
field, especially in cases where tooth extraction is not quickly
followed by the placement of an implant. In this case, the lack
of local mechanical stimulation leads to considerable bone
resorption [1]. During this process, the bundle bone, i.e. the
bone that surrounds the tooth and contains the periodontal
ligament fibres binding the tooth to the bone, is no longer
necessary and is progressively resorbed and replaced by wo-
ven bone [2]. This results in an accentuated vertical reduction
of the buccal alveolar crest, which is exclusively composed of
bundle bone. Simultaneously, there is a resorption of the outer
surfaces of both the buccal and the lingual bone walls, which
greatly reduces the amount of bone to successfully place an
implant with lasting benefits [2]. In these situations, bone
augmentation is a widely used solution [3].
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Bone grafts (BGs) are used to fill bone defects and support
bone regeneration in the grafted volume. The aim is often to
achieve the volume required to place a stable dental implant.
BGs are available in different shapes and delivery systems
such as granules, blocks, or putties [4]. In the dental field,
granules are the most common option for the treatment of
walled bone defects [5]. BGs can be classified, based on their
origin, as autografts, allografts, xenografts, or synthetic grafts
[6, 7]. Since their introduction in the 1970s, synthetic BGs
have progressively evolved, and different strategies have been
tried to improve their biological performance. One of the strat-
egies that has recently been proposed is based on the devel-
opment of biomimetic materials, which are synthesised using
mild processing conditions instead of the traditional high-
temperature ceramic methods. This results in a material that
is considerably more similar to the mineral phase of bone, not
only in terms of composition but also in terms of microstruc-
ture and reactivity [8]. In previous studies, it has been shown
that biomimetic calcium phosphates have very interesting
properties in terms of osteoimmunomodulation [9], in vivo
osteoconductivity [10], and osteoinductivity [11]. However,
there still exists a lack of information regarding the efficacy of
these biomimetic materials compared to the xenogenic grafts
in clinically relevant defects for dental applications in large
animals.

The clinical success of a bone grafting procedure is linked
to the preservation of the grafted volume. This is achieved by
preventing a short-term volume loss [12, 13] and promoting
the long-term remodelling of the graft into the vascularised
bone, without compromising the volume [14]. The regenera-
tion process associated with a bone graft depends on numer-
ous factors. Recent studies have demonstrated that it largely
depends on the carefully coordinated interactions between
various cell types, including immune, endothelial, and bone
cells [15]. Whilst a certain degree of inflammation has been
shown to trigger the bone regeneration cascade, the benefits of
early inflammation are to be contained, as excessive or
prolonged inflammation may result in a suboptimal bone for-
mation [16]. Moreover, a high vascularisation is required to
guarantee the oxygen and nutrient supply to the highly meta-
bolically active cells involved in tissue regeneration [17]. The
features of bone grafts are known to play a crucial role in the
modulation of all these biological processes [8]. Not only
composition matters but also textural properties are important.
Achieving the adequate porosity is necessary to promote vas-
cularisation and tissue colonisation, enhancing the interaction
of the material with the host tissue [18, 19]. Finally, the graft
must have the appropriate mechanical properties to guarantee
the preservation of the biomechanical functions of bone dur-
ing the healing process, thus avoiding both weakening and
stress shielding effects [20].

The present work focuses on the comparative evaluation of
two bone substitutes with different origins: a synthetic

biomimetic calcium phosphate (MimetikOss®, Mimetis
Biomaterials, Spain) and a deproteinised bovine bone matrix
(Bio-Oss®, Geistlich Biomaterials, Switzerland). For this pur-
pose, the volume preservation and tissue regeneration process-
es were evaluated after 6 and 12weeks of healing in three-wall
bone defects created in the mandible and maxilla of minipigs
grafted with the two different materials.

Materials and methods

Bone grafts

Two types of bone grafts were used to fill the defects:

& A control group being a xenograft (XG) from bovine or-
igin (Bio-Oss®, Geistlich Biomaterials, Switzerland) in
granular form with sizes between 0.25 and 1 mm and;

& A test group being a synthetic biomimetic graft (SG) proc-
essed at low temperature and composed of 80% biomimet-
ic calcium deficient hydroxyapatite and 20% β-tricalcium
phosphate (MimetikOss®, Mimetis Biomaterials, Spain)
in granular form with sizes between 0.2 and 1 mm.

Both biomaterials were commercially available in vials
sealed into blisters, provided in sterile conditions, and used
appropriately by following their instructions for use. The
physicochemical properties of the two grafting materials are
described in a previous study [21].

Animals

Eight landrace minipigs (6-month-old, mixed sexes and from
18 to 31 kg) were provided by a GLP clinical research orga-
nisation (CRO) (Specipig S.L., Barcelona, Spain). The ani-
mals were kept in presurgical housing for 1 week.

Study design

The study was conducted complying with the EU Directives
2004/10/EU, 2010/63/EU and the Spanish law RD 1369/2000
regarding the protection of animals used for scientific pur-
poses. The experiments were carried out at the GLP facilities
of the CRO and were reviewed and approved by the Specipig
Ethics Committee for Animal Experimentation. The surgical
procedure was performed by I.G.

The indication chosen was the regeneration of a three-wall
defect in the alveolar ridge, which is one of the most common
surgical procedures in modern dentistry [22].

Eight defects were created per animal in the surgical sites
indicated in Fig. 1a and referenced accordingly. For each an-
imal, three defects were filled with XGs, three with SGs, and
two were left empty. The distribution of the grafts and the
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empty defects was defined in a balanced manner (i.e. altogeth-
er, each biomaterial was grafted the same number of times in
each of the eight surgical sites) and randomly assigned to the
animals. All defects were then covered with resorbable colla-
gen membranes (Creos Xenoprotect, Nobel Biocare,
Switzerland). Two time points were evaluated: 6 and 12
weeks. At each time point, four animals were euthanised,
which gave 12 replicates per material and time point.

Computerised tomography (CT) of each animal was per-
formed postoperatively and at the time of euthanasia.
Additionally, the grafted regions were explanted and proc-
essed for histological evaluation.

Surgical procedure

Anaesthesia and medication

A premedication of 0.04 mg/kg of atropine was admin-
istered intramuscularly (IM) in the neck. Using the same
method, sedation was achieved with 0.020 to 0.035
mg/kg of dexmedetomidine and 0.08 to 0.30 mg/kg of
midazolam combined with 0.15 to 0.30 mg/kg of
butorphanol as an analgesic. After 15–20 min, an intra-
venous (IV) catheter was placed in order to continue
with IV fluid therapy using ringer lactate serum com-
bined with the medication. Animals were then pre-

oxygenated with 100% oxygen for 3 min. Propofol of
1.5 to 5.0 mg/kg was administered through IV injection.
Endotracheal intubation was performed using isoflurane
with a minimum alveolar concentration of 1.2–2.4% and
2% oxygen. Immediately after surgery, a nonsteroidal
anti-inflammatory (meloxicam 0.4 mg/kg IM in the neck
muscles) and a general antibiotic coverage (enrofloxacin
from 2.5–5 mg/kg IM in the neck muscles) were
administered.

Tooth extraction and creation of the defect

Right before starting the surgical procedure, the oral cavity
was scrubbed with 10% iodine povidone. Additionally, the
teeth to be removed were manually scaled, and calculus was
eliminated. Then, a full-thickness flap from the first premolar
to the most distal molar was raised both buccally and lingually
as seen in Fig. 1b-2. Eight three-wall bone defects were
shaped after tooth extraction by removing the buccal plate to
half of its height as illustrated in Fig. 1b-3. The removed teeth
were the first and third premolars of the lower quadrants and
the first premolar and first molar of the upper quadrants. A
periodontal probe and a high-speed handpiece under copious
irrigation were utilised to create the standard-sized alveolar
defects. The size of the defects was 12 mm in depth and
10 mm in width.

Fig. 1 a Scheme of the created defects and reference names. Coronal
plane projection of the upper (U) and lower (L) jaw. L and R stand for
left and right and M and D stand for mesial and distal anatomic sites,
respectively. b Procedure to create the standardised three-wall bone de-
fect, grafting, and suturing: (1) Initial situation, (2) tooth extraction and

rising of the flap, (3) creation of the three-wall bone defect by removing
the buccal alveolar ridge, (4) grafting of the defect, (5) covering the graft
with a collagen membrane, and (6) stitching the gingiva. B and L stand
for buccal and lingual sides, respectively
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Grafting

BGs were first hydrated with Ringer’s solution and then placed
in the defects bygently packing to achieve the best volume filling
(Fig. 1b-4). Then, a collagen resorbable membrane was cut and
adapted to the size of the defect. The wound was prepared for
tension-free closure by releasing the periosteum underneath the
flap. Primary closure was achieved in all cases with 4-0 Vicryl®
degradable braided suture (polyglactin 910, Johnson& Johnson,
USA). Horizontal mattress and single interrupted sutures were
used to close the wound (Fig. 1b-5 and b-6).

Post-operative

After the surgery, butorphanol was administered IM 0.15–
0.30 mg/kg every 12 h as an analgesic for 2 days. Anti-
inflammatory treatment with meloxicam was administered
IM 0.4 mg/kg every 24 h for 5 days. Antibiotic treatment with
enrofloxacin was administered IM 2.5–5.0 mg/kg every 24 h
for 5 days post-surgery. One week after the surgical proce-
dure, animals were sedated and wounds were reviewed to look
for any possible events that would compromise healing and
overall results. No screaming nor altered behaviour was reg-
istered. No bleeding nor vocalisation was observed or heard
during the 2 weeks following the surgeries.

Monitoring

The minipigs were maintained on a soft diet for 48 h after the
surgery. Animal weight was tracked weekly. All the animals
showed a proper evolution. In addition, the specimens were
observed twice a day for any abnormality.

Computerised tomography

An initial CT scan was registered for each animal one day
after the surgery (Philips IQUON CT-SCAN, Royal Philips,
the Netherlands). A second CT scan was performed before
euthanasia at 6 or 12 weeks depending on the group. Stacks
of images were acquired with an isotropic pixel size of 500
μm. Slices were performed in the coronal plane and through
the whole range of the mandible and maxilla (Fig. 2).

Volumetric CT quantification

A sample of each BG was scanned and used to determine the
radiopacity thresholds of each biomaterial. Ranges of 442–
948 HU and 847–1435 HU were established for XG and
SG, respectively. Then, the defect regions were identified by
a trained observer based on the recognition of its anatomical
location. The grafted volumewas calculated at each time point
and for each identified defect region using a grayscale-based
automated segmentation process. The segmentation consisted

in performing grey-value thresholding followed by an
erosion-dilation filtering operation to remove segmentation
artefacts external to the grafted region bulk and, finally, run-
ning an algorithm to fill the holes on the segmented region to
eliminate possible pores inside the grafted region.

The grafted volumes of each defect at each time point were
calculated with the following equation [23]:

Vk ¼ ∑
n

i¼0
Ak;i � Δz k ¼ 0; 6; 12ð Þ ð1Þ

where Vk corresponds to the total grafted volume at each time
point (i.e. k = 0, 6, or 12weeks after surgery), Ak,i is the grafted
area calculated for one slice of the stack (i) at one time point
(k), and Δz represents the elemental increment in the z scan
direction (Fig. 2) determined by the CT configuration (i.e. 500
μm). The percent variation of the grafted volume (ΔV) after 6
or 12 weeks for the XG and SG was calculated using Eq. 2:

ΔV ¼ V f −V0

V0
� 100 %½ � ð2Þ

where V0 corresponds to the volume of the grafted region in
the initial CT scan (1 day after surgery, k = 0) and Vf

Fig. 2 Top: Reconstruction of the CT scan and grey values 3D
segmentation of the different three-wall bone defects. Bottom: Three
representative slices of the CT scan representing the segmentation of
the different bone substitutes
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corresponds to the volume of the grafted region at the final
time point (euthanised either at k = 6 or k = 12 weeks), calcu-
lated with Eq. 1. The segmentation and quantification process
was performed with the image analysis software BoneJ
(BoneJ, Fiji, ImageJ [24]) in a randomised blinded
configuration.

Four samples (corresponding to the conditions 6w-XG-
ULP, 6w-SG-LLP, 12w-SG-LRA, 12w-SG-LLA) were
dismissed as the grafted region could not be clearly identified.

Histological analysis

After explantation, four randomly selected samples per BG
group and regeneration time were chosen for micromorpho-
logical analysis. For this purpose, samples underwent the fol-
lowing process: First, the explanted samples were kept in a 4%
formaldehyde solution for 1 week. Then, the defect regions
were cut (diamond band saw, Exakt 300, EXAKT
Technologies, Norderstedt, Germany) parallel to the coronal
plane in 10 to 15 mm pieces. The samples were dehydrated by
immersion in increasing ethanol concentrations of 30, 70, 80,
90, and 100% in water. Then, ethanol was gradually replaced
by methyl methacrylate resin (Tecnovit 7200 VLC, Kulzer,
Hanau, Germany) in successive solutions of 30, 70, 80, 90,
and 100% in ethanol to ensure a complete infiltration. During
all the resin infiltration process, samples were kept in a dark
environment under vacuum. Samples were then polymerised
(Photopolymer isa t ion lamp, Exakt 520, EXAKT
Technologies, Norderstedt, Germany), and the resulting
blocks were cut in multiple 300 μm slices with the band saw
and polished down to 30–50 μm (Micro grinder, Exakt 400
CS & Exakt AW110, EXAKT Technologies, Norderstedt,
Germany). One slice per sample was stained using Masson–
Goldner trichrome staining. Stained samples were observed
using a bright-field optical microscope (AF7000, Leica,
Switzerland) with and without a polarising filter. Another slice
was coated with a thin carbon layer and observed in a scan-
ning electron microscope (SEM, JEOL JSM-6510, Tokyo,
Japan) with a backscattered electron detector (BSD).

Statistical analysis

The results of the volumetric CT quantification were proc-
essed through a statistical analysis software (Minitab 18.1,
Minitab Inc., PA, USA) focusing on obtaining a global per-
spective of the role of each of the recorded surgery factor in
the bone regeneration.

Firstly, all the data were checked for normal distributions
and equivalence of variances (i.e. homoscedasticity)
(Supplementary information: Least squares assumptions vali-
dation). Subsequently, an outlier test was run to remove pos-
sible outliers (Supplementary information: Outlier test). One
outlier was found (for the condition 12 weeks, XG) and

excluded from the statistical analysis. Then, a linear mixed-
effects model (LMM) was fit to further understand the influ-
ence of the different factors on the grafted volume preserva-
tion (i.e. observed response). Such model allowed to consider
both fixed and random effects [25]. The type of bone graft,
regeneration time, jaw type (i.e. mandible vs maxilla), and
anatomic site within each jaw (i.e. anterior or posterior) were
included in the LMM as fixed effects, whereas the animal was
included as a random effect (Table 1). Second- and third-order
interactions between factors were also included in the model.
The estimation method of this process followed the least-
squares criterion. The correlations between factors were con-
sidered in the model. Most of the factors presented a cross-
correlation due to the balanced design of the study and the
random assignation of the defect anatomic sites to the different
bone grafts. The exception was the unavoidable correlation
between each animal and the corresponding regeneration time
assigned. The nesting of these two factors was included in the
LMM. During the fitting process, first, the third-order interac-
tions with a p-value above the significance level (set to 5%)
were excluded from the model. Then, the same procedure was
repeated with the second-order interactions. Finally, the same
was carried out with the main factors (Supplementary infor-
mation: Linear mixed-effects model fitting).

Results

Computerised tomography

Qualitative CT evaluation

None of the grafts was lost during the healing period, and both
BGs presented a stable filling of the granules inside the de-
fects. It was also observed that the surgical procedure effec-
tively reduced the buccal bone plate by half and preserved the
lingual bone plate. The radiopacity of the SG was higher than
that of the XG, as shown in Fig. 3. In addition, no bone re-
generation was found in the empty defects, suggesting that
they were critical-sized, and for this reason, they are not in-
cluded in the following results.

Table 1 Factors included in the linear mixed-effects model and corre-
sponding levels and reference names

Factor Levels Ref.

Fixed factors Bone graft (BG) Synthetic graft/xenograft SG/XG

Regeneration time 6 weeks/12 weeks 6w/12w

Jaw Upper/lower U/L

Anatomic site Anterior/posterior A/P

Random factors Animal 1–8 1–8
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Quantitative CT results

The data were analysed using a linear mixed-effects model,
considering all the fixed effects (including their second- and
third-order interactions) and the random effects. The non-
statistically significant factors were successively removed un-
til fitting a model with only significant factors. The parameters
that were found to be significant were all the main factors,
except “Jaw” type. The results of the fitted linear mixed-
effects model are displayed in Table 2, and the main effects
plot is shown in Fig. 4.

Additionally, the results of the variation of grafted bone
volume are plotted as a function of the BG type and the re-
generation time (Fig. 5). After 6 weeks, bone preservation
percentages (mean value ± standard deviation) of − 30.81 ±
17.13% and − 10.82 ± 27.32% were observed for the XG and
the SG, respectively. After 12 weeks, these percentages in-
creased by approximately 16% being − 14.68 ± 29.17% and

5.72 ± 22.67% for the XG and the SG, respectively, which
overall demonstrates better volume preservation by the SG.

Qualitative histological evaluation

The histological evaluation (Fig. 6) revealed the biocompati-
bility of the two bone grafts. No signs of inflammation, de-
generation areas, nor bone necrosis was observed at any time
point. Moreover, an active process of new bone formation was
observed in both BGs, which showed osteoconductive prop-
erties and excellent osseointegration. This active new bone
formation was observed with approximately the same intensi-
ty after 6 and 12 weeks in both biomaterials. After 6 weeks,
most of the samples showed thin bone trabeculae with irreg-
ular alveolar bone crests and no corticalisation. At 12 weeks, a
higher number of samples presented thick bone trabeculae and
smooth alveolar crests.

Additionally, the histological slides were observed by lin-
early polarised light (LPL). LPL images allow identifying
birefringent materials, which display optical anisotropy. In
birefringent materials, the differences in light refraction result
in variations of brightness, whereas materials without this fea-
ture are seen as opaque. Collagen is easily identified through
LPL due to its birefringent properties [26]. In Fig. 6, several
regions with varying brightness corresponding to the oriented
collagen fibres were observed. Whilst in SGs one could notice
this phenomenon occurring only in newly formed bone, in
XGs the granules were also bright, which can be attributed
to its biological origin.

A closer observation of the histological slides of the SG at
12weeks revealed some resorption areas (indicated with black
arrows in Fig. 7a, b in the outline of the vascular spaces be-
tween the biomaterial granules. The altered morphology of
some of the granules contrasted with the original spheroidal
morphology (presented in Fig. 7c) and was ascribed to osteo-
clastic resorption of the material.

The SEM images of the samples (Fig. 8) evidenced for both
BGs an excellent osseointegration, with the newly formed
bone not only surrounding the grafts but in direct contact with
them. Additionally, lamellar bone was found around the
Haversian canals (asterisks) in all samples. No differences in
bone quantity and distribution were observed between 6 and
12 weeks nor between the BG type used (Fig. 8, Row a).
Mature bonewith Haversian structure was found in the grafted
regions in all BGs. Osteons were clearly visible, with the
Haversian canal surrounded by concentric bone lamellae and
an interconnected network of osteocyte lacunae (white ar-
rows) in the adjacent woven bone (Fig. 8, Row b).

Higher magnification images (Fig. 8, Row c) revealed the
differences in microstructure of the two BGs. With a lamellar
structure and the presence of some pores associated to osteo-
cyte lacunae, the XG showed the typical microstructure of
bone, due to its xenogenic origin. SGs, on the other hand,

Fig. 3 Coronal slice of a CT scan showing four premolar grafted defects

Table 2 Linear mixed-effect model fit: p-value indicating the signifi-
cance of each factor in the model. Determination of the positive-negative
effect on the response for each level of each factor (+/− effect).
Coefficient of each factor in the fitted regression equation. (The complete
process can be found in the Supplementary information: Linear mixed-
effects model fitting)

Factor p-value + Effect − Effect Coef.

Bone Graft (BG) 0.001 SG XG 11.83

Anatomic Site 0.028 A P 7.61

Regeneration Time 0.037 12w 6w 7.20

Constant 0.002 N/A N/A − 10.84
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had a more porous microstructure, which resulted from the
entangled network of calcium-deficient hydroxyapatite
nanocrystals obtained during the biomimetic fabrication pro-
cess [27, 28]. Moreover, it was observed that the new bone
surrounding the XG fragments was woven bone, whereas
more mature lamellar structures were seen in direct contact
with the SG granules.

Discussion

Volume stability is critical, not only to avoid the implant neck
or thread exposure but also to ensure treatment predictability
and long-term success of the tooth reconstruction [29]. This

study compares the performance, in terms of volume preser-
vation, of two different bone grafts in a three-wall alveolar
ridge defect in Landrace minipigs after 6 and 12 weeks. This
type of bone defect has been widely studied in the literature
[30, 31] and represents a more challenging situation compared
to four-wall defects [32], but without reaching the complexity
of vertical or horizontal bone augmentations.

The potential of biomimetic calcium phosphates for bone
augmentation applications was assessed in a previous study,
which evaluated the vertical bone formation of the same bone
grafts tested in the present work, on the calvaria of rats [21].
Faster bone regeneration was observed for the biomimetic SG
group compared to XGs. However, the relevance of that indi-
cation for clinical research is limited [33]. Therefore, in the

Fig. 4 Individual experimental
observations (white dots) of the
percent variation of the grafted
volume (ΔV) grouped by the
different significant factors
according to the linear mixed-
effects model (i.e. BG type, re-
generation time, and anatomic
site). Boxplot indicating the me-
dian and quartiles of the observed
population distribution.
Overlayed main effects plot (solid
squares and trendlines) illustrat-
ing the mean responses for each
level of the factors fitted in the
model (Table 2). Constant coeffi-
cient represented in a horizontal
dashed line

Fig. 5 Percent variation of the
grafted volume (ΔV) for the
different BG types (SG and XG)
after 6 and 12 weeks of
regeneration. Boxplots
superimposed to scatterplots with
white points representing the
analysed data and red points
representing the outliers.
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present study, the material was tested in a large animal model,
in an indication that is more similar to the clinical situation. In
fact, minipigs are considered to be an animal model much
closer to humans, not only in terms of the anatomy and com-
position of bone tissue but also in terms of the bone regener-
ation and remodelling process [34].

The primary outcome of the study, 3D-volume preserva-
tion by CT analysis, was defined to match the current follow-
up technique of bone grafting procedures in the dental offices,
with the goal of resembling the clinical setup. It is common in
preclinical and clinical studies in the dental field to use radio-
logical data as the main outcome [12, 13, 35, 36].

A linear mixed-effects model data analysis allowed identi-
fying the effect of each parameter on the preservation of the
grafted bone volume as well as the existence of possible in-
teractions between them. Randomisation and a high number
of replicates allowed this approach. Interestingly, the type of

bone graft used resulted to be the most influential parameter,
followed by the anatomic site and the regeneration time,
which had a similar influence. By contrast, the placement of
the defect in either the mandible or the maxilla was not found
to have a significant effect. The levels of each factor in the
mixed-effects model that resulted in higher bone preservation
were synthetic grafts, longer regeneration times (i.e. 12
weeks), and anterior positions. Regarding the effect of bone
graft in the volume preservation, the SG presented a limited
volume loss of around 11% on average at 6 weeks and a
volume gain of 6% at 12 weeks, whereas the xenograft lost
between 31 and 15% of the initial grafted volume at 6 and 12
weeks, respectively (Fig. 5). These findings regarding the XG
are in agreement with previous studies [12, 13, 37, 38] and
may be attributed to the packing of the xenograft flakes, as
schematised in Fig. 9, rather than to a resorption process,
which is known to be very limited for this bone substitute

Fig. 6 Histological views
showing the grafted regions with
XG (a) and SG (b) after 12 weeks
of regeneration stained with
Masson–Goldner trichrome tech-
nique. Top: Bright field light mi-
croscopy where the newly formed
bone appears in blue, the XG in
grey, and the SG in brown.
Bottom: Bright field polarised
light microscopy images (with
overlaid original image at 75% of
transparency) of the same region
evidencing the collagen orienta-
tion in the forming bone. Scale
bars represent 500 μm

Fig. 7 a, b Histological section
stained with Masson’s trichrome
showing a defect grafted with SG
at 12 weeks post-surgery. Arrows
indicate the regions where the
rounded morphology of the BG
has been altered by the
osteoclastic resorption. c Optical
microscopy image showing the
morphology of the SG granules
before surgery
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[39]. This packing process may only occur soon after surgery,
when the biomaterial is not osseointegrated, and explains why
Younes et al. observed a reduction in the grafted volume only
during the first 3 months, remaining stable thereafter (up to 2
years) [38]. Moreover, the fact that the regeneration time was

also statistically significant and had a positive influence on the
regenerated bone volume can be attributed to the natural bone
remodelling process occurring in the bone defects. Finally, the
mixed-effects model revealed also a significant effect of the
anatomic site, with better volume preservation on anterior
positions. Although it is not clear that the results can be ex-
trapolated across species, this finding is in agreement with
previous studies in dental research reporting a higher turnover
rate in anterior alveolar bone, associated to the higher ratio of
trabecular bone [40].

The histological observations proved that both bioma-
terials had excellent osteointegrative properties and bio-
compatibility, since a direct bone ingrowth on the par-
ticles was observed without any graft encapsulation. The
Haversian bone structure observed in the samples indi-
cated a mature stage of bone remodelling with stress-
oriented tissue, thus denoting a mechanically stable ar-
chitecture [41]. The presence of these structures through
the whole sample at the shortest time point (6 weeks)
supported the high osteoconductivity on both BG types.
Additionally, the biomimetic synthetic grafts presented
newly formed bone in a more mature stage than the

Fig. 8 SEM images of grafted regions after 6 and 12 weeks of surgery.
Row a: Lower magnification micrographs showing the good integration
between the bone graft (BG) and newly formed bone (NB). Row b:
Higher magnification images allow identifying the Haversian canals
(asterisks) and osteocyte lacunae (arrows) indicating the presence of
osteons and of a mature bone structure in both BGs. Row c: A closer
look into the BGs reveals the different microstructures. On the XG one

can observe osteocyte lacunae (triangles) and mineralisation bands (star)
of the original bovine bone constituting the biomaterial, in a lighter shade
than the newly formed woven bone (WB) surrounding it. In the SG, it is
possible to distinguish the calcium-deficient hydroxyapatite (CDHA)
nano-crystal network typical of biomimetic calcium phosphates,
surrounded by a new bone deposit with a lamellar structure (LB)

Fig. 9 Schema representing the packing effect of different granules
morphologies after vibrations and micromovements
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xenografts in the regions surrounding the biomaterial,
suggesting a faster remodelling process.

As far as degradation is concerned, biomimetic synthetic
bone grafts with very similar compositions and microstruc-
tures to the SG analysed in the current study have been shown
to sustain cell-mediated degradation [42, 43], as demonstrated
by the observation of the typical Howship’s lacunae and cut-
ting cones in close contact with the materials. In the same vein,
Mai et al. observed, in a miniature swine mandible model
grafted with an apatitic bone cement, that the biomaterial
underwent a process of resorption that occurred simultaneous-
ly to bone formation [44]. This is consistent with the observa-
tion of concave morphologies in the SGs in the present study
(Fig. 7), compatible with osteoclastic resorption. However,
this did not lead to a volume shrinkage at 12 weeks, but rather
the opposite, which suggests that the SG resorption was in-
corporated in the physiological remodelling process of natural
bone. This hypothesis is further supported by the mature la-
mellar structures found in direct contact with the SG (Fig. 8,
Row c), in contrast to the woven bone surrounding the XG
(Fig. 8, Row c).

Regarding the biodegradation of the XG, this is in fact a
controversial topic in the literature. Numerous clinical studies
report proper osseointegration and bone regeneration but a
slow or inexistent degradability. Skoglund et al. performed
alveolar ridge augmentation procedures and observed non-
resorbed particles after 44 months, showing doubts as to
whether the material should be considered resorbable [45].
Similar observations were done by Duda et al. after a 30-
month study [46]. In a longer-term study, Schlegel et al. de-
scribed the absence of clinical or histological signs of granule
resorption after 6 years [47], nor was the degradation of the
XG observed in other studies combining the XG with autolo-
gous bone (80/20 mixture). For instance, Hallman et al. did
not find signs of resorption after 6 months in maxillary sinus
floor augmentation [48], and Mordenfeld et al. concluded,
through histomorphometric measurements, that no significant
changes in the particle size were observed after 11 years in
maxillary sinus augmentation procedures [39]. However, oth-
er studies have reported cell-mediated degradation for this
same material [49–52]. The discrepancies in the results could
be attributed to different factors, such as the grafting site or the
local mechanical environment. In this respect, Araújo et al.
tested an orthodontic procedure to move a tooth into a XG-
grafted region in a canine model, concluding that there was a
tension-dependent resorption of the material. Whilst in the
unloaded regions the graft remained unaltered, in the regions
adjacent to the tooth subjected to mechanical stress the osteo-
clastic resorption of the granules was accentuated [53]. In the
present study, the histological assessment provided no evi-
dence of XG resorption. This contrasts with a previous work
that used the same animal model and defect location, where
cell-mediated resorption was identified in the histological

studies of the same XG [54]. An important point to consider
is that the size of the defect was considerably larger (30 × 15 ×
13 mm3) than the one used in the present study. As the defect
size undoubtedly influences the biomechanical stimuli that the
graft receives, this could be the cause of the discrepancies
between the two studies.

Determining more in depth the role of each bone
graft in the bone regeneration process would require
additional characterisation techniques [55], which are
beyond the scope of this study. For instance, performing
immunohistochemical staining of some selected
decalcified samples would allow to better assess the
osteoclastic activity around the BG granules and better
understand the resorption process in both conditions.
Additionally, by real-time polymerase chain reaction
(qPCR) the gene expression of key genes for bone re-
generation (e.g. type I collagen, ALP, osteonectin,
osteocalcin, BMP-2, and osteopontin) could be quantita-
tively assessed and compared between the two BGs.

One last aspect to consider, regarding the scope and
limitations of this study, is that we opted to perform
standardised defects in order to guarantee a more com-
parable scenario and reduce as much as possible the
variabi l i ty associated with defect morphology.
However, this is achieved at the expense of renouncing
to use a chronified model, which would be more repre-
sentative of the common clinical situation. Moreover, it
would be interesting to address the mechanical stability
of the grafted region and the interaction with dental
implants, which are important aspects of the bone graft
performance that should be considered in future studies.

In summary, the efficacy of two commercially available
bone grafts was assessed in a preclinical study, mimicking
the clinical setup of a three-wall defect in the alveolar crest.
The two BGs analysed showed excellent osteoconduction,
guiding the formation of new bone in the defect.
Additionally, the results obtained from the three-dimensional
CT scan analysis revealed that volume preservation was better
achieved with the biomimetic synthetic graft, suggesting that
the morphology of the granules plays an important role in this
respect.
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