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Abstract

Aim: To compare the effectiveness of two xenografts for maxillary sinus floor aug-
mentation in terms of clinical, radiographical, histologic, and molecular outcomes.
Materials and methods: A split-mouth randomized clinical trial was conducted at the
University of Granada. Ten consecutive patients in need of bilateral two-staged maxil-
lary sinus floor augmentation were included. Each patient received both biomaterials
(porcine bone mineral and anorganic bovine bone), which were randomly assigned
for bilateral sinus augmentation. The maxillary autogenous bone scraped from the
sinus access window was mixed with each xenograft at a 20:80 ratio. After a healing
period of 6 months, bone biopsies were collected with a trephine during the implant
placement in the regenerated area. Histologic, histomorphometrical, immunohisto-
chemical, and molecular outcomes were analyzed. Clinical and radiographical data
throughout the treatment phases were also evaluated.

Results: The resulting anatomic features were similar between both groups. After six
months of graft consolidation, the graft resorption rates were similar between both
biomaterials. The histologic, histomorphometrical, and immunohistochemical results
showed no statistical differences between groups.

Conclusion: Anorganic bovine bone and porcine bone mineral combined with maxil-
lary autogenous cortical bone show similar biologic and radiologic features in terms of
biomaterial resorption, osteoconduction, and osteogenesis when used for maxillary

sinus floor augmentation.

KEYWORDS
anorganic bovine bone, bone biomaterial, implant dentistry, maxillary sinus augmentation,
porcine bone mineral
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1 | INTRODUCTION

For surgery, autogenous bone is considered the gold standard for
bone regeneration. Autogenous bone is unique due to its osteo-
genic, osteoconductive, and osteoinductive properties. However,
it has disadvantages including high resorption rate, associated mor-
bidity, and the need for second donor sites. This drives researchers
to search for bone substitutes that overcome these problems. In
this context, xenografts are among the most relevant candidates.
In fact, a specific commercial xenograft derived from bovine bone,
Bio-Oss® (Geistlich Pharma AG, Wolhusen, Switzerland) (ABB),
is the most studied and scientifically documented biomaterial for
bone regeneration currently available. Therefore, it is frequently
compared to potential alternatives (Galindo-Moreno et al., 2018,
2020).

Hundreds of in vitro, in vivo preclinical and clinical studies en-
dorse the usage of ABB (Lundgren et al., 2017). A wide variety of
methods have been applied to validate the use of ABB in humans,
mainly morphological techniques. Immunohistochemical analyses
have also detected important properties of ABB due to its wettabil-
ity. For example, our group has demonstrated that proteins such as
osteopontin (Galindo-Moreno et al., 2015), and BMP-4 (Torrecillas-
Martinez et al., 2016) are adsorbed by ABB during the osteogen-
esis process. Moreover, this biomaterial is highly osteoconductive,
enabling cells to attach to its surface, both for bone apposition and
reabsorption (Galindo-Moreno et al., 2013) as well as cellular and
vascular colonization (Galindo-Moreno et al., 2010, 2014). ABB is
also able to maintain the space and structural stability during long
periods of time precisely because of its slow resorption rate and sim-
ilar compression and elastic modulus to the trabecular native bone
(Nomura et al., 2005).

Unlike the aforementioned ABB commercial product and simi-
lar xenografts, reports about the biologic and biomechanical prop-
erties of porcine-derived xenografts are much less abundant. Their
use in humans is even scarcer. One such recently marketed prod-
uct is Symbios® Xenograft granules (Dentsply Sirona Implants,
MélIndal, Sweden). There are previous studies on porcine-derived
bone for sinus augmentation (Cassetta et al., 2015; Lee et al., 2017,
Orsini et al., 2006; Scarano et al., 2011). However, it is known that
the differences in manufacturing processes of biomaterials can
lead to different biologic responses (Monje et al., 2017). This is due
to possible modifications in the physicochemical characteristics
of the biomaterial's surface. Marketing and commercial informa-
tion about Symbios® Xenograft granules assure that it supports
vascularization, allows bone ingrowth, offers more spaces for
bone apposition, facilitates cell adhesion, and aids remodeling
of the healing bone, offering a statistically significant higher vol-
ume fill capacity than Bio-Oss® in animal models (Li et al., 2014).
Regardless, some studies have highlighted that apart from minor
differences, the physicochemical properties of porcine-derived
bone are quite similar to those of anorganic bovine bone (Lee

et al., 2017). However, to our knowledge, no clinical studies on any

biologic aspects in response to the usage of Symbios® Xenograft
granules have been published.

The aim of the current study was to compare two bone xeno-
grafts for maxillary sinus floor augmentation in terms of clinical and
radiographical success, as well as histologic structure and molecular
activity. The initial hypothesis was that both materials (anorganic
bovine bone and porcine bone mineral) are equally useful for sinus
floor augmentation in terms of clinical and radiographical variables
and that both offer adequate histologic outcomes according to the

molecular processes taking place.

2 | MATERIAL AND METHODS

2.1 | Study design and primary locations

To answer our main objective, a randomized clinical trial with a split-
mouth design was conducted following the recommendations by
the CONSORT guidelines. The protocol was reviewed and approved
by the Ethics Committee for Human Research of the University
of Granada, Spain (480/CEIH/2018). In addition, the protocol was
registered in clinicaltrials.gov (number NCT03797963). All patients
signed an informed consent describing the aims and procedures re-
lated to the study.

2.2 | Settings and locations

The clinical aspects of the study were conducted at the Research
Clinics of the School of Dentistry, University of Granada.
Examinations of the biopsies and molecular analyses were per-
formed at the Department of Pathology (School of Medicine,
University of Granada) and the Laboratory of Oral Health and
Regeneration (Center for Biomedical Research, University of
Granada), respectively.

2.3 | Participants

As inclusion criteria for the study, patients who were referred to
receive implants in the maxillary posterior area were screened for
inclusion in the study. Patients were finally included if they were
also in need of two stages bilateral sinus floor augmentations. This
was determined to be the case if the patient had <5mm of residual
bone height and either full maxillary edentulism or if the edentulism
was classified as Kennedy class | to be restored with dental implants.
Exclusion criteria, that none of the patients who met the initial re-
quirements presented, were refusal to participate, prior medical
condition causing complications in bone metabolism (such as bis-
phosphonate), or heavy smoking (more than 10 cigarettes per day).
History of periodontal disease as the cause for tooth extraction was

not considered as an exclusion criteria.
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2.4 | Interventions

The surgical protocol, both for the augmentation of the sinus floor
and for implant placement, followed the same procedures used by
our group in a number of similar studies (Galindo-Moreno et al.,
2020). In brief, a bone scraper (Safescraper®, Meta, Reggio Emilia,
Italy) was used to collect the bone covering the sinus in its lateral as-
pect. The autologous cortical bone (ACB) was set aside to be mixed
with the graft to be placed in the sinus cavity. Once the Schneiderian
membrane was exposed, it was carefully elevated with the appropri-
ate curettes. One of the sinuses was grafted with the ACB previously
collected and mixed in an approximately 20:80 volume ratio with
the anorganic bovine bone (ABB) xenograft (Bio-Oss® Spongiosa,
250 to 1000 um particle size, Geistlich Pharma AG, Wolhusen,
Switzerland) (ACB+ABB group). The contralateral side was grafted
with a mix composed of ACB and porcine bovine mineral xeno-
graft (Symbios® Xenograft granules 0.25-1.0 mm, Dentsply Sirona
Implants, Mélndal, Sweden), also in an approximately 20:80 volume
ratio (ACB+PBM group). The ratio in both mixes was based on pre-
vious studies (Galindo-Moreno et al., 2011; Hallman et al., 2001,
2002, 2005). In each patient, similar volumes of graft were used in
both sinuses. Immediately after placing the graft, a resorbable mem-
brane (Symbios® Collagen Membrane SR, Dentsply Sirona Implants)
was used to cover the sinus window. Finally, the area was sutured
with 3/0 surgical silk (Laboratorio Aragd, Barcelona, Spain). Post-
operative care for each patient included antibiotics (amoxicillin 1 g
every 8 h during 7 days) and pain killers (ibuprofen 600 mg every 8 h
during 4 days and metamizole 575 mg every 8 h on demand). Sutures
were removed after 7 days.

Six months later, dental implants were placed. To drill the im-
plant bed, before using the implant system drills (AstraTech Implant
System EV, Dentsply Sirona Implants), 3.5 x 22 mm trephines
(Salvin Dental Specialties, Inc., Charlotte, NC, USA) were used to
collect bone biopsies. The biopsies, one for each technique, were
immediately immersed in either a 10% formalin solution for histo-
logic, histomorphometric, and immunohistochemical evaluations or
Trizol™ for messenger RNA (mRNA) analyses. When possible, a third
biopsy was obtained and preserved in 2.5% glutaraldehyde solution
for transmission electron microscopy (TEM).

All maxillary sinus floor augmentation surgeries and implant
placements were conducted by the same surgeon (P.G.-M.).

2.5 | Outcomes measures

The primary outcome measure of the current study was radio-
graphic bone height gained 6 months after the maxillary sinus
floor augmentation procedure. To achieve this, CBCTs from the
area before the maxillary sinus floor augmentation procedure,
immediately after and 6 months later were obtained. Although
the protocol originally registered at clinicaltrials.gov intended
to remeasure the CBCTs at 12 and 18 months after the grafting
procedures, the COVID-19 pandemic interrupted most of those

follow-ups. Thus, they were not registered for the purpose of the

study.

2.51 | Clinical data

The following clinical data were recorded: age, gender, systemic
diseases, medications, tobacco, and alcohol consumption, history of
periodontal disease, type of edentulism (total or partial), three meas-
ures of the height of each surgical window along with the anteropos-
terior width, and the volume of the grafted material.

2.5.2 | Radiographic analysis
In order to evaluate the primary outcome measure of the study,
the height of the residual alveolar crest (RAC), and the final height
6 months after grafting (FH) were analyzed with the DICOM files
handling software package (Romexis, Planmeca, v.5.2.1. Hoffman
Estates, IL, USA). The height gain (HG) was calculated by subtract-
ing RAC from FH. In addition, the initial height of the graft (IHG)
was measured immediately after grafting. Finally, by subtracting
HG from IHG, the vertical resorption of the graft was also calcu-
lated. All these measurements were taken in 3 positions along the
mesio-distal extension of the grafted area using anatomic landmarks
as references. For the volumetric bone assessment, first, the grey-
scale value and the region of interest in 2D sagittal sections were
standardized between both datasets. Then, manual segmentation
was used to define the volume of interest (VOI) (grafted area) using
reproducible landmarks (Saito et al., 2021) (Figure S1).

Additionally, the buccolingual width of the sinus at 5, 10, and
15 mm from the sinus floor was also evaluated in the center of the
grafted area.

These measurements were taken by an experienced surgeon
(M.P.-M.) assisted by a collaborator.

2.5.3 | Histopathological analysis
Conventional morphology was evaluated following methods simi-
lar to others previously published by our group (Galindo-Moreno
et al., 2020). To summarize, the biopsies were transferred to 70%
ethanol 48 h after collection from the 10% formalin buffered solu-
tion where they were fixed. When all the samples were collected,
they were simultaneously processed. They were decalcified (24 h
at 37°C in Decalcifier I® [Surgipath Europe Ltd., Peterborough,
United Kingdom]), dehydrated in ethanol, embedded in paraf-
fin, sectioned, and collected in glass slides. Immediately before
each staining, the sections were deparaffinized in xylol and re-
hydrated. Hematoxylin-eosin and Masson's trichrome stains were
performed.

In order to study the sections, they were viewed under a BX42
light microscope (Olympus Optical Company, Ltd., Tokyo, Japan)
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with 40x objective. The number of relevant cells per mm? were

quantified. The quantity of mineralized and non-mineralized tissue,
remnant particles of biomaterial, and inflammatory infiltrate were
first assessed on a semiquantitative scale (0-3). In addition, images
were captured of the stained sections following Masson's trichrome
method using a CD70 camera (Olympus Optical Company, Ltd.). The
areas and percentages of mineralized and non-mineralized tissue, as
well as the remaining particles of the graft, were semi-automatically
quantified on 10x images using the Imagel) software from the
National Institutes of Health (http://imagej.nih.gov/ij/). The areas
of interest were established through the polyline function of the
program. The results were expressed as percentages of mineralized
bone, non-mineralized tissue, and remaining biomaterial in pristine
bone and graft areas normalized according to the total area of the
biopsy. An experienced researcher conducted these evaluations
(N.M.-M.).

2.54 | Immunohistochemical analysis

A group of sections was stained using immunohistochemical tech-
niques in order to visualize the expression, location, and number
of positive cells per mm? for CD44 (osteocytes), CD56 (osteo-
blasts), TRAP (osteoclasts), Musashi-1 (mesenchymal stromal
cells), CD45 (all leukocytes), CD68 (monocytes/macrophages) and
CD34 (endothelial cells around vessels). Additionally, osteopon-
tin was detected as a marker of osteoconduction. Briefly, after
deparaffinizing and rehydrating the slides, they were treated in a
pre-treatment thermal PT module (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) with a 1mM EDTA buffer (pH 8) for 20 min at
95°C. Then, primary antibodies were applied at a pre-determined
concentration for 1 h at room temperature. The staining was
then visualized in an automatic immunostainer (Autostainer480S,
Thermo Fisher Scientific Inc.) using a peroxidase-conjugated mi-
cropolymer and diaminobenzidine. All antibodies were purchased
from Vitro-Master Diagndstica (Granada, Spain) and used follow-

ing the manufacturer instructions.

255 |
(TEM)

Transmission electron microscopy analysis

For TEM evaluation, the graft biopsies were fixed in 2.5% glutaral-
dehyde solution followed by a decalcification process as described
above and later post-fixed in 1% OsO4 at 4°C for 2 h before wash-
ing and dehydrating in acetone. Then, the biopsies were embed-
ded in EPON and semithin sections were obtained. These sections
were stained with a toluidine blue solution before ultrathin sec-
tions were obtained (~70 nm-thick) from a Reichert Jung Ultracut
ultramicrotome (Leica, Wetzlar, Germany). The ultrathin sections
were then stained again with lead citrate and uranyl acetate and
analyzed in a Zeiss Libra 120 TEM (Carl Zeiss AG, Oberkochen,
Germany).

2.5.6 | mRNA analysis

The mRNA of the biopsies kept in Trizol™ reagent at -80°C. In
order to process the samples, they were first homogenized in a tis-
sue blender. Then, total RNA was extracted following the conven-
tional protocol provided by the manufacturer (Trizol™ Plus RNA
Purification kit, Invitrogen, Grand Island, NY) and quantified in a
Nanodrop instrument. Thirty ul of cDNA with 1 pg of RNA were
generated with the PrimeScript RT Master Mix (Takara Bio Europe,
Saint-Germain-en-Laye, France) and a conventional cycle. A quan-
titative real-time PCR was done with the SYBR Premix Ex Taq Il
(Takara Bio Inc.) and 2 ul of each sample per replicate (total of 2
replicates per sample). The primers for RT-PCR of each gene have
been published previously (Galindo-Moreno et al., 2020). Finally, the
2799 method was used to calculate the gene expression levels rela-
tive to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). As a
control, data were normalized to the expression of each gene in the
ACB+ABB side within each patient. A co-author with extensive ex-

perience in the field evaluated these data (F.Z.).

2.6 | Sample size

A power calculation based on the primary outcome (difference in
final bone height 6 months after using either bovine or porcine-
derived bone graft) was conducted using data from a similar study by
Lee, Shin, et al. (2017) and the G*Power 3.1.9 software for MacOS.
They found a final bone height of 15.02 (2.17) and 13.26 (1.89) for
bovine and porcine grafts, respectively. Thus, an effect size of 0.637
was calculated. Then, setting the a error probability at .05, and
power (1-p error probability) at 0.80, indicated that a sample size
of 18 was needed. Accordingly, a sample of 10 patients for a total
of 20 grafted sinuses (10 with each biomaterial) was used in the cur-
rent study. Furthermore, this sample size is common in split-mouth
designs of maxillary sinus floor augmentation.

2.7 | Randomization

For each patient, the first sinus to be treated and the material to
be used were randomized using a randomization website (http://
www.randomization.com). The treatment sequence was gener-
ated and kept concealed by a clinic assistant not participating in
the study.

2.8 | Blinding

The surgeon had no knowledge of the graft sequence until apply-
ing the biomaterial. The other researchers involved in evaluating the
samples and radiographs and the patients were blind to the graft

assignment.
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2.9 | Statistical analysis

GraphPad Prism 7.0a and Microsoft Excel 16.16.27 for Mac OS X
were used for the analyses and graphical representation. Categorical
data are presented as percentages (frequency). Continuous vari-
ables are presented as mean (standard deviation). A non-parametric
Wilcoxon matched-pairs signed-rank test was used to evaluate dif-
ferences between groups. Values of p below 0.05 were considered

statistically significant.

3 | RESULTS

3.1 | Clinical variables

The current study, conducted between January 2019 and March
2021, included a total of 10 patients, five men and five women. The
average age of the patients was 56 years, the youngest and oldest
being 36 and 73, respectively. Seven patients had partial edentulism
as their natural anterior teeth were present. Most of them had suf-
fered from severe (6) or moderate (3) periodontitis. No major sys-
temic diseases were present in any of the patients. Regarding alcohol
and tobacco consumption, six patients did not consume alcohol or
tobacco. In terms of distribution of graft type, ACB+PBM was used

(a) Initial vs. Final Crestal bone height
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(b) Vertical Graft Resorption
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in six right sinuses. The sizes of the windows to access the sinus cav-
ity were not different between groups either, neither in height nor
width, as shown in Table S1.

Healing was uneventful in all cases with no adverse events.

3.2 | Radiologic results
All radiographic measurements are summarized in Figure 1 and Table
S1.

No differences in terms of radiographic outcomes were detected
when comparing both graft types, neither for the main outcome
measure nor any other (Table S1). The average residual alveolar crest
was below 5 mm on average in all measure locations, particularly
lower in the center, as expected. Also as expected, the graft was
higher in the center, reaching measures of around 15 mm immedi-
ately after the grafting procedure. Because of this, the final height
and height gain were also higher in the center although the maximum
resorption of the graft also occurred in this position. No differences
were detected between biomaterials, neither in terms of initial or
final graft volume measurements nor in terms of level of resorption.

The size of the sinus cavity in terms of bucco-lingual distance
was not different between groups at any of the 3 different heights
measured.

(c) Crestal Bone Height Gain
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FIGURE 1 (a)Initial (semi-transparent lines), post-operative (dotted lines), and final (hard lines) heights of the crestal bone at the mesial,
central, and distal sites of the graft. (b) Vertical graft resorption of the graft for either group. Note that this measure was calculated by
subtracting the height at the 6 months follow-up to the post-operative height. (c) Crestal bone height gain, calculated by subtracting the
height of the initial residual alveolar crest to the final height. (d) Bucco-lingual sinus width at 5, 10, and 15 mm from the sinus floor. (e) Post-
operative (semi-transparent colors), and final (solid colors) volumes of the areas grafted with ACB+ABB (orange) and ACB+PBM (green). (f)
Volume of graft resorption after 6 months of healing. In all cases, orange is used for ACB+ABB, and green is used for ACB+PBM
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3.3 | mRNAresults

The expression of the different genes studied at the mRNA level
was, overall, higher in the ACB+PBM group. However, the statis-
tical comparison did not show any significant differences between
groups for any of the genes except for ALP (1.00 (0.19) vs. 2.13
(1.60), ACB+ABB vs. ACB+PBM, respectively; p = .011, Wilcoxon
matched-pairs signed-rank test) (Figure S2 and Table S2).

3.4 | Histopathological results

The percentages of trabecular mineralized and non-mineralized
tissue as well as the remnant biomaterial detected on the biop-
sies from each group are presented in Table 1. Both pristine and
grafted areas show similar characteristics in the two groups with
no statistically significant differences for any of the tissue com-
partments (Figure 2). New trabecular bone formation in apposition
to the particles of both biomaterials was observed in the grafted
areas of the biopsies (Figures 3 and 4). The non-mineralized tis-
sue presented a similar proportion of mesenchymal stromal cells
and inflammatory infiltrate in biopsies from both biomaterials
(Table 2). The number of osteoid lines were statistically higher in
areas grafted with ACB+ABB compared to the pristine bone of
those biopsies (1.56 (2.01) in pristine bone vs. 5.89 (4.54) in the
ACB+ABB grafted area; p = .031, Wilcoxon matched-pairs signed-
rank test) (Table S3). In addition, the areas grafted with ACB+ABB
showed more osteoid lines than those grafted with ACB+PBM
(5.89 (4.54) vs. 2.50 (2.62), respectively; p=0.031, Wilcoxon
matched-pairs signed-rank test) (Table 2). If the total bone core
is considered, no differences between ACB+ABB and ACB+PBM
were found for any of the variables, except for the osteoid lines,
that were higher in the ACB+ABB group.

3.5 | Immunohistochemical results

The comparisons and number of cells per square millimeter and the
different leukocyte subsets detected by immunohistochemistry
are shown in Table 2, Table S3 and Figure 5. Comparing the pris-
tine bone to the grafted areas (Table S3), a higher number of mes-
enchymal stromal cells (MSI1 positive) were observed in the areas
grafted with ACB+PBM: 56.92 (84.08) vs. 163.86 (140.32); pristine
vs. grafted areas; p = .008, Wilcoxon matched-pairs signed-rank
test. More monocytes/macrophages (CD68 positive) were also de-
tected in grafted areas of the same group (ACB+PBM): 40.32 (44.23)
vs. 179.93 (99.67); pristine vs. grafted areas; p = .031, Wilcoxon
matched-pairs signed-rank test.

The number of osteocytes (CD44 positive), leukocytes (CD45
positive) and vessels (endothelial cells, CD34 positive) were statis-
tically significant more abundant in areas grafted with ACB+ABB
compared to those grafted with ACB+PBM (Table 2): CD44: 151.27
(47.20) vs. 113.87 (41.70), ACB+ABB vs. ACB+PBM, p = .031,

Wilcoxon matched-pairs signed-rank test; CD45: 96.77 (103.44)
vs. 27.02 (44.46), ACB+ABB vs. ACB+PBM, p = .047, Wilcoxon
matched-pairs signed-rank test; CD34: 44.24 (24.54) vs. 23.30
(20.19), ACB+ABB vs. ACB+PBM, p = 0.031, Wilcoxon matched-
pairs signed-rank test.

No statistically significant differences were observed in the

number of any other cell type nor location.

3.6 | TEMresults

A firm union between newly formed trabeculae and biomaterial par-
ticles could be observed around both ABB and PBM biomaterials.
The presence of cell colonization in the pores of the biomaterial and

neo-colonization of old osteons was also detected (Figure 4).

4 | DISCUSSION

The aim of the present study was to validate the clinical, radiologic,
histomorphometric, immunohistochemical, and molecular behavior
of a porcine-derived bone biomaterial in comparison with anorganic
bovine bone used as bone graft biomaterial in humans. To our knowl-
edge, this is the first clinical study offering the complete dataset on
Symbios® Xenograft granules. The main finding of this study is that
there are no major differences between the two biomaterials under
study for any of the variables evaluated. From a clinical viewpoint,
radiographic outcomes are likely the most important for implant
placement after the augmentation of the maxillary sinus floor. That
is the reason they were used as primary outcomes in the current
study. However, the evaluation of the biologic basis for those results
is necessary to understand the precise biologic events induced by
biomaterials.

It is important to note that both anatomic variables of the maxil-
lary sinuses (Avila et al., 2010) as well as the size of the lateral access
window play an important role in the histologic maturation of the
grafted area (Avila-Ortiz, Wang, et al., 2012). Because of that, these
anatomic and surgical parameters have to be controlled in order to
analyze their influence on the final results. If different amounts of
materials are used because of the clinical needs, different results
could be obtained. However, because this would be determined only
by the clinical needs, the amount of material and sinus dimensions
have to be evaluated for research purposes. In the current investiga-
tion, the bucco-lingual dimensions of the maxillary sinus at three dif-
ferent heights from the sinus floor (5, 10 and 15 mm) and the size of
the surgical window were not statistically different between groups
(Figure 1 and Table S1). Moreover, the histomorphometric analysis of
the remnant alveolar crestal bone also showed the similarity of both
groups (Table 1). In any case, the remnant alveolar crestal bone has
been shown to have limited influence on the final maturation of graft
(Avila-Ortiz, Neiva, et al., 2012). These results are, overall, similar to
those presented in the literature using the same types of biomateri-
als (Lee, Shin, et al., 2017).
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TABLE 1 Percentual area of the

(T different tissue compartments

Tissue compartment ACB+ABB ACB+PBM p-value?
Pristine bone

Mineralized tissue (%) 47.85(18.41) 48.56 (16.72) .945

Non-mineralized tissue (%) 52.15 (18.40) 51.44 (16.72) 945
Grafted area

Mineralized tissue (%) 29.24 (10.82) 32.51 (14.76) .570

Non-mineralized tissue (%) 39.76 (16.10) 36.28 (13.43) .652

Remnant biomaterial (%) 31.00(17.29) 31.21 (19.61) >.999

Note: Data expressed as mean (SD).

Abbreviations: ABB, anorganic bovine bone; ACB, autogenous cortical bone; PBM, porcine bone

mineral.
#Wilcoxon matched-pairs signed-rank test.

Pristine Bone

FIGURE 2 Representative panoramic

Grafted Area

microphotograph of biopsies from the (a)
ACB+PBM and the (b) ACB+ABB groups
including pristine bone and grafted areas.
Masson trichrome staining. Bar scale:
100 pm

The histomorphometrical analysis of the ACB+PBM group
showed a mean area of new mineralized tissue of 32.51 (14.76) %,
non-mineralized tissue of 36.28 (13.43) % and remnant biomaterial
of 31.21 (19.61) %. Overall, these results are similar to those pre-
viously reported with other porcine-derived biomaterials. In this
sense, a similar comparative study with a sample size of eight using
The Graft™ (Purgo Biologics, Seoul, Korea) reported 29.77 + 9.38%
of new mineralized tissue, 54.99 + 12.00% of non-mineralized tissue
and 15.24 + 9.11% of remnant biomaterial particles after six months
of healing (Lee, Shin, et al., 2017). Also, Cassetta and coworkers,

FIGURE 3 Grafted area with

active osteogenesis as determined by
the presence of osteoblastic (*) and
osteoid lines (**) in (a) ACB+ABB and (b)
ACB+PBM groups. Masson trichrome
staining. Original magnification 20x; bar
scale: 100 um. ABB, anorganic bovine
bone; MT, mineralized tissue; nMT, non-
mineralized tissue; PBM, porcine bone
mineral

using a de-antigenated collagenated porcine substitute (OsteoBiol,
Gen-Os, Tecnoss, Giaveno, ltaly), reported 21.6 + 3.4% of newly
mineralized tissue, 56.1 + 3.2% of marrow spaces and 22.3 + 3.5%
of remnant biomaterial. Their study included only two patients that
were evaluated after two months of graft maturation (Cassetta et al.,
2015). In a previous manuscript, Scarano and coworkers, using a cor-
tical porcine bone, Apatos® (Tecnoss, Turin, Italy), reported newly
formed bone area of 28.2 + 2.1%, 36.8 + 1.9% of non-mineralized
tissue and 37.3 + 3.1%. of residual graft material after only 4 months
of healing; these proportions changed to 31.4 + 2.6% of newly
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FIGURE 4 Transmission electron microscopy images showing close connection between porcine bone mineral (PBM) (a) and anorganic
bovine bone (ABB) (b) particles and newly mineralized tissue (MT). Colonization by cells in PBM (c) and ABB (d) particles can also be

observed (white arrows). Bar scale: 1 and 5 pm

formed bone, 34.3 + 3.1% of connective tissue and 37.6 + 2.2%
of remnant biomaterial after 6 months of healing (Scarano et al.,
2011). Finally, Orsini and coworkers, also using the same graft as
Scarano and coworkers, Apatos®, in 10 patients, found 36 + 2.8%
of new mineralized tissue, 38 + 1.6% of non-mineralized tissue and
31 + 1.6% of residual porcine biomaterial after five months of healing
(Orsini et al., 2006). In light of the results, Symbios® Xenograft gran-
ules not only show similar histomorphometric data in terms of new
mineralized tissue compared to the standard comparator (anorganic
bovine bone), but also when compared to other porcine-derived
bone biomaterials available on the market. There are other previ-
ously published manuscripts that also report on porcine-derived
bone grafts in maxillary sinus. However, they have been retracted;
thus, for obvious reasons, they must not be mentioned. There are
also other studies with porcine-derived bone used for alveolar re-
generation that are not used as references here either. The reason is
that it is well-known that the histomorphometric results of a grafted
area are highly dependent on anatomic location, for functional and
genetic reasons.

The amount and density of mineralized tissue obtained after
placing a bone graft has classically been the primary endpoint when
evaluating the outcomes of a bone biomaterial. This evaluation has
been done either radiographically, clinically or histomorphometri-
cally. Having said that, the analysis of the non-mineralized compart-
ment present in the bone tissue is of vital importance to determine
key biologic aspects such as the presence of undifferentiated cells,
mechanisms of response to the biomaterial and, ultimately, repair
and integration. Few manuscripts in the literature have been focused

on cellularity, microvascular density or protein expression. In the
current study, the various immunohistochemical analyses did not
find major statistical differences in areas grafted with ACB+ABB
compared to those grafted with ACB+PBM (Table 2), except for the
number of leukocytes, osteocytes and vessels: they were higher in
the ACB+ABB group. These results are similar to those reported by
our group in previous manuscripts using anorganic bovine bone or
other biomaterials as part of the graft composite (Galindo-Moreno
etal., 2018, 2020; O'Valle et al., 2018).

Some differences could also be observed when the cellularity is
compared between the grafted area and the native remnant bone
(Table S3). Although, in general, the number of cells was always
higher in the grafted portion of the biopsies, osteoclasts’ precursors,
monocytes, and mesenchymal stromal cells showed statistical dif-
ferences in these two regions in areas grafted with ACB+PBM. This
is a quite expectable result because the pristine bone areas are not
under active remodeling in contrast with the grafted areas during
the time frame of the healing process under evaluation. However,
when the cellularity of the native remnant bone areas is compared
between groups (Table 2), no differences were observed, as could
also be expected. Even more, if the total bone core is considered,
no differences between ACB+ABB and ACB+PBM were found for
any of the variables. This confirms that the bone supporting the fu-
ture implant is overall similar regardless of the biomaterials under
evaluation.

Mesenchymal stromal cells are crucial to understanding graft
maturation. As previously defined by our team, Musashi-1 is a marker
to analyze bone healing and osteogenic differentiation both in vitro
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TABLE 2 Between group comparison of number of positively stain cells, vessels, and osteoid lines per mm?

Total bone core

Grafted area

Pristine bone

ACB+PBM p-value®

ACB+ABB

ACB+PBM p-value®

ACB+ABB

ACB+PBM p-value®

ACB+ABB

106

119.52 (19.23)
45.64 (30.60)
30.97 (26.64)

149.36 (53.66)
48.38(34.24)
36.41 (50.64)
78.39 (104.68)
71.45 (68.12)
101.59 (67.14)
52.24 (38.98)
3.90(2.89)

.031
797
.813

113.87 (41.70)
51.93(48.26)
55.55 (43.60)

151.27 (47.20)
64.51 (47.98)

712
.676
>.999

125.16 (34.33)
39.35(38.88)
4.61(12.19)

154.43 (73.08)
37.63(35.29)
0.00 (0.00)

CD44 (osteocytes)

CD56 (osteoblasts)

GALINDO-MORENO ET AL.

938
.570
109

.770

101.93 (108.07)
127.01 (137.67)
96.77 (103.44)

TRAP (osteoclasts)

107.49 (100.91)
33.22(35.68)

.813
.047
734
.031

163.86 (140.32)
27.02 (44.46)
179.93(99.67)
23.30(20.19)
2.50(2.62)

.844
.563
.688
.813
>.999

56.82 (84.08)
53.22(74.78)
40.32 (44.23)
34.68 (22.20)

1.11 (1.36)

35.49 (60.39)
62.01(57.72)

MSI1 (mesenchymal stromal cells)

CD45 (all leukocytes)
CD68 (monocytes)

123.55 (93.64)
25.48 (20.26)
1.75 (1.75)

143.80 (120.96)
44.24 (24.54)
5.89 (4.54)

61.32 (88.08)
52.14 (38.23)
1.56 (2.01)

.098
.043

CD34 (endothelial cells, vessels)

.031

Osteoid lines

Note: Data expressed as mean (SD).

Abbreviations: ABB, anorganic bovine bone; ACB, autogenous cortical bone; PBM, porcine bone mineral.

#Wilcoxon matched-pairs signed-rank test (italics indicate statistically significant differences).

(Padial-Molina et al., 2019) and in vivo (Padial-Molina et al., 2021). In
this study, grafted areas with any of the biomaterials showed three
to four times more Musashi-1 positive cells than pristine bone areas
(Table S3), which in fact were significantly different in the ACB+PBM
group. There was no difference in the number of Musashi-1 positive
cells when comparing between groups (Table 2). All of this confirms
the importance of this marker in bone tissue repair and cell response
to bone regeneration biomaterials.

The establishment of a microvascular network in the non-
mineralized tissue is an essential step in bone tissue repair (Khosravi
et al., 2018). These microvessels will condition the typology and
characteristics of the newly formed bone (Stegen & Carmeliet,
2020). Boéck-Neto and coworkers compared the microvascular den-
sity in the new formed bone in maxillary sinus augmentation after
using different biomaterials through the detection of the vascular
endothelial growth factor (VEGF) (Boeck-Neto et al., 2009). Teté and
coworkers, using VEGF immunohistochemical expression, reported
a significantly lower expression of VEGF in samples obtained from
sinuses grafted with porcine-derived bone (Gen-Os, Tecnoss, Turin,
Italy) than those grafted with equine-derived bone. Nonetheless, no
numerical data is presented in their manuscript, so no comparison
can be made (Teté et al., 2014). In contrast, our group has used the
expression of CD34+ in many studies for the determination of mi-
crovascular density. Since our initial comparison of maxillary sinus
floor augmentation with Bio-Oss® with posterior pristine maxillary
bone in 2011 (Galindo-Moreno et al., 2011), our group reports this
histologic variable when using different biomaterials for grafting the
sinus and with other surgical techniques. In the current manuscript,
the microvascular density in the ACB+ABB group was lower than
the reported data using this combination of biomaterials in previ-
ous studies (Galindo-Moreno et al., 2010, 2012, 2018, 2020). The
number of vessels in the ACB+PBM grafted sinuses was even lower.

One of the aims of the present study was to analyze the expres-
sion of some genes involved in the bone formation and homeostasis;
particularly those related to the pathway of osteo-differentiation of
mesenchymal stromal cells. Similar to previous studies (Caubet et al.,
2015; Galindo-Moreno et al., 2020), almost no statistical differences
were found between groups. In the present study, alkaline phos-
phatase (ALP) gene expression was the only significant difference,
being higher in the ACB+PBM group than in the ACB+ABB group
(p <.011, Table S2). Alkaline phosphatase expression is related to the
new osteoid line mineralization (Vimalraj, 2020). In the present study,
as expected, grafted areas with either biomaterial showed higher
numbers of osteoid lines compared to pristine bone. Nevertheless,
after six months of healing, areas grafted with ACB+ABB showed
significantly more osteoid lines than areas grafted with ACB+PBM
(p < .031). This difference could be related to the higher ALP gene
expression in the ACB+PBM graft composite. ALP expression is reg-
ulated not only by the WNT signaling cascade, but also by the BMP/
RUNX2/Osterix network (Salazar et al., 2016). Although, in our study
there were no statistical differences, RUNX2 and Osterix expression
were increased in the ACB+PBM group. Nonetheless, these results
must be interpreted with caution.
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FIGURE 5 Similar ) ) § . [ ‘ACB+PBM
immunohistochemical expression (in R D : 3 Y ol )R %
brown) of different markers in the grafted
areas of a, ¢, e, g, and i) ACB+ABB and

b, d, f, h, and j) ACB+PBM groups. (a,b)
Osteopontin; (c,d) Musashi-1; (e,f) CD68
(monocytes/macrophages/osteoclasts-like
cells); (g,h) TRAP (osteoclasts-like cells);
(i,j) CD34 (endothelial cells). Micropolymer
conjugated with peroxidase staining
method. Original magnification 20x; bar
scale: 100 um. ABB, anorganic bovine
bone; MT, mineralized tissue; nMT, non-
mineralized tissue; PBM, porcine bone
mineral
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This study has some limitations. The clinical variables have to be similar results have various explanations, such as a small sample size,
controlled as much as possible because they can play a role in the with 10 cases per group, or an excessive graft maturation time pe-
graft maturation. In fact, no differences were found in any clinical, riod (6 months). However, the sample size and the time of maturation

radiologic or histologic variable between both study groups. These are justified and common in the literature. In fact, both variables are
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enough to detect differences if they exist, as we have also demon-
strated recently (Galindo-Moreno et al., 2020). That is the reason
to conclude that the porcine-derived bone biomaterial used in the
current study (Symbios® Xenograft granules) shows similar features
and induces similar responses compared to the most scientifically
documented biomaterial used in humans for bone regeneration in

the maxillofacial area (Bio-Oss® Spongiosa).

5 | CONCLUSIONS

Bovine bone or porcine bone mineral combined with maxillary au-
togenous cortical bone show similar biologic, clinical, and radiologic
features in terms of biomaterial resorption, osteoconduction, and

osteogenesis.
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