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Objectives: This preclinical model study aims to evaluate the performance and safety

bone regeneration compared to a commercially available deproteinized bovine bone
Funding information mineral (Bio-Oss, BO).

Wishbone SA Material and Methods: Twenty-four beagle dogs were allocated to three timepoint
cohorts (4, 12, and 26 weeks) of eight animals each. In all animals, four critical-sized,
independent wall mandibular defects were created (32 defects/cohort). Each animal
received all four treatments, allocated randomly to separated defects: WHA
+ collagen membrane (M), BO + M, no treatment (Sham, Sh), and Sh + M. At each
timepoint, the specimens were harvested for histologic and histomorphometric ana-
lyses to determine the newly formed bone and osteoconductivity.

Results: At 4 weeks, bone regeneration was significantly higher for WHA + M
(46.8%) when compared to BO + M (21.4%), Sh (15.1%), and Sh + M (23.1%)
(b < 0.05); at 12 and 26 weeks, regeneration was similar for WHA and BO. Bone-
to-material contact increased over time similarly for WHA + M and BO + M. From a
safety point of view, inflammation attributed to WHA + M or BO + M was minimal;
necrosis or fatty infiltrate was absent.

Conclusions: WHA + M resulted in higher bone regeneration rate than BO + M at
4 weeks. Both BO + M and WHA + M were more efficient than both Sh groups at
all timepoints. Safety and biocompatibility of WHA was favorable and comparable to
that of BO.
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1 | INTRODUCTION

The use of dental implants to replace missing teeth has increased over
the last decades.! A common problem encountered in the dental
implant rehabilitation is the lack of sufficient bone volume and alveo-
lar bone augmentation procedures are often necessary prior to or
simultaneously to implant placement.?””

Autogenous bone has long been regarded as the gold standard for

8-11 as the material is histocompatible

bone augmentation procedures
and possesses osteoinductive, osteoconductive, and osteogenic proper-
ties. However, its use is limited by availability, increased morbidity and
scarring at the donor site, and high resorption rates.®*2-1> Guided bone
regeneration using biomaterials as bone fillers represent an alternative
used in oral surgery, implantology and periodontology as they allow
bone ingrowth and osteoconductive structural guidance.>*¢'” Cur-
rently, several types of bone graft substitute biomaterials are available,
each with their own advantages and disadvantages.”*”*® Natural and
synthetic calcium phosphate bone graft substitutes such as hydroxyap-
atite (HA) and tricalcium phosphate are the most widely used biomate-
rials for alveolar bone regeneration.>>*?2° Natural HA of bovine origin
has some advantages over synthetic scaffolds because of its physico-
chemical properties such as surface structure, morphology and micro-
porosities that closely resemble those of natural bone, if not
manufactured at high sintering temperature.?*~2% Indeed, high sintering
temperature of bovine HA have an influence of the surface topography
and therefore on the osteoconductive potential.>* Additionally, the
slowly resorbable feature of natural bovine HA materials is of great
interest in the field of dentistry, as one of the goals of bone regenera-
tive treatments is to maintain the volume over time and to allow a
denser composite regenerated bone tissue.*%2°

Several natural HA biomaterials are available; among these, DBBM
has been distinguished itself as the most documented natural HA bone
substitute of bovine origin in regenerative dentistry for over 30 years.2¢
Recently, a novel HA bone substitute has been granted marketing
approval by the United States Food and Drug Administration®” in which
the complete elimination of the organic residues is performed under

subcritical conditions and a continuous flow of a basic solution

biomaterials, bone regeneration, hydroxyapatite, osteoconduction

o Several types of natural hydroxyapatite of bovine origin are available for the reconstruction
of alveolar bone defects. Nevertheless, their biological performance is highly dependent of

their own physicochemical characteristics and manufacturing processes.

e The present study evaluates the biocompatibility and biological performance of a novel
bovine hydroxyapatite with different manufacturing processes when compared to a control
biomaterial, demonstrating how different physicochemical compositions can have an impact

in regenerative outcomes.

following the patented extraction method (WO 2015/049336 A1).%®
Both biomaterials are xenograft biomaterials composed of HA of
bovine origin, intended for the filling, augmentation, or reconstruction
of alveolar bone defects.2”?? The aim of this study was to evaluate the
biocompatibility and biological performance (new bone formation and
osteoconductivity) of novel HA bone substitute on guided bone regen-
eration in comparison with a control biomaterial as it is considered as

the gold standard of xenogeneic materials in regenerative dentistry.

2 | MATERIALS AND METHODS

2.1 | Biomaterials characterization

Two xenografts composed of HA of bovine origin were used in the
present study: Wishbone Hydroxyapatite (WHA, Wishbone SA, Liége,
Belgium) and Bio-Oss (BO, Geistlich Pharma AG, Wolhusen,
Switzerland). Physicochemical characterization was performed in both
xenografts in terms of Scanning Electro Microcopy (SEM) x-ray dif-
fraction (XRD), specific surface area (SSA), remnant organic com-
pounds, elemental concentration, and volumetric porosity.

SEM provided the observation of the micro-organization of the
surface morphology at magnification 500x and 1000x (ESEM-FEG
XL30 (Philips Electron Optics, Hillsboro, OR, USA)). XRD identified the
phase composition, crystallite size and crystallinity ratio present in
the samples and was acquired by means of Rietveld refinement, using
the crystal structure model for HA of PDF card 01-076-0694. The SSA
of each product was measured by N, adsorption according to the
Brunauer-Emmett-Teller (BET) method analyzed on the TriStar 3000
equipment. For the analysis of the remnant of organic compounds,
three samples of each material were heated successively to three dif-
ferent temperature stages in a furnace, resulting in thermal oxidation
and conversion of carbon into gaseous CO, which is measured by
means of an infrared detector. A temperature measurement of total
carbon was applied to quantify both the total organic carbon released
up to 400°C. Elemental composition of Ca, P, Mg, and Na were calcu-

lated in which three samples of each material were digested in
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Study design: N, number of dogs/specimens; D, day; R, randomization; W, week; n, number of defects. The red arrows indicate

extracted teeth (premolar [PM]1-PM4); red rectangles denote the bone defects created.

concentrated HNO5; and diluted 1:100 in a dilute acidic solution for
trace/impurity element determination, and 1:1000 for Ca and P deter-
mination. Calibration solutions are prepared by diluting certified multi-
and single-element standard solutions. Element concentrations in the
solutions are quantified on an Agilent 7700x ICP-MS and evaluated
using Agilent “Masshunter” software. To determine volumetric porosity
1.5 g granules were filled into a container and tapped 1000 times under
specified conditions on a pneumatic device. Subsequently, the granules
protruding a defined upper edge of the container are scraped off and
the mass of the granules inside the container is determined on an ana-
lytical scale. Finally, the tapped density is obtained by division of the
mass by the volume of the container (1.4 cm?®).

2.2 | Experimental animals

Twenty-four 14-16-month-old female Beagle dogs (Marshall Biore-
sources, New York, USA) weighing ~6 to 8 kg were allocated to three
timepoint cohorts (4, 12, and 26 weeks) of eight animals each. The canine
model was chosen due to its bone density, mechanical properties, mor-

phological structure and healing capacity similar to the human bone.*°

2.3 | Ethics statement

The study protocol was reviewed and approved by the Committee
Review of the testing facility, Charles River Laboratories Montreal
ULC, Boisbriand, Canada under the ethical
2889-416G. The review ensured compliance with appropriate

approval number

regulations. The testing facility is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care and the
Canadian Council on Animal Care. The reporting of this preclinical
study follows the recommendations contained in the Animal Research

Reporting of In Vivo Experiments (ARRIVE) guidelines.

24 | Study design

For each animal, four independent wall defects were created (two per
hemimandible), resulting in a total of 32 defects for each timepoint
(4, 12, and 26 weeks) (Figure 1). Each animal received all four treat-
ments. One material-filled defect (test: WHA + membrane [M] or
control: BO + M) and one sham control defect with or without a col-
lagen membrane (sham [Sh] or Sh 4+ M) were randomly allocated to
each side of the mandible. Randomization was carried out based on a

predetermined allocation plan.

2.5 | Surgical procedure

Tooth extraction, defect creation and regenerative procedures were
performed in a single step under general anesthesia. Four premolars
were extracted on each side of the mandible, and two independent
critical-sized wall defects of 10.0 mm (mesio-distally), 8.0 mm (verti-
cally), 6.0 mm (bucco-lingually) were created on each side by totally
removing the buccal alveolar plate and partially the lingual one by
means of a bone saw disc (Figure 2). No template was used to perform

the critical-sized defects. The surgeons calculated the available space
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of the crest after extraction by means of a periodontal probe, assuring
the protocolized measurements of the critical-sized defects as they
were making the defect cut. For anatomical reasons, back and frontal
defects in each hemimandible slightly differed in size, but this had no
impact on the results generated in the study since the attribution of
the defects to a control or test group was randomized.

An intraoral scan (I0S) imaging of the edentulous area and of the
empty defect was performed to have the baseline dimensions, and
then the defect was randomly allocated to one of the four groups. In
the groups allocated for a regenerative procedure (WHA and BO), the
defect was filled with the biomaterials and a resorbable collagen mem-
brane (Creos Xenoprotect, Nobel Biocare, Switzerland) stabilized with
anchor pins (Bone Tac Screw 5.0 mm GDT implants, Israel). The sham
defects in control groups were left empty and one was covered with
the collagen membrane also fixed with anchor pins.

The muco-periosteal flaps were sutured with nonabsorbable
sutures (Seraflex 4/0, Serag Wiessner). To prevent postoperative

FIGURE 2  Critical bone
defects of each hemimandible.
(A) Critical bone defects perform
in a hemimandible. (B) BO and Sh
+ M allocation. (C) Collagen
membrane placement anchored
with pins. (D) Flap closure.

FIGURE 3 (A)Baseline IOS
from the edentulous crest after
dental extraction; (B) 10S of the
critical bone defects;

(C) superimposition of the
baseline and critical bone defects
10S's; (D) definition of the area
for the histological sections for
histomorphometry and
histopathology.

infection, animals received a prophylactic antibiotic (Cefazolin
25 mg/kg, IV) during the preparation procedures. In the postoperative
period, the animals received Carprofen (Rimadyl) 3-5 mg/kg PO (per
0s) to control postoperative pain and inflammation. Following surgical
procedures, the animals were housed in individual cages. Housing was
modified to prevent the dogs from chewing on housing material/
devices and possibly damage the surgical site.

2.6 | 10S and defect wall homogeneity evaluation
For each defect created, an optical impression from a buccal, coronal,
and lingual view (from the first remaining canine tooth to the first
remaining molar tooth, both included) was taken using an intraoral
scanner (Trios 3%, 3Shape, Copenhagen, Denmark). Each hemimand-
ible was scanned before defect creation and after defect creation
(Figure 3A,B).
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FIGURE 4 Tracing of ROI1 and ROI2 for histomorphometric analyses. (A) WHA + M at 12 weeks; (B) defect area highlighted in blue (ROI1);

(C) regenerated area highlighted in green (ROI2).

I0S scans were used to consistently select bone areas for histo-
logical processing and analysis. The scans taken before and after
defect creation were superimposed based on the position of the
remaining canine and first molar teeth (Figure 3C). The exact size and
volume of the defects were calculated using surface-based analysis
software (GOM Inspect Professional). The cross-sectional area of the
mandibular bone that was present in the scan taken before defect cre-
ation but absent in the scan taken after defect creation was used to
define the original defect area, named as region of interest (ROI) 1.

2.7 | Histology processing

Nondecalcified histology of the retrieved specimens was performed.
To match the intraoral scanning data with the specimen, the distance
from the center of the bone ridge in between the defects to the
region of interest was used to match the slide position. Samples were
fixed in 10% neutral-buffered formalin solution, followed by dehydra-
tion in a series of graded ethanol solutions, and finally embedded in
methyl-metacrylate resin. For each defect, six sections (20-40 um
thick) were performed in each specimen (two sections located at the
center of the defect, two other sections located in the mesial end and
two others in the distal end of each defect) (Figure 3D). From these
sections, three sections were stained with hematoxylin and eosin for
histopathology analysis, and three other were stained with Stevenel's

blue for both histomorphometry and histopathology analysis.

2.8 | Histomorphometry evaluation

All sections from all bone defects were digitally captured (Clemex
Vision Lite Software) to obtain whole-section images by microscope
with a 10x objective (Nikon Eclipse LV100ND, Tokyo, Japan). To

evaluate the extent of bone regeneration, histomorphometric
measurements were performed on selected scans using Image-Pro
Premier 9.2 software (© Media Cybernetics, Inc., USA). Depending on
the structure to analyze, both manual tracing or automatically mea-
sured based on the color and color intensity differences were used.

The defect area (ROI1) was defined precisely for each defect
based on I0S measurements. The regenerated area (ROI2) was
defined by the surface of the original defect colonized by newly
formed bone (Figure 4). For the histomorphometric, analyses were
made based on the mean of three sections per defect and the follow-
ing variables were collected:

e Defect area: defined as the total area of the defect (Region of Inter-
est, ROI1) (Figure 4B).

e The regenerated area (ROI2), defined as the portion of the defect
area (ROI1) colonized with newly formed bone (Figure 4C).

e The percentage of newly formed bone (B), biomaterial (M), and soft
tissue (S) in the defect area (ROI1).

e The percentage of bone-to-material contact (BMC) characterizing
the osteoconductivity and defined as the percentage of the bioma-
terial perimeter in contact with newly formed bone within the
regenerated area (ROI2).

2.9 | Descriptive and histopathological evaluation

Descriptive analyses as well as safety and biocompatibility semi-
quantitative analyses of the implanted materials were evaluated on
both Stevenel's blue and Hematoxylin-Eosin stained histology sec-
tions of the bone defects by a single pathologist. Sections were
analyzed and graded according to the presence of different cell

types and tissue responses, including necrosis, fibrosis, and

85UB017 SUOWIWIOD dA11e81D) 3ol jdde ay) Aq peuenob ase ool VO 85N JO Sa|n. 1oy Akeid1T8UIIUQ AB]1AA UO (SUONIPUOD-PUR-SWSIALIOD™AB | 1M Afe.d 1 Bul [Uo//Sdhy) SUORIPUOD pue swie 1 8y} 88S *[£202/2T/LT] uo Akeiqiauliuo AIm * 869172a 91SIBAIUN - 0yeAlD 8@ ounig Aq 09ZET PI/TTTT 0T/I0p/00 A3 1M Aleiq1jeuluo//Sdny Wwolj papeojumod ‘0 ‘802880LT



s | WILEY

DE CARVALHO ET AL.

neovascularization (Table Al). An irritancy scoring system adapted
from the 1SO 10993-6 Annex E3! was used to compare the biocom-
patibility of the different study materials. Average irritancy scores
for each group were calculated at each timepoint. Based on the dif-
ference between the irritancy score of WHA + M and that of the
comparator treatments, WHA + M was to be considered as nonirri-
tant at <2.9 points difference, a slight irritant at 3.0-8.9 points dif-
ference, a moderate irritant at 9.0-15.0 points difference, and a

severe irritant at >15 points difference.

2.10 | Statistics analyses

2.10.1 | Sample size calculation

The sample size was calculated using the software Gpower 3.1.32
Assuming an effect size of 0.6, an alpha error of 0.004 (corrected for
multiple comparisons), and a power of 95%, the obtained total sample
size was 95. Thus, 24 animals received one of each four conditions
and were randomly divided into three cohorts for the three observa-

tion periods (4, 12, and 26 weeks), giving a total sample size of 96.

2.10.2 | Statistical tests

Means and standard derivations were reported for quantitative out-
comes. A mixed effect model with individual animal as a random
effect and treatment, location, time and the interaction between week
and treatment was used to compare WHA against BO and sham con-
trols. Analysis of variance was performed using SAS 9.4 (SAS Institute
Inc., NC, USA) to identify the differences of least square means
between the treatments. The Tukey-Kramer method of multiple test-

ing correction was used.

3 | RESULTS

3.1 | Study design

All study animals survived until the scheduled sacrifice. Their body
weight remained stable over the course of the study and was consis-
tent with the experimental model. IOS measurements demonstrated
that the size of the defects, as well as the defect walls, were homoge-
nous. For anatomical reasons, back and front defects slightly differed
in size, but this had no impact on the results generated in the study,
since attribution of the defects to a group was randomized.

At 12-weeks, one animal had notably higher inflammation associ-
ated with both WHA and BO defects, as well as inflammation associ-
ated with the sham defects. In addition, there was significant
migration of particles out of one of the WHA defects in another ani-
mal. To present the effect of implanted biomaterials on bone regener-
ation more accurately, results from these five outlier defects were

excluded from the analysis; therefore, week 12 data are based on six

defects for the WHA group and on seven defects for the BO, Sh and
Sh + M groups.

3.2 | Physicochemical characterization

The XRD analysis demonstrate that the crystallographic phase compo-
sition of all WHA and BO samples consists in 100% of hydroxyapatite
with no secondary phase (limit of detection < 0.88 wt%). Hence,
regarding phase composition, the WHA and BO products are equiva-
lent. The crystal size is lower in BO compared to WHA samples which
is a parameter influenced by the heat treatment at high temperatures
increasing the crystal size and decreasing solubility of hydroxyapatite
bone substitutes. Specific surface area analysis showed that the mean
for WHA and BO samples are 16 m?/g and 81.7 m?/g, respectively.
These results demonstrate that WHA presents a moderate specific
surface area while BO presents a high specific surface. The results of
organic carbon released up to 400°C showed that a low amount, if
any, of organic residues are found in both WHA and BO products
given that the values for the 6 samples are below or equal to 0.1 wt%
where <0.1 designates the limit of determination. Volumetric porosity
analysis reveals that WHA and BO products have a similar porosity.
The results of the above-mentioned characterizations are presented
in Table 1. Regarding the elemental composition (Table 2), the results
obtained for the six samples show that Ca, P, Mg, and Na concentra-

tions in WHA and Bio-Oss products are similar.

3.3 | SEM characterization

The micro-organization of the surface was observed at magnification
500x and 1000x. SEM images of WHA and BO are displayed in
Figure 5. Fibril-like structures are observed in both materials with a
periodical organization of the collagen fibrils and a close contact
between collagen and hydroxyapatite within the bone matrix. The
observation of this micro-organization demonstrates that WHA like
Bio-Oss, retrieves the main characteristics of bone hydroxyapatite

with its microporous and rough surface.

3.4 | Quantitative histomorphometric analysis
341 | % Regenerated area (ROI2/ROI1) (4, 12, and
26 weeks)

At 4 weeks, the percentage of regeneration in the defect area ROI2 was
significantly higher in the WHA group (46.8%) compared to the BO
group (21.4%) and the sham control groups (Sh (15.1%), Sh + M
(23.1%)) (p < 0.050) (Figure 6). At 12 weeks, bone regeneration was sig-
nificantly higher in both the WHA (70.7%) and BO (73.9%) compared to
the sham control groups (respectively, Sh (17.6%), Sh 4 M (33.2%)) with
no significant differences between the two biomaterial groups. At

26 weeks, a higher percentage of regeneration was observed in the
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TABLE 1

Biomaterials characterization: Organic content, phase composition, crystal size, porosity, and specific surface area.

Biomaterial Organic content (wt%) Phase composition (% of HA) Crystal size (hm) Porosity (%) Specific surface area (m?/g)
WHA <0.1 100 544 82.3 16.0
BO 0.1 100 15.5 83.6 81.7
TABLE 2 Elemental composition analysis for Ca, P, Mg, and Na.
Biomaterial Ca (%w/w) P (%w/w) Mg (%w/w) Na (%w/w)
WHA 38.9 18.1 0.64 0.38
BO 37.3 17.0 0.59 0.46
FIGURE 5 Scanning

electronic micrographs (SEM) of
the studied biomaterials at
different magnifications: WHA
and BO with 500x and 1000x
magnification. WHA and Bio-Oss,
presenting both microporous and
rough surface.

WHA + M (59.9%) compared to both sham control groups as well as in
the BO + M (54.3%) group compared to the Sh group.

34.2 | Newly formed bone + biomaterial within
defect area (ROI1) (4, 12, and 26 weeks)

At 4 weeks, the percentage of newly formed bone was significantly
higher in the WHA group (9.5%) compared to the BO group (5.8%)
(Figure 7). The BO group (5.8%) displayed less newly formed bone
than the two shams with a significant difference with the Sh + M
(9.3%). At 12 weeks, the percentage of newly formed bone was no
significantly different in the two biomaterial groups (WHA: 23.4%,
BO: 30.9%). Moreover, the Sh + M (21.9%) presented significantly
more newly formed bone than the Sh without membrane. At
26 weeks, the percentage of newly formed bone was stable compared
to the 12 weeks cohort and no significant differences are observed in
between the biomaterial groups (WHA: 23.8%, BO: 25.8%).

x500

The percentage of biomaterial presented no significant differ-
ences in between implanted groups in the three timepoints (Figure 7).
However, a decrease was observed at 26 weeks in the BO groups.

3.5 | BMC(ROI2) (4, 12, and 26 weeks)

The bone-to-material contact within regenerated area ROI2 increased
over the three time points at similar rates in the WHA and the BO
groups with no significant differences between the two groups
(Figure 8).

3.6 |
analyses

Descriptive, safety, and biocompatibility

After 4, 12, and 26 weeks, newly formed bone was found in the

defect of all samples. Macroscopically (Figure 9), in both sham groups,
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FIGURE 6 Evolution of defect area regeneration over time. Week

4 is marked by significant differences in between WHA + M and all
other groups (p < 0.05). At week 12 both WHA + M and BO + M
present significant differences in between both Sh and Sh + M
groups. Week 26 WHA + M maintains its significant differences in
between Sh and Sh + M. BO + M show significant differences only
to Sh group.

woven bone was observed at 4 weeks while at 12 and 26 weeks a
more cortical lamellar bone was observed with a noticeable lack of
buccal bone volume. In the biomaterial groups, woven bone was pre-
dominately present in the WHA group at 4 weeks when compared to
BO, nevertheless, at 12 and 26 weeks both groups present more
mature bone in between the particles in the regenerated area.

Microscopically (Figure 10), in the implanted groups (WHA and
BO) at 4 weeks the newly formed bone was immature and with thick
trabeculae. At 12 and 26 weeks, the newly formed bone was in close
contact with the biomaterial particles in both groups and bridged the
particles together. At 12 weeks, the newly formed bone was still
immature compared to the bone at 26 weeks displaying a lamellar
organization. Some chains of osteoblasts are also observed close to
the newly formed bone as well as some blood vessels, with no visible
differences between the groups.

Histopathological examination revealed minimal inflammation
within the defect area across all three timepoints and in all four
groups. At all three timepoints, there was minimal inflammation attrib-
uted to either WHA + M or BO + M, and no necrosis or fatty infil-
trate was observed. WHA + M was considered a nonirritant
compared to BO + M at all three timepoints, and a slight irritant com-
pared to Sh and Sh + M at 12 and 26 weeks (Table 3). Week 12 data
did not include the results from one animal that had a more severe
inflammatory response in all defects compared to the other animals in
the same cohort.

The higher irritancy scores in the WHA + M group at weeks
12 and 26 were partly due to higher scores for fibrosis and neovascu-
larization (data not shown). In the WHA + M group, fibrosis was

observed under the membrane, within the defect area, and sur-
rounded the WHA granules outside of the area of new bone forma-
tion; conversely, for the Sh and Sh + M groups, the periosteum/
membrane generally directly (or almost directly) overlaid the area of
new bone formation that was associated with little fibrosis.

In all groups, there was low amount of neovascularization and
fibrosis over time; in the WHA + M and BO + M groups, it was due
to the growing area of new bone and marrow that replaced the
fibrous tissue surrounding the granules, while in the sham control
groups, it was largely due to the healing process and further collapse

of the membrane/periosteum over the growing area of new bone.

4 | DISCUSSION

The present study was able to assess the biocompatibility and bio-
logical performance of WHA for guided bone regeneration in com-
parison to a widely used DBBM (BO), to the absence of filling
biomaterial with and without a collagen membrane in a canine man-
dibular critical-sized bone defect model. Both biomaterials pro-
moted bone regeneration in a similar extent and were not suspected
to cause any predisposing factors to the pathogenesis of any of the
observed clinical signs, revealing an excellent safety profile. Never-
theless, at 4 weeks, almost 50% of the defects were regenerated in
the WHA group while only 21% of regeneration was found in the
BO group, suggesting a different regenerative kinetic and higher
osteoconductive properties for WHA. One hypothesis for this
regenerative behavior at 4 week time point could be the different
specific surface area (SSA) between the materials (BO 79.7 m?/g°°
vs WHA 16.0 m?/g according to the manufacturer). Specific surface
area has been often mentioned in the literature as a significant
parameter for bone regeneration.“’36 However, these different
SSA values, translates in different micro and nanoporosities
between the materials. The higher micro and nanoporosities of BO
might increase Ca®* uptake from the extracellular fluids, decreasing
its availability in the extracellular environment. WHA having less
micro and nanoporosities, may allow more extracellular Ca?" avail-
ability enhancing the effect of BMP-2 on Osteocalcin, Runx2 and
Osterix expression, promoting faster bone regeneration in vivo.3”-%¢
At 4 weeks, BO showed significantly less % of newly formed bone
of when compared to Sh + M, This results are in accordance to the

literature37:4°

where in early stages of healing BO can delay the
healing when compared to nongrafted sites.

The crystal size is lower for BO samples compared to WHA sam-
ples. It is indeed known that heating treatments at high temperatures
increase the crystal size and decrease the solubility of hydroxyapatite
bone substitutes, which is a parameter that might only impact the per-
formances.** However, as demonstrated by our group similar perfor-
mances for the unsintered hydroxyapatite and the hydroxyapatite
sintered at mid-range temperature (820°C) proving that a crystal size
up to 120 nm has no impact on the performances of hydroxyapatite
from bovine origin. Based on that, the higher crystal size of WHA
compared to BO has no impact on its performances.
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*statistically significant difference (p<0.050) between groups

FIGURE 7 (A) Evolution of % newly formed bone overtime in all groups. At week 4 statistically significant differences in between WHA + B
and BO + M (p < 0.05) and between Sh + M and BO + M (p < 0.05. At week 12 statistically significant differences in both WHA 4+ M and BO

+ M when compared to Sh (p < 0.05) and significant differences in between Sh + M and Sh. At week 26 significant differences and maintained in
both WHA + M and BO + M when compared to Sh (p < 0.05). (B) % of biomaterial over time within ROI1 in WHA + M and BO + M with no
statistically significant differences in between groups during the 3 time points.

TABLE 3 Average histopathological irritancy scoring.

Treatments
Timepoint WHA + M BO+M Sh Sh+M
4 weeks 11.0 171 14.6 14.3
12 weeks 9.9 8.4 2.7 5.0
26 weeks 9.6 71 1.6 4.3

Abbreviations: BO, control hydroxyapatite; M, membrane; Sh, sham;
WHA, test hydroxyapatite.

Moreover, bone-to-material-contact (BMC) was similar in the
WHA and BO groups and appeared to increase over time at a similar
rate. This parameter allows the evaluation of the osteointegration
and osteoconductive behavior of the bone substitutes and can be
correlated to surface topography and / or to sintering temperatures
used in the manufacturing process, as suggested in our previous
data. The manufacturing process of both bone fillers used in the
present study allow to preserve a certain surface roughness, favor-
ing cell colonization, osteoconductivity and better bone regenera-
tion.1524 High osteoconductive properties are relevant from a
regenerative point of view since a tight network between bone and
biomaterial play an important role in implant primary stability and
implant survival rates.*>4%43

From week 12 onwards, the use of either bone filler materials
resulted in increased bone regeneration when compared to Sh and
Sh + M group. This shows that the use of a bone filler material
under collagen membrane enhances bone regeneration supporting

mineralization process and remodeling, when compared to the use
of a membrane alone or no membrane as described in several

studies.**"*® The key role of barrier membranes for GBR procedures

% BONE TO MATERIAL CONTACT

100 ~
80 -
60 4 -~ —
40
20 4 AL 1
0 |
Week 4 Week 12 Week 26
WHA BO
FIGURE 8 Evolution of bone-to-material contact within ROI2 in

the groups WHA + M and BO + M during the 3 time points. No
statistically significant differences in between groups.
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4 WEEKS

12 WEEKS

26 WEEKS

SH+M

FIGURE 9 Descriptive histology at 4, 12, and 26 weeks. BP, bone particle; FT, fibrous connective tissue; NB, newly formed bone. The red

squares correspond to the magnification areas presented in Figure 10.

in preventing the ingress of cells form the surrounding soft tissues,
favoring osteoprogenitor cells for new bone formation is well
described on the literature.*”**® The results of the Sh + M group in
the present study clearly show the role of the barrier membrane in
the % of new bone formation, since this group performs significantly
better than BO + M at 4 weeks, significantly better than Sh group
at 12 weeks and presented at 26 weeks equivalent results than
WHA + M and BO + M.

At 26 weeks, the % of regenerated area in the biomaterial groups
decreases from the previous timepoint at 12 weeks. This can be
explained by a residual remodeling of the crest, resorption of the bio-
material at 26 weeks*’ and the fact that the region of interest that
was used to calculate this variable was the ROI1, corresponding to
the baseline ROI before defect creation.

Volume stability over time also represents a crucial factor for the
success of bone regeneration procedures and it is affected by the bio-

3750 which depends on various fac-

degradation rate of biomaterials
tors like microporosities, chemical structure, crystallinity and local
biological environment.’*>? In the present study, it was not possible
to assess the biodegradation rate of the studied biomaterials. Never-
theless, at 26 weeks WHA group presented a % of biomaterial with
no significant differences when compared to BO group described in
dimensional

the literature as a biomaterial with high

25,39,53

maintenance, suggesting that WHA might be suitable for long-

term volume stability at the regenerated sites.

The main strength of the study lies in the extent of data collected,
with regards to time, space, and treatment groups. Bone regeneration
was evaluated over the course of 6 months, which is a relatively long
period for an in vivo study. Another strength was the I0S methodol-
ogy used to record the original defect area (ROI1) consistently and
precisely between defects in different treatment groups. This registra-
tion was particularly important to overcome limitations imposed by
the collapsing of membranes in Sh + M group and the collapse of the
soft tissue in Sh group. The 10S methodology was able to precisely
define the actual physical surface of the mandible prior to and after
creation of the defects and based upon the measurements done dur-
ing histologic processing to determine the precise location of the slide
area within the defect.>* To our knowledge this is the first study using
this volumetric methodology contributing for the precision of the his-
tomorphometric results. In addition, the study was designed to include
three control groups: one positive control treated with BO + M, and
two negative controls (with or without a resorbable membrane)
and for each defect, three histological slides were analyzed for histo-
morphometry. These characteristics allowed a more comprehensive
view of the bone regeneration induced by the study materials.

The present study presents some limitations. It should be empha-
sized that the collection of the central and two lateral histological
slides, due to technical limitations, was not always possible. However,
the likelihood of any bias arising from this limitation is low, since it

occurred in all treatment groups. Another limitation is related to the
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FIGURE 10 High
magnification histological samples
of both WHA and BO groups in
the different cohorts,
corresponding to the red squares
areas illustrated in Figure 9. At

4 weeks it is possible to observe
that WHA presents a more
osteoconductive behavior in
between particles when
compared to BO. At 12 and

26 weeks both biomaterials
presents a similar
osteoconductive behavior in
between particles.

4 WEEKS

12 WEEKS

26 WEEKS

absence of immunohistochemical analysis. This could provide informa-
tion about the bone regeneration cellular mechanism in both tested
materials, providing broader information about the variations
observed at 4 weeks with WHA + M and BO + M.

5 | CONCLUSIONS

WHA and BO resulted in similar at 12 and 26 weeks, with higher
regenerative performance when compared to the sham controls.
However, at 4 weeks, the defect regeneration was significantly
enhanced by WHA compared to all other treatments. WHA showed
excellent safety and biocompatibility at all three timepoints, which

was comparable to that of BO.
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APPENDIX A

Table A1

TABLE A1

Response

Polymorphonuclear
cells

Lymphocytes
Plasma cells
Macrophages
Giant cells
Necrosis

Fibrinous exudates

Tissue
degeneration

Neovascularization

Fibrocytes/
fibroconnective
tissue, fibrosis

Fatty infiltrate

DE CARVALHO ET AL.

Histologic evaluation system for cell type/tissue response.

Score

0 1 2 3 4

Absent  Rare, 1-5/hpf 6-10/hpf Heavy infiltrate Packed

Absent  Rare, 1-5/hpf 6-10/hpf Heavy infiltrate Packed

Absent  Rare, 1-5/hpf 6-10/hpf Heavy infiltrate Packed

Absent  Rare, 1-5/hpf 6-10/hpf Heavy infiltrate Packed

Absent  Rare, 1-2/hpf 3-5/hpf Heavy infiltrate Packed

Absent  Minimal Mild Moderate Marked

Absent  Minimal Mild Moderate Marked

Absent  Minimal Mild Moderate Marked

Absent  Minimal capillary Groups of 4-7 capillaries Broad band of capillaries Extensive band of
proliferation, with supporting with supporting capillaries with
focal, 1-3 buds fibroblastic structures structures supporting fibroblastic

structures
Absent  Narrow band Moderately thick band Thick band Extensive band
Absent  Minimal amount of Several layers of fat and Elongated and broad Extensive fat completely

fat associated
with fibrosis

fibrosis

accumulation of fat cells
around the implant site

surrounding the implant

Note: Minimal: observation was barely perceptible microscopically and was not believed to have clinical significance; Mild: observation was visible but

involved a minor proportion of the tissue, and the clinical consequences of the observation were most likely subclinical; Moderate: observation was clearly
visible and involved a significant proportion of the tissue; it was likely to have some clinical manifestations, but which were generally expected to be minor;
Marked: observation was clearly visible and involved a major proportion of the tissue; clinical manifestations were probable and may have been associated

with significant tissue.

Abbreviation: hpf, high powered (400x) field.
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