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Abstract

Objectives: The aim of this study was the preclinical and clinical evaluation of oste-
oinductive calcium phosphate with submicron surface topography as a bone graft
substitute for maxillary sinus floor augmentation (MSFA).

Material and Methods: A preclinical sheep model of MSFA was used to compare a
calcium phosphate with submicron needle-shaped topography (BCP,, MagnetOs
Granules, Kuros Biosciences BV) to a calcium phosphate with submicron grain-
shaped topography (BCP_) and autologous bone graft (ABG) as controls. Secondly,
a 10-patient, prospective, randomized, controlled trial was performed to compare
BCP,, to ABG in MSFA with two-stage implant placement.

Results: The pre-clinical study demonstrated that both BCP and BCP_ were highly bio-
compatible, supported bony ingrowth with direct bone apposition against the material,
and exhibited bone formation as early as 3weeks post-implantation. However, BCP, dem-
onstrated significantly more bone formation than BCP at the study endpoint of 12weeks.
Only BCP,, reached an equivalent amount of bone formation in the available space and a
greater proportion of calcified material (bone +graft material) in the maxillary sinus com-
pared to the “gold standard” ABG after 12weeks. These results were validated in a small
prospective clinical study, in which BCP was found comparable to ABG inimplant stability,
bone height, new bone formation in trephine core biopsies, and overall clinical outcome.
Conclusion: This translational work demonstrates that osteoinductive calcium phos-
phates are promising bone graft substitutes for MSFA, whereas their bone-forming
potential depends on the design of their surface features.

Netherlands Trial Register, NL6436.
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1 | INTRODUCTION

Endosseous dental implants are frequently employed to achieve
esthetic and functional restoration of missing teeth and molars.
Rehabilitation of the posterior maxilla using dental implants is often
challenging due to the prevalence of inadequate quality and quan-
tity of alveolar bone as a result of post-extraction bone resorp-
tion and sinus pneumatization (Sharan & Madjar, 2008; Tolstunov
etal., 2012). Maxillary sinus floor augmentation (MSFA) is performed
for almost 40% of posterior maxillary implants to restore the bone
mass required for implant insertion and integration (Danesh-Sani
etal.,, 2016; Tomruk et al., 2016). In general, the procedure has been
associated with favorable short- and long-term outcomes in terms
of implant survival (Raghoebar et al., 2019). Autologous bone grafts
(ABGs), which may be harvested from the iliac crest, calvarium,
or from local sites, that is, chin or intra-oral bone, are considered
the “gold standard” graft material for MSFA due to their osteo-
genic, osteoinductive, and osteoconductive properties (Roberts &
Rosenbaum, 2012). However, ABG harvesting from the iliac crest or
calvarium donor sites is associated with donor site morbidity, ex-
tended operating times and costs (Gjerde et al., 2020; Truedsson
et al., 2013). Also, some donor sites provide for limited availability
of bone (Klijn et al., 2010b). Furthermore, significant early graft re-
sorption has been reported with the use of ABG for maxillary bone
augmentation (Emeka & Neukam, 2014; Johansson et al., 2001).

A variety of bone graft substitutes has been developed to over-
come these limitations for MSFA, including allografts, xenografts, and
alloplastic or synthetic bone substitutes, which all consist of calcified
matrices that comprise or mimic the mineral phase of bone (Haugen
et al., 2019; Roberts & Rosenbaum, 2012). An important benefit of
such bone substitutes is that they can be used off-the-shelf, surpass-
ing the invasive harvesting procedures of ABG. However, while the
use of bone graft substitutes in MSFA is generally recommended,
variable outcomes have been reported when compared to ABG in
clinical settings (Haugen et al., 2019; Papageorgiou et al., 2016). As
developments in the field of bone graft substitutes continue to ad-
vance, screening of novel bone graft substitute materials as a treat-
ment option for MSFA remains an important research aim.

A disadvantage of most bone substitutes is that they are pre-
dominantly osteoconductive and thus rely on bone ingrowth from
the bone surrounding the defect (Roberts & Rosenbaum, 2012).
However, recent efforts to improve the efficacy of calcium phos-
phate bone graft substitutes have resulted in materials with sub-
stantial osteoinductive capacity, demonstrated by their ability to
induce bone formation in non-osseous soft tissues, that is, intra-
muscularly, as published previously by our group, and others. (Duan
et al, 2016; Duan et al., 2019; Duan, Barbieri, De Groot, et al., 2018;
Duan, Barbieri, Luo, et al., 2018; Le Nihouannen et al., 2005; Yuan
et al., 2010). Harboring both osteoconductive and osteoinductive
properties, these calcium phosphates meet two out of the three es-
sential properties that ABGs possess (Roberts & Rosenbaum, 2012).
These materials have been reliably demonstrated to enhance bone
healing when compared to materials with mere osteoconductive

capacity, and have shown equivalence to ABG in orthotopic defects
(Duan et al., 2016; Duan, Barbieri, De Groot, et al., 2018; Habibovic
et al., 2006; van Dijk et al.,, 2018; Van Dijk et al., 2020; Yuan
et al., 2010). Moreover, excellent results have been achieved with
clinical use of osteoinductive calcium phosphates, such as their use
for alveolar cleft reconstruction in patients with cleft lip and palate
and related craniofacial anomalies (De Ruiter et al., 2015; Janssen
etal., 2019) and in extraction sockets in anterior maxilla regions with
immediate implant placement in the esthetic zone (Barroso-Panella
et al., 2018). Osteoinductive materials also have potential for use in
MSFA, as they may promote faster and more extensive bone for-
mation than conventional materials, which could ultimately benefit
implant osseointegration.

The biocompatibility and performance of bone substitute bioma-
terials, including calcium phosphates, are dependent on their physi-
cochemical properties, which include phase composition, micro- and
macroporosity, and surface topography. Osteoinductive capacity has
been shown to vary strongly between different calcium phosphate-
based materials. It has been repeatedly demonstrated that a critical
factor for osteoinductive capacity is the presence of a submicron sur-
face topography, that is, a topography of elongated surface crystals
smaller than 1 pm in diameter (Duan et al., 2016; Duan et al., 2019;
Duan, Barbieri, De Groot, et al., 2018; Duan, Barbieri, Luo, et al., 2018;
Yuan et al., 2010). Moreover, we have recently demonstrated that be-
sides dimension, the needle-like shape of submicron surface crystals
can influence osteoinductive capacity (Duan et al., 2019).

The aim of the present work was to evaluate osteoinductive cal-
cium phosphate with submicron surface topography as a bone graft
substitute for MSFA, in both a pre-clinical study in a sheep model
and a prospective, randomized, controlled clinical trial. In the pre-
clinical study, two different biphasic calcium phosphate materials
with submicron topography were compared to the “gold standard”
iliac crest-derived ABG. The synthetic bone substitutes exhibited
either needle-shaped (BCP,) or grain-shaped (BCP) submicron sur-
face crystal morphology. MSFA treatment outcomes were assessed
using micro-computed tomography (micro-CT) and histology after
3, 6, and 12weeks of healing. The clinical study was a prospective,
open-label, randomized, controlled trial in which the BCP bone
substitute was compared to ABG in a cohort of 10 patients receiving
lateral window MSFA with two-stage implant placement. Outcome
measures during 17 months of follow-up included implant stability,
bone height by radiography, the histology and histomorphometry of

trephine bone core biopsies, and clinical outcomes.

2 | MATERIALS AND METHODS
2.1 | Invivo evaluation in a sheep MSFA model
2.1.1 | Bone graft substitutes

Two commercially available, calcium phosphate bone substitute
materials were evaluated in this study. Both materials were used as
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porous granules, featuring a submicron topography (Figure 1), that is,
a surface crystal diameter <1 pm, and were of biphasic composition,
that is, consisting of B-tricalcium phosphate (8TCP or Ca4(PO,),) and
hydroxyapatite (HA - Ca,((PO,),-(OH),).

In brief, the first formulation, BCP, (MagnetOs™, Kuros
Biosciences BV, the Netherlands), had a surface topography of sub-
micron needle-shaped crystals and a phase composition of 70%
BTCP and 30% HA. The granule size range was 0.25-1mm. The
second formulation, BCP., (MBCP™, Biomatlante, France), had a
topography of submicron grain-shaped crystals, a composition of
60% PTCP / 40% HA and a granule size of 0.5-1 mm. Both materials
were sterile and used according to the manufacturer's instructions
for use. Figure 1 shows the surface features of BCP, and BCP as
observed by scanning electron microscope. The material properties
of BCP and BCP, are detailed in Table S1.

2.1.2 | Animals

Following approval of the study protocol by the Central Authority
for Scientific Procedures on Animals (Dutch national CCD, under
AVD115002015344), 24 sheep (Ovis Aries) were admitted to
the study. All animals were female, had reached maturity (ages
3-6years), and weighed between 60 and 100kg. The animals were
randomized into 3 groups for 3-, 6-, and 12-week follow-up peri-
ods, with 6, 9, and 9 animals per group, respectively. No animals
were excluded. Animals were housed at the “Gemeenschappelijk
Dierenlaboratorium” in Utrecht. Animal housing and care was com-
pliant with the national guidelines and regulations. A weight loss of
>20% (checked weekly), severe wound abscess (checked daily), or
strongly reduced mobility (checked daily) were used as humane end-
points. An experimental timeline of the study is shown in Figure 2(a).
This study was compliant with the ARRIVE guidelines.

2.1.3 | Surgical procedure

Bilateral MSFA in this sheep model was performed following
the lateral window approach, as previously described (Hoekstra
et al., 2013). Prior to surgery, animals were pre-medicated with the
analgesics buprenorphine (t.d. 5ug/h) and meloxicam (i.v. 0.5mg/
kg) and the antibiotic amoxicillin/clavulanic acid (i.v. 10mg/kg).
Anesthesia was initiated with detomidine (i.m. 0.05mg/kg) and

FIGURE 1 SEM micrographs of the
submicron topography on BCP and
BCP,. The different morphologies of
submicron surface crystals are evident,
with needle-shaped crystals on BCP and
grain-shaped crystals on BCP.

propofol (i.v. 5-7mg/kg) and was maintained with propofol (i.v.
10mg/kg/h) and sufentanil (i.v. 0.003mg/kg/h). Animals were con-
nected to an inhalation ventilator and positioned in sternal recum-
bency. Operation sites were washed, shaved, disinfected, and sterile
drapes were applied. Corticocancellous ABG was harvested from
the iliac crest and was reduced to 2-5mm particles. The maxillary si-
nuses were approached via the facial lateral wall, which was exposed
by sharp and blunt dissection. Using a high-speed dental burr, a bony
window of +1 x 1 cm? was created under continuous irrigation, tak-
ing care not to perforate the underlying Schneiderian membrane.
After removal of the bony window, the Schneiderian membrane was
carefully elevated with blunt dissectors, to expose the bony sur-
face of the maxillary sinus floor and walls. Next, 2 cc of either ABG,
BCP,, or BCP was implanted on the exposed maxillary sinus floor.
Both BCP, and BCP were mixed with 1-2 cc of local blood prior to
implantation to improve handling. Each animal received a bilateral
implantation, and the three graft/substitute materials were assigned
in a randomized manner for each timepoint (3weeks [n = 4], 6 weeks
[n = 6], and 12weeks [n = 6]). The soft tissues at the surgical site
were closed in layers using resorbable sutures (Vicryl 3-0, Ethicon,
Brussels, Belgium). After surgery, animals received meloxicam (s.c.
0.5mg/kg, 1x/day for 3days) for pain management and penicillin-
neomycin (0.05mg/kg, 1x/day for 3 days) as an antibiotic, in addition
to standard care and monitoring.

2.1.4 | Calcium-binding fluorochrome labeling

Polychrome sequential labeling with calcium-binding fluorochromes
was performed on the 12-week group in order to visualize active
sites of mineralization during bone formation. Treatment with three
different fluorescent calcium-binding labels was performed, one at
each time point. The sequentially injected fluorochrome labels used
were calcein at 3weeks (CN, 10 mg/kg, i.v.—green), xylenol orange
at 6 weeks (XO, 90mg/kg, i.v.—red) and oxytetracycline at 9 weeks
(OTC, 20mg/kg, i.m.—yellow), respectively.

2.1.5 | Sample harvesting and processing

After reaching the experimental endpoint, animals were euthanized

with pentobarbital. The maxillary sinuses were excised, trimmed,
and fixed in 4% formaldehyde solution for 1 week at 4°C. The
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(a) FIGURE 2 Study timelines. (a)
Surgery Hstoogy hrandl Ouetracycline ) Experimental timeline for the sheep MSFA
Caloein Xylenol orange study. (b) Study timeline of the clinical
l ‘ ‘ \ ‘ MSFA trial.
| | | | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10 1 12
Weeks
(b)
Pre-op Surgery Implantation Healing abutments Data collection
CBCT CBCT Biopsy 1SQT1 Clinical outcomes
VAS  VAS 1SQ TO CBCT
CBCT VAS VAS
VAS
| | | | | | | | | | | | | | | | 1 1
1 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17
Months
samples were then dehydrated through a series of increasing etha- 2.1.8 | Histomorphometry

nol concentrations (70%-100%) and subsequently embedded in

polymethyl-methacrylate (PMMA).

2.1.6 | Micro-computed tomography
PMMA-embedded samples were scanned in micro-CT scanner
(QuantumFX, Perkin Elmer) with a voxel size of 59><59><59pm3,
voltage at 90kV, and a tube current of 180pA. On TIFF stacks
derived from the scans, vertical bone height was measured in the
bucco-palatal plane at the center of each graft, in a straight line from
the lowest level of the sinus floor to the highest level of the graft,
using dedicated software (3D Slicer 4.10).

2.1.7 | Histology

A Leica SP1600 saw microtome was used to cut ~15-micron thick
sections from the center of each graft in the bucco-palatal direction.
On these sections, a histological staining of methylene blue (Sigma;
1% in 0.1 M borax buffer, pH8.5) and basic fuchsin (Sigma; 0.3% in
demi water) was performed to visualize bone tissue (bone matrix:
pink, fibrous tissues: blue). Sections were examined under a Leica
microscope (Eclipse 50i; Nikon) and scanned with a slide scanner
(DiMage scan 5400 Elite II; Konica Minolta).

A fluorescence microscope (BX51, Olympus) was used to visual-
ize fluorochrome label deposition in otherwise unstained sections.
Fluorescent signals in each section were captured using appropri-
ate excitation and emission wavelength filters for CN (ex:436-495,
em:517-540), XO (ex:377-570, em:610-615), and OTC (ex:365-490,
em:520-570). The polychrome fluorescent signals were then dig-
itally merged with a transmission light microscopy image (15%
opacity) using software (Adobe Photoshop CS5) to visualize the
deposition of each label in the sections.

Histomorphometry of methylene blue/basic fuchsin-stained
PMMA sections was performed on digitalized scans by pseudo-
coloring of pixels representing bone (B; mineralized + osteoid) and
bone graft material (M, only for bone graft substitutes) in the entire
area of new bone formation as region of interest (ROI). The exam-
iners were blinded for the treatments. The number of pixels for B,
M, and ROI were used to calculate the area percentage of bone in
the available space using the following formula: B/(ROI-M)x 100.
In addition, the area percentage of remaining implant material was
calculated by the following formula: M/ROIx 100. Lastly, the com-
bined proportion of bone + material was calculated by: (B+M)/
ROIx 100.

2.2 | Evaluation in a clinical MSFA study

2.21 | Study design

This was a single-center, prospective, open-label, randomized con-
trolled trial conducted at a university hospital in the Netherlands,
at the department of Oral and Maxillofacial Surgery. Ethical ap-
proval was provided by the Medical Research Ethics Committee
Utrecht (NL61242.041.17), in accordance with the principles
of the Declaration of Helsinki (version October 2008) and the
Medical Research Involving Human Subjects Act. Each participant
provided written informed consent after receiving adequate ver-
bal and written explanations prior to inclusion in the study. Based
on computerized block randomization (1:1), patients were allo-
cated to the parallel treatment arms of the test group, BCP, or
the control group, ABG. Study investigators were blinded for the
treatment allocation, apart from the treating clinicians and study
coordinator. A timeline of the study is presented in Figure 2b. The
study was designed as a non-inferiority trial, but it did not reach
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full inclusion and was underpowered, so the non-inferiority hy-

pothesis was not tested.

2.2.2 | Study inclusion criteria

The most important inclusion criteria were age between 18 and
75years and participants qualifying for MSFA with two-stage im-
plant placement. Indications for surgery were the presence of a uni-
lateral or bilateral (partial) atrophic posterior maxilla in the premolar/
molar areas, with a residual vertical bone height between 2 and 6
millimeters. The full inclusion and exclusion criteria of the study are
presented in the appendix, Table S2.

2.2.3 | Intervention
MSFA was performed using the lateral-window technique with a
trapdoor approach to access the sinus and elevate the Schneiderian
membrane. Depending on the treatment arm, the thus created sub-
Schneiderian void was implanted with BCP granules of 0.25-1mm
or morselized autograft harvested locally (i.e., mandibular ramus) or
from the iliac crest. The amount of graft or material used depended
on the individual's sinus volume, the desired vertical height, and the
number of planned implants per side. The surgery was ended by re-
placement of the mucoperiosteal flap and primary wound closure.
Primary implant placement was performed after 5 months of
healing. During osteotomy of the implant bed, a trephine core bone
biopsy was harvested using a trephine burr (2mm internal/3 mm ex-
ternal diameter, Meisinger, Neuss, Germany). The trephine core bi-
opsies were preserved in 10% formalin and stored until histological
processing. After implant insertion (OsseoSpeed® EV, Astra Tech
Implant System, Dentsply Sirona Implants, Mélndal, Sweden), cover
screws were installed on the fixtures and primary wound closure
was attained. After another 6 months of healing, at 11 months fol-
low-up, patients were invited to the outpatient clinic for the installa-
tion of healing abutments. The prosthetic restorations were installed
after the soft tissues had healed. Following another 6 months, at
17 months follow-up, the patients were invited to the outpatient
clinic for a final visit, during which a clinical assessment of peri-
implant health was performed. At all study visits throughout the
follow-up period, a cone beam computed tomography (CBCT) scan

was made.

2.24 | Outcome measures

Implant stability

Implant stability quotient (ISQ) of dental implants in the posterior
maxilla was measured by resonance frequency analysis (RFA) using
the PenguinRFA system (Integration Diagnostics AB, Gothenburg,
Sweden). Primary stability was recorded immediately after implan-
tation (TO, 5 months), and secondary stability was measured prior to

the installation of the healing abutments (T1, 11 months). The intra-
implant difference in primary and secondary stability was calculated
using the formula AISQ = I1SQ; - 1SQ,,

Bone height
The bone height of the maxillary sinus floor was measured by
CBCT pre-operatively (baseline), post-operatively, and at 5, 11, and

17 months of follow-up.

New bone formation

Formalin-fixed trephine core biopsies were decalcified in ethylen-
ediaminetetraacetic acid (EDTA), dehydrated using an ethanol series
and embedded in paraffin for histology. Specimens were sectioned
using a microtome and subsequently stained with hematoxylin and
eosin. Sections were examined under a Leica microscope (Eclipse
50i; Nikon) and were scanned with a slide scanner (DiMage scan
5400 Elite II; Konica Minolta).

Histomorphometry of biopsy sections was performed on the
digitalized scans by pseudo-coloring of pixels representing bone
(B) and remaining material (M, only for BCP,) in the ROI using
Photoshop (Photoshop CS5). The area percentage of bone and re-
maining implant material was calculated as described for the sheep
study.

Clinical outcomes

Clinical outcomes included implant survival rate, adverse events,
and pain by a visual analog scale (0-100) recorded on all visits
throughout the follow-up period. Moreover, peri-implant health was
assessed after 17 months of follow-up using the gingival index (Lée
& Silness, 1963), supra-gingival plaque index (Silness & Loe, 1964),
and dichotomous bleeding index. Lastly, the probing depth of the
implants in the posterior maxilla was also measured after 17 months

of follow-up (buccal, palatal, mesial, and distal).

Statistical analysis

For the animal study, sample size was determined using Russ Lenth's
software tool, based on a statistical power of 80%, a p-value of .05, a
standard deviation of 17.5%, and a contrast of means of 0.3, consid-
ering one-way Analysis of Variance for new bone formation (histo-
morphometry) (Lenth Russ, 2006). The clinical study was designed
as a non-inferiority trial for 26 patients, but it did not reach full inclu-
sion, and the non-inferiority hypothesis was not tested, because the
study was underpowered. All data are presented as mean + standard
deviation. Quantitative data were analyzed using statistical analysis
software, Graphpad Prism (version 7, Graphpad). The normal distri-
bution of the data was tested by the Shapiro-Wilk normality test. In
the preclinical study, all data were analyzed using Two-way Analysis
of Variance, followed by the Holm-Sidak test for post hoc analysis.
In the clinical study, implant stability was also analyzed using Two-
way Analysis of Variance, followed by the Holm-Sidak test for post
hoc analysis. The clinical bone height data were analyzed using a
Repeated Measures Analysis of Variance, with a Holm-Sidak test for
post hoc analysis. All other data in the clinical study were analyzed
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using the Mann-Whitney U test (for non-normal data) or Fisher's
exact test (for categorical data). A significance level of p <.05 was
used. The following notation was used to indicate statistical signifi-

cance: *p <.05, **p <.01, ***p <.001.

3 | RESULTS

3.1 | Sheep MSFA model

All MSFA surgeries and graft implantations were completed un-
eventful. The animals recovered without complications and all

reached the final endpoint in healthy condition. In all groups, no ad-

verse reactions to the graft materials were observed.

3.1.1 | Micro-CT

On micro-CT scans (Figure 3a,b), the implanted bone substitutes

were localized beneath the Schneiderian membrane in direct

(c) Vertical augmentation height
20

® ABG
*k
*x

= BCPy

*kk

& BCPg

6
o
%

contact with the bony floor of the maxillary sinus and walls. In all
groups, the implants were contained at their implantation sites, and
there was no evidence of graft migration. Over time, the ABG par-
ticles remodeled and fused to one another and onto the host bone
surfaces, resulting in a solid trabeculated bone mass at 12 weeks.
For the synthetic bone substitutes, progressive mineralized growth
into the implants could be observed over time. For both bone sub-
stitutes, the mineralized matrix gradually invaded the intergranular
space, resulting in compact, consolidated grafts at the 12 week time-
point. Some specimens of BCP and BCP showed regions without
mineralized ingrowth after 12 weeks, often located near the lateral
window or in the superior aspect of the graft, that is, regions most
distant from the host bone surfaces. Overall, the augmentations
with the synthetic grafts appeared to have more volume compared
to ABG implants.

Vertical augmentation height (Figure 3c) of the different graft
types was measured on micro-CT scans to determine MSFA suc-
cess and graft stability during the follow-up period. The augmen-
tation height range was 5.31-11.52mm for ABG, 8.67-16.98 mm
for BCPy and 8.97-14.46mm for BCP_.. At each timepoint, the

FIGURE 3 Evaluation of MSFA

by micro-CT. (a) Representative 3D
reconstructions of bone grafts (yellow)
implanted beneath the Schneiderian
membrane on the bony floor of the
maxillary sinus after 12 weeks of healing.
The bone grafts can be observed in
contact with the host bony sinus floor and
walls (off-white). (b) Representative micro-
CT slices from the center of the implanted
grafts at 12weeks. Radiodense calcium
phosphate granules and mineralized

bone matrix can be observed. The more
homogeneous regions in BCP, and BCP
specimens represent integration of
calcium phosphate in the new mineralized
bone matrix. (c) Vertical augmentation
height, as measured by micro-CT in the
center of the grafts at week 3, 6 and 12.
Blue asterisks indicate significance for
BCP,, vs ABG, red asterisks for BCP vs
ABG.
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augmentation height of BCP and BCP; was significantly higher
than that of ABG, while the two synthetic bone substitutes did
not result in significantly different heights from each other. After
12 weeks of follow-up, the difference in mean augmentation height
between the synthetic bone substitutes (BCP: 11.88+2.17 mm;
BCP; 11.40+1.75mm) and ABG (7.73+2.05mm) was +4.0mm,
corresponding to roughly 1.5-fold greater augmentation height for
the synthetic implants versus ABG. All graft types demonstrated a
decreasing trend in augmentation height between 3 and 12 weeks,
being the largest for BCP (2.75mm), followed by ABG (1.22mm)
and BCP (1.08 mm).

3.1.2 | Histology

Histological analyses were performed to complement the micro-CT
data and further investigate new bone formation in the implants. On
low magnification histological overviews (Figure 4a) of ABG speci-
mens, individual ABG segments could still be clearly distinguished at
the 3-week timepoint, while embedded in a matrix of fibrous tissue.
The initiation of new bone formation on the surface of the ABG par-
ticles as well as on the sinus floor and walls could be observed. After
6 weeks, the individual bone pieces were more interconnected as a
result of new bone formation. By 12weeks, the ABG implants had
consolidated into a single, interconnected bone mass and were fused
to the bony floor of the sinus. The proportion of newly formed and
remodeled bone had increased, although original ABG fragments
could still be recognized. Regions of fibrous tissue could still be dis-
cerned in the graft area after 12 weeks.

For the synthetic bone graft substitutes, calcium phosphate
granules could be recognized on the histological sections (Figure 4a).
On low magnification histological overviews of 3-week specimens,
the graft materials were entirely embedded in soft tissue, and early
osteoconductive bone ingrowth originating from the host bone
could be observed with both materials. Interestingly, 2/3 sam-
ples of BCP and 1/4 of BCP exhibited regions with new bone in
areas at the center of the graft or near the Schneiderian membrane
(Figure 4b). Further progression of bone formation was observed at
6 weeks, while at 12 weeks, mineralized bone was bridging between
granules throughout the grafts, resulting in a trabeculated, intercon-
nected mass of bone and calcium phosphate particles. As with ABG,
specimens of either synthetic material presented local regions with
fibrous tissue after 12 weeks.

High magnification microscopy of BCP and BCP_ specimens
(Figure 5) revealed new bone formation around and directly against
BCP particles at 3weeks. The presence of ample osteoblasts actively
depositing osteoid as well as a woven bone morphology were indic-
ative of ongoing primary osteogenesis. No adverse tissue reactions
to the synthetic implants were observed. A lamellar bone phenotype
was observed at 6 weeks, demonstrating that the woven bone ma-
trix was remodeled into mature, secondary bone tissue. BCP gran-

ules were progressively engulfed by the ongoing bone formation

process that incorporated them in the mineralized bone matrix.
After 12 weeks, sites of new bone deposition were less frequently
observed. By this time, the regions between BCP granules were pre-
dominantly occupied by dense lamellar bone matrix that bridged the
adjacent granules. Overall, the bone tissue that had formed around
both synthetic materials had all the characteristics of normal, healthy
bone tissue, including bone marrow spaces, concentric lamellae, os-
teocytes, and capillaries. Large, phagocytosing multinucleated cells
were frequently observed on the exposed surfaces of either BCP
material at all timepoints. Degraded BCP material was commonly
observed in the cytoplasm of these cells, indicating their ability to
actively resorb the BCP material (Figure 5g,h).

3.1.3 | Histomorphometry

Histomorphometry performed on histological sections allowed the
quantitative analysis of bone formation in the implants over time
(Figure 6). Morphometry of the bone matrix (Figure 6a) revealed a
higher area percentage of bone in the available space for ABG com-
pared to the synthetic grafts at 6 weeks. It must be noted that the
percentage of bone in the ABG specimens includes the implanted
autograft particles as well as newly formed bone, whereas for the
synthetic materials, it only includes newly formed bone. At the
study endpoint at 12weeks, bone formation in BCP (38.3 +9.8%)
was comparable to the ABG control (44.0 +8.5%). However, with
BCP, the percentage of bone formation at 12weeks (26.8 +11.4%)
was 11.4% lower than BCP, and 17.2% lower than ABG. This cor-
responded to approximately one-third less bone formation in the
available space for BCP than with ABG and BCP,. Area percent-
ages occupied by BCPy and BCP_ bone graft substitute materials
were equivalent at all timepoints (Figure 6b). The area percentages
of both graft materials did not follow a negative trend with time,
which could have indicated material resorption. When combining
bone and calcium phosphate graft material (Figure 6c), the area per-
centage for the bone substitutes was greater than for ABG at 3 and
6weeks. After 12 weeks, the area percentage of combined bone and
graft material was only higher in BCP (60.3% +5.5%) versus ABG
(44.0% +8.5%).

3.1.4 | Fluorochrome label analysis

Intra-animal bone formation dynamics were analyzed by obser-
vation of the deposition of sequentially injected calcium-binding
fluorochrome labels using fluorescence microscopy (Figure 7). The
presence of the fluorochrome label CN (3weeks, green) in the ma-
jority of BCP and BCP specimens indicated that the onset of new
bone formation had occurred by 3weeks. The calcein label was
mostly present in regions near the host bone surfaces (Figure 7a,b),
but was also observed in isolated sites of osteoinductive bone for-

mation more distant from the host bone. In the central regions of the

85U8017 SUOLIIOD 381D 3|qeotjdde aup Aq peusenob afe ssjoiLe O ‘@SN JO SNl 10} Ariqi8UIjUO /8|1 UO (SUONIPUOD-PUR-SWBI W00 A8 | ImAre1q Ul |uo//Sdny) SUORIPUOD pUe swie 1 8y} 88S *[£202/2T/82] Uo ARiqiauluo A8|im ‘AisieAiun 1yoenn Aq 820pT 10/TTTT 0T/I0p/Woo A3 (1M Akelq 1 pul|uoy//Sdny wolj pepeojumod ‘g ‘€202 ‘T0S0009T



16000501, 2023, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/clr.14028 by Utrecht University, Wiley Online Library on [28/12/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

VAN DUJK ET AL.

the progression of bone formation with time

could be clearly observed. Bone formation was observed to com-
monly originate at the surface of the calcium phosphate granules,

deposition of the labels,

12 weeks

implants (Figure 7c,d), the labels XO (red, 6 weeks) and OTC (yellow,
9weeks) were dominant, indicating that osteogenesis had mostly
started there between week 3 and week 6. Evaluating the sequential
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FIGURE 4 Histology of bone grafts implanted beneath the maxillary sinus floor (basic fuchsin-methylene blue). (a) Representative
sections of ABG, BCP, and BCP; at time-points 3, 6 and 12 weeks are presented. ABG particles and calcium phosphate granules can be
observed in direct contact with the bony sinus floor under the elevated Schneiderian membrane. Progressive bone formation and graft
consolidation with time is evident. (b) Regions of bone formation observed in BCP and BCP near the Schneiderian membrane, are shown
in higher magnification (blue dashed frames a-c, panel A). pink: bone matrix, black/brown: calcium phosphate granules, sc: sinus cavity, Iw:
lateral window, black arrowheads: Schneiderian membrane, blue arrowheads: sinus floor, red arrowheads: osteoinductive bone formation, N:

BCP,, G: BCP,..

FIGURE 5 High magnification
histology (basic fuchsin-methylene

blue). Representative sections of BCP
(a, c, e, g)and BCP (b, d, f, h) are
presented at 3weeks (a, b), 6 weeks

(c, d) and 12 weeks (e, f) post-surgery.
Bone matrix is observed between and in
direct contact with calcium phosphate
granules. Maturation of bone tissue over
time can be appreciated, with early bone

characterized by woven bone morphology

and sites of osteoid deposition, while
mature bone is characterized by lamellar
phenotype. Aligned, cuboidal osteoblasts
and osteocytes can be observed at all
time-points. Active phagocytosis of
calcium phosphate material by large
multinucleated cells was observed at all
timepoints (g, h). B: bone, O: osteoid, C:
capillary, black arrowheads: osteoblasts,
white arrowheads: phagocytosing
multinucleated cells, yellow arrowheads:
osteocytes.

with the fluorochrome label CN in regions near host bone and XO
in the core of the implants, being deposited directly against BCP
and BCP_. OTC was less frequently observed in direct contact with
the calcium phosphate surface, indicating that most granules were

already incorporated into the mineralized bone matrix between 6

and 9 weeks.

3.2 | Clinical MSFA study

3.2.1 | Participants, treatment and baseline data

A total of 10 participants were enrolled in the trial, of whom five
were allocated to the ABG group and five to the BCP group. The
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FIGURE 6 Histomorphometry of graft tissue. (a) Percentage of bone matrix in available space for ABG, BCP and BCP,.. (b) Percentage
of residual graft material for calcium phosphate bone graft substitutes BCPN and BCPG. (c) Percentage of bone and graft material in graft

tissue for ABG, BCP and BCPg.

Sociodemographic and treatment information of the patient cohort
is presented in Table 1. Participants in the two treatment arms were
not significantly different in age and gender. Likewise, there were no
significant differences between the treatment characteristics of the
cohorts, including unilateral or bilateral MSFA, number of implants
per patient, and implant dimensions. Residual vertical bone height in
the atrophic posterior maxilla was similar for both treatment groups.
Except for one participant in the BCP group who missed the final

visit at 17 months, all patients completed follow-up.

3.2.2 | Implant stability

The results of implant stability measurements are presented in
Table 2. Although the mean ISQ was higher for BCP, in all instances,
there were no significant differences between the treatment groups
in primary or secondary stability on either the bucco-lingual and
the mesio-distal axes. Similarly, no significant differences were de-
termined for AISQ. Mean AISQ values were close to zero for both

treatment groups, indicating a minimal difference between primary
and secondary implant stability overall.

3.2.3 | Bone height

Bone height was not significantly different between the ABG and
BCP,, groups during the entire study follow-up (Figure 8). For both
treatment groups, bone height after the MSFA procedure was sig-
nificantly greater versus baseline, indicating successful sinus floor
augmentation. After MSFA, a trend of decreasing bone height was
apparent over time for both groups, albeit only significant for ABG
at 11 and 17 months.

3.24 | New bone formation

The histology of trephine core biopsies was used to evaluate
new bone formation in the augmented maxillary sinus floor. Low
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FIGURE 7 Histology of fluorochrome
labels. Calcium-binding fluorochrome
labels CN (3 weeks, green), XO (red,
6weeks) and OTC (yellow, 9 weeks)
indicate sites of active bone matrix
mineralization at the respective time-
points. Representative sections of BCP
(a, c, &) and BCP (b, d, f) are shown from
regions nearby host bone (a, b) and from
the center of the grafts (c, d). Sequential
deposition of the labels shows that bone
formation originated against the surface
of the graft materials and progressed
outwards (e, f).

magnification histological overviews (Figure 9) revealed new bone
formation throughout the biopsies for both ABG and BCPN, whereas
BCPN specimens presented residual calcium phosphate particles.
ABG biopsies appeared to have a slightly greater soft tissue compo-
nent than BCP, biopsies. On higher magnification (Figure 9), BCP
biopsies demonstrated direct apposition of bone tissue against the
calcium phosphate particles, and bone tissue was bridging between
particles (Figure 9a,b). Bone tissue had a normal appearance and pre-
sented osteocytes in lacunae (Figure 9¢). New bone formation was
observed originating at the surface of the BCP particles (Figure %e).

Histomorphometry of the graft area in the biopsies (Figure 9f,g)
revealed a comparable area percentage of bone tissue in the available
space for BCP (45.7 +23.0%) and ABG (43.4 +13.6%) (Figure 9f).
The area percentages of combined bone and residual graft mate-
rial were also comparable, although the difference between the
means of BCP, (60.9 +17.5%) and ABG (43.4 +13.6%) was greater
(Figure 9g).

3.2.5 | Clinical outcomes

Table 3 presents the clinical outcomes of participants treated with
ABG and BCP,. First of all, both treatment groups exhibited 100%

implant survival during the study follow-up. Among the reported

adverse events related to the MSFA procedure were two cases of
maxillary sinusitis in the BCP, group and one case of vestibular in-
fection in the ABG group. The incidence of adverse events was not
significantly different between the treatment groups. Similarly, no
significant differences between the treatment groups were detected
for the incidence of Schneiderian membrane perforations and im-
plant apex protrusions. With regard to implant health scores, gingi-
val index and plaque index were primarily graded “0” and “1” in both
treatment groups, with no significant difference between groups.
However, a significant difference was recorded for the bleeding
index, with a higher incidence of gingival bleeding in the BCP, group
compared to the ABG. Implant probing depth was comparable for
both treatment groups. Reported pain by visual analog scale (0-10)
was comparable between the treatment groups and was below 1 for
>90% of measurements without an apparent trend over time (data
not shown).

4 | DISCUSSION

The current study describes the preclinical and clinical evalua-
tion of osteoinductive calcium phosphate with submicron surface
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TABLE 1 Participants, treatment, and

v a
Total ABG BCP p-value baseline data.
Participants 10 5 5
n
Age (years) 56.7 (11.2) 55.8 (14.7) 57.6 (9.7) 794
Mean (SD), [min-max], [CI [33-74] [33-74] [46-72]
95%] [37.5-74.1] [45.6-69.6]
Gender
n (%)
Female 3(30) 2 (40) 1(20) >.999
Male 7 (70) 3(60) 4(80)
MSFA procedure
n (%)
Unilateral 4 (40) 1(20) 3(60) >.999
Bilateral 6 (60) 4(80) 2 (40)
Residual bone height (mm) 3.1(1.1) 3.4(1.3) 2.6(0.8) 323
Mean (SD), [min-max], [CI [2.0-5.8] [2.0-5.8] [2.0-4.0]
95%] [2.39-4.44] [1.88-3.38]
Number of implants 23 (100) 12 (52.2) 11 (47.8)
n (%)
Implants per patient 2.4 (1.6) 2.4(1.1) 2.2(2.2) 476
Mean (SD), [min-max], [CI [1-6] [1-4] [1-6]
95%] [0.98-3.82] [-0.49-4.89]
Implant size (mm)
Mean (SD), [min-max], [Cl 95%]
Diameter 4.2(3.7) 4.2(3.1) 4.4 (4.5) 175
[3.6-4.8] [3.6-4.8] [3.6-4.8]
[3.95-4.35] [3.95-4.79]
Length 10.3(1.3) 10.4 (1.0) 10.3 (1.7) .783
[8.0-13.0] [9.0-11.2] [8.0-13.0]
[9.72-11.0] [8.71-11.9]
Mann-Whitney U test or Fisher's exact test.
TABLE 2 Implant stability.
Bucco-lingual Mesio-distal
ABG BCPy p-value® ABG BCP,, p-value®
ISQ TO (Primary stability) 57.0(12.3) 60.2 (17.7) .820 61.9 (12.44) 67.0(13.0) 657
Mean (SD), [min-max] [43.0-79.0] [30.0-79.0] [43.7-79.0] [45.6-80.0]
I1SQ T1 (Secondary stability, 6 months) 56.1(10.4) 65.4(10.7) .306 59.6 (13.1) 70.7 (17.1) 2269
Mean (SD), [min-max] [43.0-71.0] [53.7-83.0] [42.3-77.0] [43.0-98.0]
A1SQ -0.8(10.6) 1.1(12.1) .820 -2.3(12.3) -0.8 (11.6) .822
(T1-TO) [-21.0-16.7] [-21.0-10.7] [-30.7-13.0] [-13.3-18.0]

Mean (SD), [min-max]

“Two-way ANOVA, Holm-Sidak's multiple comparisons test.

topography as a bone graft substitute for MSFA. In a preclinical sheep
model, two biphasic calcium phosphates with needle-shaped and
grain-shaped submicron surface topography were compared with
autograft as the control. After MSFA, vertical augmentation height
was greater for both synthetic materials versus ABG at all time-
points. Both BCP, and BCP were biocompatible, supporting bony
ingrowth with direct bone apposition against the materials, while
resorbing at a comparable rate. Both BCP\ and BCP exhibited oste-
oinductive bone formation as early as 3 weeks post-implantation, but
BCP, demonstrated significantly more bone formation than BCP at

the study endpoint of 12weeks. Only BCP, reached an equivalent
amount of bone formation in the available space and a greater pro-
portion of calcified material (bone +graft material) beneath the max-
illary sinus floor compared to the clinical “gold standard” ABG, after
12weeks. These results were validated in a clinical study, in which
BCP, was compared to autograft in a cohort of 10 patients receiv-
ing lateral window MSFA with two-stage implant placement. In this
small study population, BCP was found to be comparable to ABG in
implant stability, bone height, new bone formation in trephine core
biopsies, and the majority of clinical outcomes.
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FIGURE 8 Bone heightin the posterior

maxilla as measured by CT at the location

of the implants at baseline, month 5, 11 20
and 17 months. Green asterisks indicate

significance between timepoints for

ABG, blue asterisks indicate significance

between timepoints for BCP. No 151
significant differences were determined

between the treatment groups.

Bone height

o ® ABG

! = BCPN

In recent years, there has been an increasing interest in the ef-
fect of biomaterial surface topographies on biological responses,
with the goal of optimizing favorable healing responses follow-
ing implantation. While relationships have been determined be-
tween topography and osteogenic differentiation of stem cells
(Dobbenga et al., 2016; Gui et al.,, 2018; Huang et al., 2019),
other research has focused on immunomodulatory effects (Luu
et al., 2015; Yang et al., 2019). The osteoinductive potential of cal-
cium phosphates has been reproducibly linked to the presence of
a submicron surface topography, that is, a topography of surface
crystals smaller than 1 pm in diameter (Duan et al., 2016; Duan
et al., 2019; Duan, Barbieri, De Groot, et al., 2018; Duan, Barbieri,
Luo, et al., 2018; Yuan et al., 2010). Recent studies have suggested
that upregulation of anti-inflammatory M2 macrophages and os-
teoclastogenesis play an additional role in osteoinduction by cal-
cium phosphate with submicron topography (Chen et al., 2020;
Davison et al., 2014, 2015; Li et al., 2020). Further research is
needed to elucidate how surface crystal morphology influences
bone regeneration by calcium phosphate bone graft substitutes.
A recent comprehensive review by Bohner and Miron proposed
a new mechanism for intrinsic osteoinduction by biomaterials, in-
troducing a novel concept of calcium and/or phosphate depletion
that could form the trigger for osteoinduction. This mechanism
takes into account the composition, volume, and architecture of
materials, as well as the potential roles of macrophages and osteo-
clasts (Bohner & Miron, 2019).

Both bone graft substitutes that were studied in the sheep model,
BCP, and BCP, have a submicron topography and were previously
demonstrated to possess osteoinductive capacity in ectopic implan-
tation models (Duan et al., 2019; Duan, Barbieri, Luo, et al., 2018; Le
Nihouannen et al., 2005). Interestingly, when evaluated in the same

months

canine intramuscular implantation model by our group, osteoinduc-
tive bone formation was determined in 100% of implants for both
BCP, and BCP, but the area percentage of bone as determined
by histomorphometry was approximately 10x greater for BCP
(24.5% +4.3 vs. 2.4%+1.4%) (Duan et al., 2019; Duan, Barbieri,
Luo, et al., 2018). This suggests that BCP, has a higher intrinsic os-
teoinductive potential than BCP. Due to its biphasic composition
(30% HA, 70% TCP) and novel submicron needle-shaped topogra-
phy, BCPy (MagnetOs, Kuros Biosciences BV) is different from an
earlier commercial bone graft manufactured by our group for dental
applications (Vivoss/Osopia, Regedent AG). This earlier material has
a larger component of TCP (<10% HA/>90% TCP) and a submicron
grain-shaped surface topography and may be associated with faster
resorption properties.

A potential explanation for the difference in bone forming poten-
tial of BCPy and BCPg, in both the current orthotopic model and the
ectopic implantation model mentioned above may lie in their sur-
face crystal morphology. While BCP, and BCP overall have similar
physicochemical properties (Appendix, Table S1), including granule
size, HA/BTCP phase composition, and porosity, the materials are
different in the morphology of their submicron surface crystals. In
a recent study by our group, osteoinduction by calcium phosphates
with different morphologies of submicron surface crystals was eval-
uated (Duan et al., 2019). A material with needle-shaped topogra-
phy showed accelerated osteoinductive bone formation versus a
material with grain-shaped topography (Duan et al., 2019). These
results indicated that, besides the dimension of the surface features
(i.e., submicron vs. micron), the morphology of surface crystals also
affects osteoinductive capacity. In the current study, the needle-
shaped submicron topography of BCP, was similarly associated with
a higher bone-forming potential than BCP.
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To ourknowledge, the observed early bone formation in synthetic
implants in the space created after maxillary sinus floor elevation,
distant from the host bone and near the Schneiderian membrane,
has not been previously reported. Although studies have suggested
that the Schneiderian membrane itself has osteoinductive potential
(Srouji et al., 2010), this concept has been invalidated in later studies
(Jungner et al., 2015; Scala et al., 2012). However, the Schneiderian

FIGURE 9 Histology and
histomorphometry of clinical trephine
core biopsies. (a) Representative
histological micrographs of biopsies
(hematoxylin-eosin) of ABG and BCPy,.
In the inferior aspect, the original dense
alveolar bone of the sinus floor can

be occasionally observed. The dark
granular material in the BCP specimens
represents the BCP granules. (b-e) High
magnification histology of trephine core
biopsies of the BCP, group (hematoxylin-
eosin). Direct bone apposition against
BCP, granules is apparent, with bone
matrix engulfing BCP, granules (b-d).
New bone formation is occasionally
observed originating at the surface and
inside pores of the granules (e). (f, g)
Histomorphometry of clinical trephine
core biopsies. (f) Percentage of bone
matrix in available space for ABG and
BCP,. (g) Percentage of bone and graft
material trephine cores. No significant
differences were determined between
ABG and BCP,,.

Bone + graft material

Q>
00

membrane has been shown to be osteogenic, since it harbors a niche
of mesenchymal osteoprogenitor cells (Berbéri et al., 2017; Graziano
et al.,, 2012; Gruber et al., 2004; Li et al., 2015). Furthermore, mu-
cosal epithelia such as the Schneiderian membrane are known to
contain high numbers of immune cells, including macrophages, be-
cause they form a primary defense against invading pathogens (Oh
et al., 2020; Russell et al., 2015). In light of earlier results that have
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TABLE 3 Clinical outcomes.

ABG BCPy p-value®

Implant survival 12/12 (100) 11/11 (100) >.999

n/total (%)
Adverse events related to MSFA

n (%)
All 1(20) 2 (40) >.999
Sinusitis maxillaris 0(0) 2 (40) 444
Vestibular infection 1(20) 0(0) >.999
Schneiderian 4/9 2/7 .633
membrane (44.4) (28.6)

perforation
n/total (%)

Implant apex protrusion  3/12 (25) 3/11 (27.3) >.999
n/total (%)
Implant health scores
n
Gingival index 0 7 3 .243
(0-3) 13 5
2 0 1
3 0 0
Plaque index 0 8 5 443
(0-3) 12 3
2 0 1
3 0 0
Bleeding index 0 8 1 .006
(0-2) 1 2 8
Probing depth (mm) 2.2 (0.6) 2.8(0.8) 181
Mean (SD), [min-max], [1.8-3.8] [1.6-3.8]
[C1 95%] [1.79-2.63] [2.16-3.40]

?Fisher-Freeman-Halton Exact test or Mann-Whitney U test.

suggested a role for macrophages in bone induction, it is possible
that macrophages from the Schneiderian may have migrated to the
nearby implanted bone grafts, and subsequently polarized to the
pro-regenerative M2 phenotype. The observed early bone induction
near the Schneiderian membrane may therefore have resulted from
an interaction between the bone graft surface and macrophages and
osteoprogenitor cells originating from the Schneiderian membrane.

The performance of BCP demonstrated in the sheep model was
clinically validated in a first clinical study in terms of functionality,
that is, bone formation, volume augmentation, and implant stabil-
ity. Bone formation as determined by histomorphometry of tre-
phine core biopsies was equivalent for BCP and the control ABG.
Interestingly, the mean area percentages of bone in available space
for BCPy and ABG in the sheep study were comparable to the values
obtained in the clinical study, while mean area percentages of resid-
ual graft material and combined bone and graft material were also
similar for BCP between the two studies.

Vertical bone height after MSFA in the preclinical model was
greater for the synthetic bone substitutes than ABG at all time-
points, which indicates that ABG had a lower volume stability than

the synthetic grafts. However, in the clinical study, bone height
was comparable between ABG and BCP, at all follow-up visits. The
observation that ABG undergoes greater volume reductions than
calcium phosphate-based bone graft substitutes has been often re-
ported in the literature (Cosso et al., 2014; Jensen, Schou, Svendsen,
et al., 2012; Lutz et al.,, 2015; Schlegel et al., 2003; Shanbhag
et al., 2014). Because of concerns that ABG resorption might com-
promise MSFA, especially with two-stage implant placement, it has
been recommended to use bone graft substitutes as an extender
or substitute for ABG to maintain graft volume (Jensen, Schou,
Stavropoulos, et al., 2012; Kiihl et al., 2014; Mardinger et al., 2011).
Long term graft volume stability is considered a favorable outcome
in MSFA, although there is so far no evidence indicating that vol-
ume loss negatively affects implant placement or survival (Shanbhag
et al., 2014). The advantage of using a BCP that has a moderate re-
sorption rate is that it can provide initial stability to the new bone
and allow the tissue to mature, while it is gradually remodeled and
replaced by bone tissue over time. RFA has been used as a tool
for the assessment of bone quality and osseointegration. Previous
studies have indicated that good primary/mechanical stability, that
is, lack of implant micromovement, is a prerequisite for proper peri-
implant healing and osseointegration, which leads to secondary/bi-
ological stability (Monje et al., 2019). Several studies have positively
correlated implant stability to bone quality, although other factors
have been found to affect ISQ, including implant location, insertion
torque, dimensions, and design of the implant (Huang et al., 2020). In
our clinical study, RFA of dental implants revealed comparable pri-
mary and secondary implant stability for ABG and BCP, with a neg-
ligible difference between primary and secondary stability within
groups.

It is challenging to compare the outcomes of the current work
directly to results obtained in studies that have used conventional,
non-osteoinductive bone graft substitutes. Many pre-clinical stud-
ies that have evaluated such materials lack a positive control, used
different timepoints and assessment methods, or used bone substi-
tutes in combination with autologous bone or other adjuncts (e.g.,
stem cells, platelet rich plasma, composite grafts) (Alayan et al., 2016;
Barboni et al., 2013; Grageda et al., 2005; Gutwald et al., 2010; Klijn
et al., 2012; Mangano et al., 2015; Philipp et al., 2014; Saffarzadeh
et al., 2009; Sauerbier, Stricker, et al., 2010; Sauerbier, Stubbe,
et al., 2010). However, in studies that evaluated bovine xenograft,
porous HA, and demineralized freeze-dried bone allografts versus
ABG in MSFA models, the authors advised against the use of these
materials as standalone substitutes for ABG because they resulted
in lower bone-implant contact (Haas, Baron, et al.,, 2002; Haas,
Haidvogl, et al., 2002; Jensen et al., 2013). In other clinical MSFA
studies, bone percentage in bone core biopsies was commonly
higher for ABG compared to bone graft substitutes (Danesh-Sani
et al., 2017; Handschel et al., 2009; Klijn et al., 2010a; Papageorgiou
et al., 2016; Stumbras et al., 2019), while results of comparisons
between synthetics, xenografts and allografts have been variable
(Annibali et al., 2015; Kurkcu et al., 2012; Lindgren et al., 2009;
Papageorgiou etal., 2016; Schmitt etal., 2013). Still, questions remain
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on the relevance of bone substitute selection for MSFA, since clear
influence of graft type on clinical outcomes and implant survival has
so far not been reported (Al-Nawas & Schiegnitz, 2014; Del Fabbro
et al., 2005; Nkenke & Stelzle, 2009; Starch-Jensen et al., 2018).

The strengths of this study include the thorough evaluation of
bone formation by two similar synthetic bone graft substitutes with
different surface crystal morphology, in a clinically relevant sheep
model of MSFA, using the gold standard autograft as a control.
Moreover, this study is translational because the pre-clinical re-
sults were clinically validated in a human trial that used a full range
of assessment methods to compare a bone substitute to the gold
standard. A limitation of the sheep MSFA model is that it involves
the implantation of bone grafts into the sub-Schneiderian space in
non-atrophic maxillae with intact molars, while clinical MSFA cases
often involve augmentation of severely resorbed alveolar bone in
edentate patients. Furthermore, we have not evaluated the place-
ment and osseointegration of dental implants in the sheep model.
The clinical study was limited by the relatively low number of pa-
tients that were enrolled. A larger sample size would have led to an
increase in statistical power that may have resulted in the discovery
of significant differences.

In conclusion, the present translational work demonstrated
successful MSFA with a novel osteoinductive calcium phosphate
with needle-shaped surface topography. In a sheep model of
MSFA comparing two osteoinductive calcium phosphate bone
substitutes with submicron topography, a material with a needle-
shaped topography demonstrated enhanced bone formation ver-
sus a material with a grain-shaped topography. Moreover, the
material with needle-shaped topography reached an equivalent
amount of bone formation (in the available space) compared to the
“gold standard” ABG. These results were validated in a small pro-
spective clinical study, in which the same bone substitute reached
comparable results to autograft on almost all outcomes. These
findings confirm that morphology of submicron surface features
on calcium phosphates dictates their in situ bone-forming poten-
tial. Osteoinductive BCP promoted the formation of mature bone
in direct contact with the material, facilitating osseointegration
and stability of dental implants after 1 year of placement while
avoiding the disadvantages of autograft (i.e., second surgical site,
graft resorption). Future investigation of osteoinductive calcium
phosphates in larger clinical studies is recommended to further ex-
plore their potential as stand-alone bone graft substitute materials

for maxillofacial surgery.
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