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Abstract

Introduction: OsteoFlux® (OF) is a 3D printed porous block of layered strands of tricalcium
phosphate (TCP) and hydroxyapatite. Its porosity and interconnectivity are defined, and it can be
readily shaped to conform the bone bed’s morphology. We investigated the performance of OF as
a scaffold to promote the vertical growth of cortical bone in a sheep calvarial model.

Materials and methods: Six titanium hemispheres were filled with OF, Bio-Oss (particulate bovine
bone, BO), or Ceros (particulate TCP, CO) and placed onto the calvaria of 12 adult sheep (6
hemispheres/sheep). Histomorphometric analyses were performed after 8 and 16 weeks.

Results: OF led to substantial vertical bone growth by 8 weeks and outperformed BO and CO by a
factor 2 yielding OF 22% + 2.1; BO 11.5% =+ 1.9; and CO 12.9% =+ 2.1 total new bone. 3 mm away
from the bony bed, OF led to a fourfold increase in new bone relative to BO and CO (n =38,

P < 0.002). At 16 weeks, OF, BO, and CO behaved similarly and showed marked new bone
synthesis. A moderate degradation was observed at 16 weeks for all bone substitutes.

Conclusion: When compared to existing bone substitutes, OF enhances vertical bone growth
during the first 2 months after implantation in a sheep calvarial model. The controlled porous
structure translated in a high osteoconductivity and resulted in a bone mass 3 mm above the bony
bed that was four times greater than that obtained with standard substitutes. These results are

promising but must be confirmed in clinical tests.

Bone regeneration is of importance in a num-
ber of surgical disciplines such as neurosur-
gery,
dental surgery, it also applies to the recon-
struction of defects of the jaw bones. Indeed,

orthopedics, and traumatology. In

after a traumatic episode, regenerative pro-
cesses do not take place spontaneously and
are often insufficient in terms of resulting
tissue volume. A scaffold of natural or syn-
thetic origin must be used to initiate and
drive bone growth by steering the kinetics of
wound healing. Therefore, an ideal bone graft
or bone substitute should provide a template
for osteoconduction, growth factors for osteo-
promotion, and scaffolding for internal osteo-
genesis (Draenert et al. 2014). The resulting
newly formed bone will then seamlessly inte-
grate with the bony bed.

Autogenous grafts (i.e., pieces of live bone
taken from another site in the patient) are
considered ideal as they contain (i) osteopro-
genitor cells and osteoblasts capable of pro-
ducing new bone, (ii) a structural matrix that
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acts as a scaffold, and (iii) bioactivators of
bone formation. Still, the amount of autoge-
nous bone that can be extracted from a given
patient is often limited, and the donor sites’
morbidity may reach 25% (Myeroff & Arch-
deacon 2011). The alternatives to autologous
bone are allografts (i.e., bone harvested from
human cadavers), xenografts (bone obtained
from a different animal species), and artificial
materials (Esposito et al. 2009). Xenografts
and artificial materials are mostly used.
Ultrastructurally, the material should be por-
ous whereby the pores must be intercon-
nected to permit the influx of mesenchymal
cells, osteoblasts, and the development of a
supply (Karageorgiou & Kaplan
2005). The typical xenograft is produced by
removing the organic phase from pieces of

vascular

bovine bone—a procedure which consists in
chemically extracting all organic compounds
at a temperature of 300°C. This virtually
eliminates the antigenic potential but pre-

the mineral phase structure and
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composition. The substitute thus presents a
standard trabecular architecture and will act
as a natural osseoconductor (possibly osseoin-
ductor) (Gross 1997; Richardson et al. 1999).
However, its animal origin limits patient
acceptance due to infection hazard by prion
diseases (Wenz et al. 2001). Intrinsically, syn-
thetic bone substitutes do not carry these
risks. Chemically, they are combinations of
calcium, phosphates, carbonates, sulfates,
and silicon oxides. Potassium, sodium, and
manganese are also found (Polo-Corrales
et al. 2014). A most prominent representative
in this category is biphasic calcium phos-
phate—a combination of hydroxyapatite (HA)
and tricalcium phosphate (TCP) formulated
as an optimum balance between the most
stable form of HA and most soluble form of
TCP (Daculsi 1998).

Typically, bone substitutes of natural or
synthetic origin are used in granular form.
The granules are packed onto the bone crest
and covered with a resorbable membrane that
ensures primary stability and prevents leak-
age of the particles. Alternatively, the materi-
als are also available as blocks, but these
never became popular for various reasons, the
main being a lack of “shapeability” and the
blocks being perceived as fragile (Simion
et al. 2006; Felice et al. 2009). In this regard,
3D printing is an attractive option as it may
overcome the above limitations. Its major
advantages are as follows: (i) The materials
used are purely synthetic, (ii) a regular
arrangement of interconnected pores that is
controllable in size and patency can be con-
structed, (iii) the geometry of the constructs
can be adapted to the recipient bone bed as
well as to the intended bone volume, and (iv)
the constructs provide support to the overly-
ing soft tissue.

Such a three-dimensional structure has
recently been developed. Hence, the objective
of this study was to evaluate its performance
both histologically and histomorphometrically
in a model of guided bone regeneration in
sheep.

Material and methods

Experimental design

The experiment was conducted on 12 sheep.
Six locations were available on each skull
(occipital left and right, median left and right,
frontal left and right). After initial acclima-
tion, six randomly allotted titanium hemi-
spheres filled either with (i) 3D printed
constructs, (ii) particulate material of bovine
origin, (iii) synthetic particles, or (iv) plain
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blood coagulum (negative control) were placed
on the calvarium of each animal (Table 1).
Randomization was obtained by drawing lots
with the following constraints. (i) Each sheep
had to receive at least one of the three substi-
tutes but (ii) no sheep could be fitted with
more than two samples of the same substi-
tute. (iii) Each of the three substitutes was to
be placed at least once in one of the six posi-
tions. (iv) The four controls (no substitute)
had to be placed on different animals and (v)
distributed over the occipital, the median, and
the frontal sites. Six animals were sacrificed
after 8 weeks and six after 16 weeks. The
skulls were block-sectioned and subjected to
histomorphometric analysis. Outcomes were
analyzed in terms of the relative volumes of
bone substitute and new bone tissue.

Bone substitutes

The following bone substitute materials were

subjected to analysis.

1. The 3D printed block (OsteoFlux®; Vivos-
Dental, Villaz-St-Pierre, CH). These
blocks are made of orthogonally layered
cylindrical filaments, 400 pm in diameter
separated by spaces 250 um in width.
Upon printing, the filaments are depos-
ited as a high-viscosity paste which then
sets to a hard consistency. They are made
of synthetic calcium phosphate with a
calcium-to-phosphate ratio of 1.43 (range
1.35-1.5). The main phases are calcium
phosphates in the form of o-TCP and
microcrystalline, calcium-deficient HA.
The construct’s macroporosity ranges
between 40 and 50% and the total poros-
ity between 50 and 65% (Fig. 1a,b).

2. A particulate substitute of bovine origin
(Bio-Oss®, Geistich Pharma, Wolhusen,
CH). This material is made of granules,
0.25-1 mm in diameter. It is resorbable
and presents a natural bone microarchi-
tecture with a total porosity of 60%.

3. A synthetic particulate substitute (Ceros®,
Thommen Medical, Grenchen, CH). This
product
0.5-0.7 mm in diameter. It is made of pure
B-TCP and hence resorbable. The granules
have a total porosity of 60%.

presents itself as granules

For the sake of simplicity, OsteoFlux®, Bio-
Oss®, and Ceros® will be referred to as OF,
BO, and CO hereafter.

Hemispheres and placement of bone
substitutes

The hemispheres were machined out of tita-
nium (cpTi-gr2) with an inner diameter of
10 mm, an outer diameter of 11 mm, and a
height of 5 mm. OF blocks were printed to a

Fig. 1. (a). Schematic drawing of the 3D block’s (Osteo-
Flux®) microstructure with a regular arrangement of
interconnected pores. (b). SEM view.

perfect fit inside the hemispheres (Fig. 2a)
and were gamma sterilized before use.

At the time of surgery, the OF blocks were
loaded with autologous blood and then placed
into the hemispheres. BO and CO were pre-
pared to a homogeneous blood granules paste
and then gently packed into the cups to
ensure optimal density. The control spheres
were merely filled with blood. The hemi-
spheres were placed onto the skull immedi-
ately after being filled.

Animals

Twelve adult BMC sheep (female, 2.5-
4 years, 69-87 kg) were included in the study
(Eymin Breeding, Seyssuel, F). The animals
underwent an acclimation period of one week
prior to surgery. The experiment was con-
ducted in a dedicated facility [NAMSA,
Chasse sur Rhone, FR (ISO/CEI 17025)]. In
line with European requirements (European
Directive 2010/63/EU), all animal experi-
ments were approved by the local veterinary
(NAMSA Ethical Committee,
French Ministry of Agriculture).

committee

Surgical procedure

The animals underwent general anesthesia.
They were deprived of food (24 h) and water
(12 h) prior to surgery to prevent vomiting. A
prophylactic antibiotic coverage was dis-
pensed 1 day before and up to 2 weeks after
the surgery [amoxicillin-Duphamox, Pfizer,
Fort Dodge, IA, USA, im. every 2 days
(15 mg/kg) 5%,
Bayer Pharma, Leverkusen, DE s.c. daily
(5 mg/kg)]. The animals first received an

and enrofloxacin-Baytril

analgesic treatment (flunixine-Meflosyl i.m.
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Pfizer (2 mg/kg), and buprenorphine-Bupre-
care s.c. (0.01 mg/kg), Animal care, York,

UK). Anesthesia was induced by an intrave-
nous injection of a mixture of thiopental-
Nesdonal (750 mg, Merial, Lyon, FR)}—pento-
barbital sodium (273 mg, CEVA, Libourne,
FR)—atropine sulfate (1 mg, Aguettant, Lyon,
FR) before intubation. Deep anesthesia was
obtained using 2% isoflurane-Aerrane (Bax-
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ter, Deerfield, IL, USA) in pure oxygen. A rec-
tal temperature probe and a rumen tube were
placed. Heart function, temperature, and oxy-
gen saturation were monitored. Iso-volumet-
ric conditions were maintained by infusion
of a ringer lactate solution during the entire
procedure. The surgical areas were shaved,
and the skin was scrubbed with povidone
iodine (Vetoquinol, Lure, FR), wiped with iso-

Fig. 2. (a). Titanium hemispheres filled with OsteoFlux®. (b). Circular grooves with transcortical perforations prior
to fixation of the titanium hemispheres filled with bone substitute material (c).

Table 1. Specimens analyzed

Healing period Bone substitute

Number of specimen analyzed (n)

8 weeks Coagulated blood (control)
3D printed construct
Bovine particulate substitute
Synthetic particulate substitute
16 weeks Coagulated blood (control)

3D printed construct

Bovine particulate substitute
Synthetic particulate substitute

Total placed: 56

00 00 00~ 00 00 00N

Total analyzed: 56

propyl alcohol, painted with povidone iodine,
and draped.

A midline incision was made through the
skin, from the orbits to the external occipital
protuberance. The temporalis muscles were
elevated subperiosteally from the frontal and
parietal bone and bilaterally retracted. On
each side of the median suture, three circum-
ferential grooves, 10 mm in diameter and
approximately 0.5 mm in depth, were tre-
phined under saline irrigation. In each of the
resulting circles, 11 intramedullary holes
(1 mm in diameter, ca. 2 mm in depth) were
drilled with a round bur to allow bone cell
migration from the marrow to the surface.
Thus, in each animal, six grafting sites made
of a cortical bone plate penetrated by 11 trans-
cortical perforations were produced (Fig 2b).
Primary stability of the hemispheres was
ensured by the clipping effect of the titanium
hemisphere onto the bone (Fig. 2¢). Each ani-
mal received at least one of each bone substi-
tutes. The distribution of the bone substitutes
within the six positions was determined from
a table of random allocations (SPSS). Wound
closure was carried out in three planes. The
deeper tissues were closed using a discontinu-
ous resorbable suture (Vicryl 3-0, Ethicon,
Sommerville, NJ, USA). A povidone iodine
solution was applied before closing the subcu-
taneous tissues with the resorbable suture
material. The skin was closed with a continu-
(Prolene 3-0,
Ethicon) and disinfected with a spray of oxyte-
tracycline (Oxytetrin, Merck-MSD, White
house station, NJ, USA).

Postoperative pain was

ous non-resorbable suture

minimized by
subcutaneous injections of buprenorphine
(Buprecare, Animalcare, UK) 0.01 mg/kg,
twice daily for 2 days. Inflammation was
controlled for 7 days by daily intramuscular
injections of flunixin (Meflosyl, Zoetis, Flor-
ham Park, NJ, USA) 2 mg/kg. The wounds
were disinfected until 2 days past sutures
removal which itself was carried out after
complete healing.

The animals were ecuthanized 8 and

16 weeks after placement of the hemi-
Table 2. Histopathologic scoring system (semiquantitative)
Score

Cell type/Response 0 1 2 3 4

Polymorphonuclear cells (PMN) 0 Rare, 1-5/phf 5-10/phf Heavy infiltrate Dense
Lymphocytes (Lc) 0 Rare, 1-5/phf 5-10/phf Heavy infiltrate Dense
Plasma cells (Plc) 0 Rare, 1-5/phf 5-10/phf Heavy infiltrate Dense
Macrophages (Ma) 0 Rare, 1-5/phf 5-10/phf Heavy infiltrate Dense
Giant cells/osteoclastic cells (Gc/Oc) 0 Rare, 1-2/phf 3-5/phf Heavy infiltrate Sheets
Osteoblasts (Ob) 0 Slight, equivalent to Moderate, > Marked, >> normal Highly

normal bone normal bone bone marked

phf, per high-powered (400x) field.

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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spheres. Immediately after sacrifice, the
skulls were dissected and immersed in neu-
tral buffer and 10% formalin.

Histological preparation, histopathologic, and
histomorphometric analysis

After complete fixation, the
block-sectioned to isolate each hemisphere.
The blocks were (i) rinsed for 3 h with tap
water, (ii) dehydrated in alcohol solutions of

skull was

increasing concentration, (iii) cleared in
xylene, and (iv) embedded in polymethyl
methacrylate (Merck-MSD,  White
house station, NJ, USA). Using a precision
band saw (EXAKT, Oklahoma city, OK,
USA), were

obtained by sectioning the titanium caps

resin

undecalcified  specimens
perpendicular to the bone surface midway
through the hemispheres. Then, the speci-
mens were thinned out to a thickness of
3040 ym by microgrinding and polished
(Mecapol P320, Presi, Grenoble, FR). Finally,
they were stained with modified paragon.
The sections were digitized with a light
microscope (Eclipse 80i, Nikon, Tokyo, JP)
coupled with a digitizing camera (Allied
Vision Technologies, Taschenweg, DE). Sin-
gle pictures of high-power fields at 10x
magnification were assembled to generate
large overview images.

Bone substitute and new bone tissue were
scribed using a software for image analysis
(Calopix viewer, Tribvn, Chatillon, FR). The
structures of interest were delimited manu-
ally using a graphical pad on the entire sur-
face inside the titanium hemispheres, that
is, from the external cortical limit of the
bony bed to the internal limit of the hemi-
spheres. The amount of new bone and bone
substitute was expressed as percentages of
the total volume under the hemispheres.
Artifacts
excluded from the computations. The histo-
pathologic evaluation was performed using
the scoring system described in Table 2 (ISO
10993-6 standard).

and/or broken tissues were

Statistical analysis

The histomorphometrical data were checked
for normal distribution and equivalence of
variances. Unpaired t-tests were used to com-
pare OF (n = 8) to BO (n = 8) or CO (n = 8) at 2

or 4 months. For the analyses on horizontal
segmentation, only groups within a slice were
compared. Owing to the multiple comparisons

performed, Bonferroni’s correction was applied
and the null hypothesis rejected at P < 0.025.

Fig. 3. Hemi-slide showing the bone substitutes’ engraftment under the titanium hemispheres at 8 weeks. (a) BO

appears as dark red particles surrounded and bridged by new bone (light pink), mainly in the vicinity of the bony

bed (salmon pink). Note that the transcortical perforation is filled with new bone. (b) OF appears as brown circles or

rounded polygons depending on the angle of cutting. The newly formed bone sprouts from the transcortical perfora-

tions and then develops into vertical columns from the bony bed up to the titanium hemispheres. The bone is often

lined by unmineralized bone (blue). Note that the horizontal (i.e., perpendicular) canals are filled with new bone

even at the top of the construct and include a central vessel system. (c) CO appears as gray particles surrounded and

bridged by new bone, mainly in the vicinity of the bony bed. Note that CO’s macropores are occasionally filled with

new bone. (d) The control site shows a complete healing of the transcortical perforation with some new bone cover-
ing the old bony bed. Note the remnant of coagulated blood (purple). (BO: Bio-Oss®, CO: Ceros®, OF: OsteoFlux®).

Table 3. Semiquantitative histopathologic evaluation (scoring Table 2, n = 8, mean + SD)

Giant
Bone substitute Polymorphonuclear Plasma cells/Osteoclastic Osteoblastic
Time n=8 cells Lymphocytes cells Macrophages cells cells
8 weeks OsteoFlux 0 0 0 1.1 £ 0.3 0.9 + 0.3 2.6 + 0.5
Bio-Oss 0 0 0 1 1 1.3 +£0.7
Ceros 0 0 0 1.4+ 0.5 0.8+ 0.4 1.6 £ 0.5
16 weeks OsteoFlux 0 0 0 1.3+04 1 2 +0.5
Bio-Oss 0 0 0 0.8 + 0.7 1.1 £0.3 1.6 £ 0.5
Ceros 0 0 0 2+05 2+05 1.8+ 0.7
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Results

Macroscopically, at necroscopy, none of the
56 sites presented signs of inflammation. All
hemispheres remained as placed both at 8
and 16 weeks.

Histopathologic evaluation

Prior to histomorphometric analysis, a histo-
pathologic evaluation of inflammatory and
bone cells was performed. The scoring sys-
tem and the results are presented in Tables 2
and 3. No inflammatory cell infiltrate was
detected on any site. Macrophages, giant
cells, and osteoclasts, that is, the cells in
charge of the degradation of the bone substi-
tute and bone remodeling, were rarely seen
at 8 and 16 weeks. A higher number, how-
ever, were noted next to the synthetic parti-
cles (COJ) at 16 weeks. At 8 weeks, the
density of bone cells exceeded that of normal
bone on all substitutes whereby the 3D
printed blocks contained twice as many os-
teoblasts as the particulate substitutes (BO
and CO). At 16 weeks, the density of osteo-
blasts was moderately increased and equal
among the 3 materials.

Histologic evaluation

At 8 weeks, the hemispheres were covered
by a fibrous layer. The circular grooves that
stabilized the hemispheres were often filled
with new bone (Fig. 3a,b) which somewhat
lifted the cups out of their bone bed. As a
consequence, on the inside of the cups, a
layer of connective tissue developed between
the metal and the
(Fig. 3a—c). In the control sites (Fig. 3d), the
hemispheres were almost empty although

substitute materials

some minor bone growth was noted.

OF samples showed evident signs of osteo-
conduction along the vertical canals of the
construct which often extended to the top of
the structure. The newly formed bone clearly
sprouted from the intramedullary perfora-
tions. The horizontal canals were also largely
filled with new bone, and a central vascula-
ture had developed (Figs 3b and 4ef). OF
integrated well, as shown by the intimate
contact between the newly formed bone and
the material (Fig. 4b—f). The bone was charac-
terized by marked osteoblastic
(Figs 3b and 4a-f), even at large distances
from the calvarial plate (Fig. 4b,c). A sight

activity

evidence of material degradation
observed, mainly at the base of the block

(Fig. 4d). The remaining space was filled with

was

connective and highly vascularized osteoid
tissue (Figs 3b and 4b,c,f).

Carrel et al-3D printed TCP-HA osteoconductive scaffold

Fig. 4. Higher magnifications of a hemi-slide (a) showing various zones within the OF scaffold at 8 weeks. At a lar-
ger distance from the bone bed (b,c), the material integrates well. There is an intimate contact between bone and
substitute material. A marked osteogenesis is evident as shown by the rows of osteoblasts lining the new bone. The

horizontal canals (i.e., perpendicular) are largely filled with new bone and a central vasculature (e, f). A highly vas-

cularized osteoid tissue fills the remaining space (f). A slight resorption of the material is observable at the basis of

the construct (d), with a notable amount of osteoclasts. (OF: OsteoFlux®)

BO and CO samples behaved very much
alike, both showing slight signs of vertical
(Fig. 3a,c). The
formed bone was heterogeneously distrib-

osseoconduction newly

uted. The bone surrounded the particles

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

mainly along the base of the material but
without noticeable continuity with the bony
bed or the intramedullary perforations. The
particles integrated well and the bone demon-
strated a moderate osteoblastic activity.
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There was no evidence of material degrada-
tion at this stage. The space between the par-
ticles was filled by connective and highly
vascularized osteoid tissue.

At 16 weeks, all three materials presented
similar outcomes regarding osseoconduction
and osseointegration. The spaces were almost
entirely filled with new bone (80-90%). In
OF, a slight differentiation into adipocytic
bone marrow was occasionally observed in
some bone lacunae. CO particles showed evi-
dent signs of degradation as compared to OF
and BO.

Histomorphometric evaluation

The histomorphometric analyses addressed
the bone substitute and the new bone tissue
that had formed under the hemispheres.

At 8 weeks, the new bone volume (NBV)
in OF exceeded that of BO and CO by 1.8
times. NBV under the hemispheres reached
23 + 1.6% in OF as compared to 13.6 +
1.5% and 13.8 &+ 1.5% in BO and CO, respec-
tively (Fig. 5a). More specifically, in the first
2 mm above the bony bed, there were no sig-
nificant differences between the 3 substi-
tutes. For all three, NBV reached ca. 30% of
the volume between 0 and 1 mm and ca.
20% of the volume between 1 and 2 mm
(Fig. 6a). However, in the 2-3 mm range,
NBV in OF samples exceeded that in BO and
CO by approx. 2 times (OF: 19 + 3%, BO:
9.9 + 2%, CO: 8.4 + 2%) and above 3 mm
by 3-5 times (OF: 18 £ 3%, BO: 5+ 1%,
CO: 3 + 1%) (Fig. 6a).

For all three materials, there was about 25%
of NBV deposited in the 1-2 mm range. In the
2-3 mm range, NBV amounted to 18 + 2% in
OF, 11 + 3% in CO, and 13 + 3% in BO.
Beyond 3 mm, NBV amounted to 10 + 1% in
OF, 2+ 1% in CO, and 4 +£1% in BO
(Fig. 6¢). The large majority of the bone was
deposited in close contact with the bony bed
(i.e., 0-1 mm range) with amounts of approx.
60% in BO and CO vs. 45% in OF.

At 16 weeks, there was a tendency toward
a reversal, the total NBV reaching 35 + 2%,
39 + 2%, and 43 + 6% in OF, BO, and CO,
respectively (Fig. 5a). The vertical distribu-
tion of the new bone was equivalent in all
bone substitutes, that is, about 10% above
3 mm, about 20% between 2 and 3 mm,
about 30% between 1 and 2 mm, and about
40% between 0 and 1% (Fig. 6a,c).

Regarding the volume of the bone substi-
tute (BSV) under the hemispheres, there were
no differences from 8 to 16 weeks in OF and
BO with amounts at about 45% and 40%,
respectively. In contrast, BSV decreased from
33% to 19% in CO (Fig. 5b).
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Fig. 5. Histomorphometrical assessment of new bone volume (a) and volume of bone substitute (b) under the hemi-

spheres at 8 and 16 weeks (n = 8 for each column). Brackets and P values indicate significant differences. Horizontal

line: median. Boxes: 25-75%.+: mean. Bars: range of non-outliers. O: outliers. ¥: extreme. (BO: Bio-Oss®, CO:

Ceros®, OF: OsteoFlux®)

Discussion

The present work aimed at evaluating the
performance of a 3D printed block of bone
substitute (OsteoFlux®) in terms of osseocon-
duction and vertical bone regeneration in a
calvarial sheep model. The deposition of new
bone on the calvarium was analyzed 2 and
4 months after implantation and compared to
two standard bone substitutes, that is, partic-
ulate materials of bovine origin (Bio-Oss®)
and a synthetic B-TCP (Ceros®).

The calvarial model of a one wall defect in
which the bone substitutes are maintained
and protected by titanium cups was first used
in rabbits (Yamada et al. 2003, 2008) and
proved satisfactory. However, due to the
small size of rabbit skulls, only two cups per
animal could be placed. To overcome the
problem, the same model was implemented

on the calvaria of pigs (Busenlechner et al.
2008),
placement of 8 cups and the comparison of 4
bone substitutes. In their work, the authors

thus permitting the simultaneous

placed small perforations into the cortex
which permitted a migration of bone precur-
sor cells from the bone marrow to the bone
substitutes. The authors also established a
size for the titanium cups in which the bone
growth without substitute was minimal. One
advantage of this model is the maximal pres-
ervation of the original bone bed as compared
to models in which bone defects are artifi-
cially created. The cup model in essence
reflects the typical clinical situation in dental
surgery in which clinicians need more bone
and want to preserve existent bone prior to
reconstruction. The model thus truly tests
the the

implanted material.

osseoconductive  properties  of

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Fig. 6. New bone volume under the hemispheres segmented in 4 horizontal planes of 1 mm in height at 8 weeks (a)
and 16 weeks (b). The proportion of new bone within the different planes is also summarized in a graphic (c). (n = 8 for

each column). Brackets and P values indicate significant differences. Horizontal line: median. Boxes: 25-75%.+: mean.
Bars: ¢ range of non-outliers. O: outliers. ¥: extreme. (BO: Bio-Oss®, CO: Ceros®, OF: OsteoFlux®).

Sheep calvaria have been largely used for
cranioplasty, distraction, and reconstruction
studies with or without bone substitutes
(Gosain et al. 2004; Kuemmerle et al. 2005;
2007)—the typical model
being that of a critical size defect. The bone
metabolism in sheep is similar to pigs and,
as such, largely comparable to humans (Pe-
arce et al. 2007). Therefore, in the present
work, Yamada et al.’s model (Yamada et al.
2003, 2008)
skulls [the dimensions of the cups were

Eufinger et al.

was implemented on sheep
those of Busenlechner et al. (Busenlechner
et al. 2008)].

Ultrastructurally, bone-inductive materials
should be porous, and the pores must be
interconnected to permit the influx of osteo-
genic cells. In this work, BO and CO were
used as reference standards. BO is a bone
substitute produced by
organic phase from bovine bone and thus pre-

removal of the

sents the trabecular architecture of natural
osseous tissue. CO is a particulate resorbable
bone substitute of synthetic origin made of
pure beta-tricalcium phosphate (B-TCP). Both
present an optimal total porosity of 60%,
which is similar to that of natural bone.

Two differences, though, are readily appar-
ent between the particulate materials and the
3D block. First, particles do not maintain
volume well. If bone volume needs to be
locally augmented, a stable scaffold will, by
design, permit augmentations in the horizon-
tal, as well as in the vertical direction (in
dental surgery, the typical use of granulate
substitutes is in the horizontal direction
only). Second, in particulate materials, the
arrangement of channels and pores is haphaz-
ard. We hypothesized that such an unorga-
nized disposition may limit osseoconduction.
One of the advantages of the 3D blocks is
their linear pore structure which is controlla-
ble in size and patency over the entire length
of the block. Such straight would thus favor
the progression of a “mineralization front”
with its accompanying vascular system. The
total porosity of the constructs lies in the
60% range. The channels’ diameter was set
to 250 um, a value that is in the middle of
the pore sizes recommended for optimal
osseoconduction  (150-500 um)  (Hollister
et al. 2005; Seitz et al. 2005).

During the first 2 months, after implanta-
tion, vertical bone growth around OF was

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

significantly increased. The block’s osteocon-
ductivity translated in an amount of bone at
3 mm that was four times higher than that
obtained with the other bone substitutes. The
newly forming bone was guided from the
medulla to the hemispheres by the structure’s
Further, OF’s
straight, and interconnected channels also

vertical ~channels. large,
facilitated the formation of vessels as shown
by the central vasculature in horizontal
canals (i.e., perpendicular to the slide). In con-
trast, the haphazard arrangement of the BO
and CO particles was unable to drive the bone
more than 1-2 mm away from the calvarium.

After 4 months, there was no statistical
difference between the materials. The new
bone occupied about 40% of the volume
under the titanium hemispheres, regardless
of the bone substitute. This figure is in agree-
ment with that found with BO in minipigs
(Busenlechner et al. 2008). The differences in
terms of new bone volume failed to reach
statistical significance primarily due to the
variance of the data (Fig. 5a). Still, a pattern
emerged showing somewhat more bone
formed in CO sites. One explanation relates
to the degradation rate of CO as compared to
the two others substitutes. Indeed, OF and
BO demonstrated only little evidence of
material degradation either at 2 or 4 months.
By comparison, the volume of bone substi-
tutes decreased by 1.7 times in CO samples.
It follows that the material’s resorption left
space for the new bone to fill. This increase
in degradation rate (relative to OF and BO) is
probably due to a difference in chemical com-
position. CO is made of pure B-TCP, while
OF is made of o-TCP and microcrystalline,
hydroxyapatite. o-TCP,
which is more soluble than B-TCP, converts
to HA in contact with body fluids and is
known for its low rate of degradation (Lin
et al. 2001; Munar et al. 2006). Still, the per-
sistence of OF past the initial 4 months may

calcium-deficient

increase the mechanical resistance of the
new tissue when compared to other bone
substitutes, insofar as about 90% of the avail-
able volume is filled either with bone or with
substitute material. Also, in OF samples, a
slight evolution into adipocytic bone marrow
was occasionally observed in isolated bone
lacunae—a finding which indicates a high
degree of bone maturity and vitality. Still,
further studies are needed to confirm these
findings, and longer studies will clarify the
kinetics of OF resorption.

BO and CO are generally implanted as par-
ticles which are enclosed in a resorbable
membrane that ensures stability and prevents
leakage of the particles into the surrounding
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soft tissue. This technique has become a
standard of treatment but cannot be easily
applied to substantially increase the height of
the jawbones. In contrast, OF is manufac-
tured as a block which can be readily shaped
to conform to the underlying bone’s morphol-
ogy and is then screw-fastened. This results
in a high mechanical stability that also pro-
vides support for the overlying gingiva. The
logical evolution of the product is the fabrica-
tion of individually tailored constructs made
to conform to a patient’s needs as derived
from 3D imaging procedures.
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