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Abstract
In a 52 week ovine calvaria implantation model, the restoration of cranial defects with a bare
titanium mesh (Ti-mesh) and a titanium mesh embedded in a calcium phosphate (CaP-Ti) were
evaluated in seven animals. During the study, no major clinical abnormalities were observed, and
all sheep presented a normal neurologic assessment. Blood and cerebrospinal fluid analysis, made
at termination, did not show any abnormalities. No indentation of the soft tissue was observed for
either test article; however, the Ti-mesh burr-hole covers were associated with filling of the calvarial
defect by fibrous tissue mainly. Some bone formation was observed at the bottom of the created
defect, but no significant bone was formed in the proximity of the implant. The defect sites
implanted with CaP-Ti were characterized by a moderate degradation of the calcium phosphate
(CaP) that was replaced by mature bone tissue. Calcium-phosphate-filled macrophages were
observed in all animals, indicating that they might play a vital role in osteogenesis. The newly
formed bone was present, especially at the bony edges of the defect and on the dura side.
Integration of the Ti-mesh in a CaP improved bone formation and osteointegration in comparison
to a bare Ti-mesh.

1. Introduction

The restoration of cranial defects after craniectomies
or craniotomies is a common neurosurgical proced-
ure with defects ranging from small burr-holes up to
large cranial defects. Independent of size, the restora-
tion of the cranium should provide adequate protec-
tion and restore functionality. Even though there is
a wide range of implants available from bone auto-
grafts to various alloplastic implants, the optimal
reconstructivematerial still remains undecided [1–3].
The major drawbacks of several alloplastic materi-
als are the slow or lack of osteointegration with the
patient’s bone and soft tissue related complications,
whilst autologous bone flaps generally elicit high rates

of resorption over time or cause donor site morbidity
[1–4].

Titanium and its alloys remain the most widely
used burr-hole covers due to their strength, versat-
ility and generally low production cost [5, 6], even
though several studies report on compromised soft
tissue over time causingwound openings and implant
exposure in larger cranial defects [7–10]. One altern-
ative is calcium phosphate (CaP) ceramics that have
shown high potential due to their biocompatibility
[11], osteoconductivity [12] and ability to develop a
direct, adherent and strong bonding with the bone
[13]. They are degradable and can be replaced by
bone during the healing process. The passive degrad-
ation rate is governed by the CaP phase composition
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and their compositional similarity allows both osteo-
clasts andmacrophages to actively degrade themater-
ial. CaPs such as hydroxyapatite have a slow passive
degradation rate in vivo [14] which is osteoclasts-
mediated [15], while brushite and monetite are
known to have a faster degradation [16, 17]. Brushite
has been widely characterized [17, 18] and its active
resorptionhas been connected tomacrophage activity
[15], while monetite has been less studied. However,
monetite appears to be resorbed in vivo faster than the
original brushite cements [19, 20]. Even though CaPs
have shown to elicit a promising biological response,
their brittle nature has restricted their use to non-
load-bearing applications inmechanically stable loca-
tions or to applications that require additional osteo-
synthesis plates and screws [21]. The integration of
a titanium skeleton into a CaP ceramic seems to be
a promising way of overcoming the mechanical brit-
tleness of the ceramic material while harnessing its
biological performance [22, 23]. A low clinical com-
plication rate has been observed [22] with an indica-
tion that thematerial is replaced with bone during the
healing process for the givenCaPmixture [22, 24, 25].

These findings warrant a quantitative study to
investigate bone formation and remodeling. There-
fore, this study aims to compare the biological per-
formance as well as tissue and systemic effects in a
52 weeks ovine calvarial implantationmodel of a bare
titanium mesh (Ti-mesh) against a titanium mesh
embedded in a calcium phosphate (CaP-Ti).

2. Materials andmethods

2.1. Test articles
Here, two burr-hole covers were studied and com-
pared in a sheep calvaria model: a bare Ti-mesh
burr-hole cover (figures 1(a) and (c)); and a CaP-Ti
(figures 1(b) and (d)).

The Ti-mesh is a laser-cut and anodized med-
ical grade 2 titanium (outer ∅ = 25 mm, inner
∅ = 18.5 mm and 0.4 mm thick) and produced by
Medicon. The burr-hole covers were steam sterilized
at 121 ◦C for 20 min.

The CaP-Ti burr-hole cover was produced by
molding a CaP cement (∅ = 13.5 mm and 4.3 mm
thick) onto a titanium-skeleton with a hexagonal
titanium structure (outer ∅ = 24.6 mm and 0.4 mm
thick), which allowed the fixation to the sheep cal-
varia. The ceramic is a combination of Monetite-
β-Tricalcium Phosphate-Pyrophosphate[25] and
produced starting from monocalcium phosphate
(MCPM; Alfa Aesar, Thermo Fisher, Karlsruhe, Ger-
many) and a mixture of beta-tricalcium phosphate
(β-TCP) and dicalcium pyrophosphate powder (β-
CPP, Sigma-Aldrich, Steinheim, Germany) mixed
with glycerol which was used to enable molding
under controlled conditions. The cement was allowed
to harden overnight in sterile water. After removal
from the mold, the CaP-Ti burr-hole was left in

sterile water for 48 h to reduce the glycerol con-
tent. The burr-hole covers were steam sterilized at
121 ◦C for 20 min. The burr-hole covers were fixed
on the sheep skulls with self-drilling 1.5× 4mmbone
screws (Titanium Screws for Neuro Fixation System,
Medicon).

2.2. Ceramic characterization
Samples of the CaP ceramic were prepared, as pre-
viously described, for the following characterization
methods: hexagonal tiles for porosity, ground powder
for x-ray diffraction (XRD) and specific surface area
(SSA).

Phase composition was analyzed by XRD (D8
Advance, Bruker AXS GmbH, Karlsruhe, Germany)
with a theta-theta (2θ) setup and Ni-filtered Cu–
K irradiation. Diffraction patterns were collected
between 2θ of 20◦–46◦, with steps of 0.02 s and 0.25 s,
with a sample rotation speed of 80 rad min−1 and
a beam knife. Rietveld refinements were applied to
perform a quantitative phase composition analysis.
The BGMN software (www.bgmn.de) was used with
Profex as user interface [26]. Crystalline models were
taken from Profex database based on literature refer-
ences: β-TCP [27], monocalcium phosphate mono-
hydrate (MCPM) [28], brushite [29], β-calcium
pyrophosphate (β-CPP) [30] and monetite [31]. No
other phases were identified in the diffraction pat-
terns.

The SSA of the ceramic was determined by nitro-
gen adsorption at 77 K according to the Brunnauer–
Emmet–Teller method [32] in an ASAP 2020 (Micro-
meritics, Norgross, GA). The holder was filled with
around 1 g of ceramic powder. The total porosity
of the ceramic was measured on eight hexagonal
samples with the Archimedesmethod [33] in distilled
water.

Morphology of CaP was visualized using scan-
ning electronmicroscopy (SEM) (Marvin, Zeiss, Ger-
many). Prior to scanning the samples were dried in
vacuum at 60 ◦C for 2 h and then fixed with carbon
tape to the sample holder and coated with Au-Pd. The
coating was sputtered for 60 s at a voltage of 2 kV and
current of 20 mA bymean of Polaron SC7640 Sputter
coater (Thermo VG Scientific).

2.3. In vivo study
2.3.1. Animals model
Seven skeletally mature female sheep (Ovis Aries)
of the breed Blanche du Massif Central were used
as animal model in the study. Their age ranged
between 2.2 years and 3.3 years and their weight
varied between 67 kg and 74 kg. The husbandry con-
ditions of the animals conformed to the European
requirements (European Directive 2010/63/EU). The
protocol of the study was approved by the NAMSA
Ethical Committee (NAMSA, Chasse-sur-Rhône,
France).
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Figure 1. Lateral view of (a) Ti-mesh and (b) CaP-Ti burr-hole covers. Top view of (c) Ti-mesh and (d) CaP-Ti burr-hole covers,
including dimensions.

2.3.2. Surgery
The surgery was conducted at NAMSA, an accred-
ited GLP facility which is registered with the French
Department of Agriculture for animal housing, care
and pre-clinical investigations.

Prior to surgery each sheep received an intramus-
cular injection of a nonsteroidal anti-inflammatory
drug flunixine (Meflosyl® Injectable, Zoetis); and
as a prophylactic measure antibiotics amoxicillin
(Duphamox LA®, Zoetis) was administered intra-
muscularly and enrofloxacin (Baytril® 10%, Bayer
Pharma) subcutaneously. Preanesthetic medication
consisted of a mixture of diazepam (Valium®, Roche)
and butorphanol (Torbugesic®, Zoetis) that was
administrated intravenously (IV). Anesthesia was
induced by IV injection of propofol (Propovet®,
Axience) and maintained by inhalation of an O2–
Isoflurane mixture (Isoflo®, Axience) through a
tracheal tube. Following anesthesia, the sheep were
placed in ventral recumbency. A midline incision
was made through the skin from the right and
left orbits to the occipital part of the skull. The
temporalis muscles were subperiosteally elevated
from the frontal, parietal and occipital bones and
retracted bilaterally (flap). All remaining soft tis-
sue attached to the bone was removed from the
exposed site.

Two circular defects were created in the frontal
bone, bilaterally with a perforator (ZyphrTM Dis-
posable Cranial Perforator, Large 14/11 mm, Stryker)
connected to a high-speed drilling unit (Medtronic).
Constant irrigation with physiological saline solu-
tion was maintained throughout the defect creation
to control any temperature increase at the implanta-
tion site. The dura mater was left intact and any bone
debris was removed. The surgical area was flushed
with saline (NaCl 0.9%, Aguettant) to remove bone
debris and then dried by aspiration.

In accordance with a predetermined randomiz-
ation protocol, the left and right frontal burr-hole

defects were covered with a CaP-Ti or Ti-Mesh test
article and fixated with 3–5 micro screws (Medicon).

The soft tissues were closed with resorbable
sutures (Vicryl® 2.0, Ethicon) and the skin was closed
with non-resorbable sutures (Prolene® 2.0, Ethicon)
and surgical staples (Covidien). Thewoundswere dis-
infected with oxytetracycline (Intervet).

Postoperatively, an intramuscular injection of
buprenorphine (Buprecare®, AXIENCE) was admin-
istered once or twice daily for 2 d. Fluxine (Meflosyl®

Injectable, Zoetis) was administered intramuscularly
daily for 7 d post-surgery and antibiotics (amoxicil-
lin, Duphamox LA®, Zoetis and enrofloxacin, Baytril®

10%, Bayer Pharma) were given for 6 weeks post-
surgery, intramuscularly (once every 2 d) and sub-
cutaneously (once daily). The surgical staples and
sutures were removed 14–16 d and 26–28 d following
surgery respectively.

2.3.3. Termination
At 52 weeks, the sheep were weighed and anesthet-
ized. For each sheep, 3–4 ml of cerebrospinal fluid
(CSF) was collected and kept at room temperature.
The CSF samples were analyzed for the total amount
of protein and fine cytology (red and white blood cell
count). Moreover, for each sheep, approximately 2 ml
of blood was collected, kept at room temperature and
analyzed for complete blood cell count and chem-
istry. The results were verified according to reference
values [34]. The sheep were then euthanized by an
IV injection of a pentobarbital solution (Dolethal®,
VETOQUINOL). The implants were extracted from
the cranium by means of craniotome. Biopsies of
different organs—lymph nodes, kidneys and liver—
were taken to analyze if any implant-related toxicity
was present.

2.3.4. Histologic preparation
The retrieved implants and an unimplanted control
fromeach groupwere fixated in 10%neutral-buffered
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formalin, dehydrated in ethanol solution of increas-
ing concentration, cleared in xylene, and finally
embedded in polymethyl methacrylate (PMMA).
After complete curing, the embedded implant was
first cut in half transversally (blue section in figure 2)
and the CaP-Ti was also cut longitudinally (green
section in figure 5). Sections were cut to an approx-
imate thickness of 40 mm and a grinding technique
was applied to reduce PMMA artifacts in the sections
(EXAKT, Hamburg, Germany). The sections were
stained with a polychromatic staining (modified Par-
agon).

2.3.5. Histologic observations, quantification and
semi-quantitative histopathologic analysis
Sections and regions of interest (ROIs) analyzed in the
histologic quantification are outlined in figure 2.

Four ROIs were analyzed: ROI 1 (lateral side),
ROI 2 (medial side), ROI 3 (skin side) and ROI 4
(dura side). The ROIs for the quantification of each
sample are available in the supplementary material
(stacks.iop.org/BMM/16/035031/mmedia).

Each area was quantified for (a) bone-implant
contact (BIC) (%) corresponding to the osteointeg-
ration of the implant, defined as the percentage of
the implant perimeter in direct contact with the min-
eralized bone tissue; (b) bone area (%), defined as
the percentage of the ROI occupied by bone tissue in
terms of surface area, corresponding to the osteocon-
duction measured within the ROIs; (c) fibrous tissue
area (%) defined as the percentage of the ROI occu-
pied by fibrous tissue; and (d) lacunae/adipose area
(%), defined as the percentage of the ROI occupied
by either lacunae or adipose tissue.

Qualitative and semi-quantitative histopatholo-
gic evaluation of the local tissue effects and the per-
formance was conducted for each implanted site. The
analysis was conducted according to the ISO 10993-6
Standard [35]. The parameters were graded from 0 to
5 (0= absent, 1=minimal, 2= slight, 3=moderate,
4 =marked or 5 = severe). Observations were made
in conformance with the definition of newly formed
bone (NB), per ASTM F2721 [36]. The inflammatory
parameters were judged according standard above,
with the addition of tissue response parameters as
outlined by Zubery et al [37], Alves et al [38] and
von Doernberg et al [39] to allow for a better char-
acterization of the local tissue effects of the given test
articles.

Horizontal sections of the CaP-Ti implant were
performed in order to study the bone ingrowth and
observe the ceramic material degradation (figure 5).

2.4. Statistics
The semi-quantitative histomorphometric data was
evaluated for normality with the Shapiro–Wilk test,
which shows non-normal distribution and therefore
non-parametric statistics is applied.

Comparisons between CaP-Ti and Ti-mesh
implant was done with paired, two-sided Wilcoxon
signed-rank test. The histomorphometric paramet-
ers (BIC, bone area and fibrous and/or lacunae area)
were calculated in percentages. Qualitative and semi-
quantitative parameters are presented in boxplots
with individual data points presented as dots. P-
values of <0.05 were considered statistically signi-
ficant.

3. Results

3.1. Ceramic characterization
SEM micrographs illustrates the morphology of the
ceramic. In figure 3(a) the general microstructure of
the material can be observed. The porous structure is
depicted in figure 3(b) and at high magnification in
figure 3(c).

The phase composition of the obtained ceramic
was amixture ofmonetite (86%),β-TCP (8%) andβ-
CPP (6%). The XRD pattern is shown in figure 3(d),
indicating the peaks of all the present phases. The
total porosity was measured as 43% ± 1% and the
surface area as 4 m2 g−1.

3.2. Clinical pathology analysis
3.2.1. Surgery and termination
The circular defects created during the surgery had
a diameter of 14 mm on the top part and 11 mm
on the bottom part (figure 4(c)), whilst the central
depth of the defects ranged between 5 mm to 7 mm
(median of 6). Both the Ti-mesh (figure 4(b)) and
the CaP-Ti (figure 4(a)) implants covered the burr-
holes without complications (figure 4(d)). At termin-
ation, no skin abnormalities over the implantation
sites were observed. No erythema, edema, swelling or
signs of infection were observed in any sites. All the
implantation sites demonstrated a thin coronal envel-
ope that was either transparent or whitish with occa-
sional red areas. A slight to moderate vascularization
was noted for all implantation sites. Macroscopically
all test articles were visible, integrated and no brain
compressions were observed in any sheep. Meningo-
cortical adhesions were noted in 2 out of 14 frontal
sites with similar occurrence between CaP-Ti and Ti-
mesh group (1 out of 7 sites for CaP-Ti and Ti-mesh
groups).

3.2.1.1. Titanium burr-hole cover
Ti-meshes were associated with filling of the calvaria
defect by fibrous tissue mainly. The soft tissue on
top of the plug appeared dense and a thick layer was
present in the created defect (figures 4(e) and (f)).

The inflammatory reaction associated with the
Ti-mesh was discrete and no adverse effects were
observed in the implanted site. Bone formation was
recorded starting from the native bone (figure 4(e)),
but no full closure was observed in any of the seven
animals. No osteoconductivity or bone bridging was
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Figure 2. Scheme of the vertical histology cuts of (a) CaP-Ti device and (b) Ti-mesh burr-hole cover. Illustration of the regions of
interest (ROIs) for (a) CaP-Ti and (b) for Ti mesh sections.

Figure 3. SEM micrographs at different magnifications show: (a) general microstructure of the ceramic including several pores,
(b) morphology of the porous structure, (c) ceramic microstructure at high magnification. The XRD pattern of the ceramic
component including the identified peaks labelled according to the corresponding phase present in the material (d).

observed in the proximity of the Ti-mesh which
was encapsulated in fibrous tissue (figure 4(f)). Bone
formation occurred on the dura side and not in close
vicinity to the mesh (figure 4(e)).

3.2.1.2. CaP-Ti implant
After 52 weeks of implantation, the CaP-Ti implant
was characterized by a moderate degradation of the
CaP part (figure 4(a) vs figure 4(g)) that was replaced
by mature bone tissue with a structure similar to
the hosts’ bone (figure 4(g)). The inflammatory reac-
tion associated with the CaP-Ti implant was discrete.
CaP degradation was attested histologically by the
presence of material-filled macrophages (MFM) and
affected all article sides (figure 4(h)); however, the
degradation looked more pronounced on the skin
side, where only a thin layer of bone was observed. On
the other hand, bone formation was more evident on
the dura side, where osseous bridging from the sides
was unilateral in 1 of 7 sites and bilateral in 6 of 7 sites

in the CaP-Ti implant (see example in figure 4(g));
and NB was present inside the pores of the mater-
ial and at locations where the material had degraded
(figure 4(h)).

Fibrous tissue was present especially on the top of
the implant and where parts of the Ti skeleton were
exposed (figure 4(g)).

In the horizontal sections (figure 5), it is pos-
sible to observe how the degraded material was sub-
stituted with the bone ingrowth into the CaP pores
(figures 5(b) and (c)). It is also possible to distin-
guish MFM trapped in the adipose tissue of the NB
(figures 5(c) and (d)). In the highmagnification hori-
zontal and vertical sections (figures 5(e) and (f))
the material-filled cells can be clearly identified as
macrophages.

3.2.2. Histologic quantification
Significantly higher bone-implant contact
(figure 6(a)) was found for the CaP-Ti implant in
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Figure 4. Vertical section: unimplanted CaP-Ti (a) and Ti-mesh (b); and perioperative images of burr-holes (c) and implanted
CaP-Ti and Ti-mesh burr-hole covers (d). Modified-paragon stained histologies of the implanted Ti-mesh at low (e) and high
magnification (f) (zoom of (e)) and the corresponding CaP-Ti at low (g) and high magnification (h) and (i) (zoom of (g)).
Acronyms: CaP: calcium phosphate, AdT: adipose tissue, Fib: fibrous tissue, MFM: material-filled macrophages, RB: recipient
bone, NB: newly formed bone, Ti: titanium.

comparison to the Ti-mesh in all ROIs (p < 0.001 on
the dura side, p < 0.05 on the bone edge and skin
side). Very high bone-implant contact was observed
specifically in the defect edge regions (ROI 1 and
2) and on the dura side (ROI 4) for the CaP-Ti
implant compared to the Ti-mesh where no bone
had formed in direct contact with the Ti-mesh with
one exception in ROI 1. Overall, BIC quantification
showed good osteointegration of the whole CaP-
Ti implant with seemingly close direct, adherent
and strong bonding with the bone in direct con-
trast to the Ti-mesh burr-hole cover. A lot of NB
was found in the implant-defect border region (ROI
1 and 2) for both implants, but significantly more
bone had formed for the CaP compared to the Ti-
mesh—especially on the dura but also on the skin side
(p < 0.05).

Significant difference in the fibrous tissue form-
ation (figure 6(c)) was observed for the Ti-mesh
as compared to the CaP-Ti implant in all ROIs
(p < 0.05). The Ti-mesh burr-hole defects were filled
with fibrous tissue mainly whilst for the CaP-Ti,
fibrous infiltration was limited and restricted to the
defect borders. A significant higher lacunae/adipose
area (figure 6) was found for the CaP-Ti implant only
on the dura side (p < 0.05). The lacunae/adipose
area was counted separate from the bone area even

though the host bone tissue presents with a similar
structure and it was found mostly within the NB
(figure 4(g)).

3.2.3. Histopathologic analysis
The results of the semi-quantitative histopatholo-
gic analysis are presented in figure 7. Significantly
higher bone neoformation (p < 0.001) withmoderate
osteoconduction (p < 0.001) and a marked osteoin-
tegration (p < 0.001) were observed in the CaP-Ti
cover versus the Ti-mesh. A non-significant differ-
ence in the presence of osteoblastic cells (p> 0.05)was
found. Noteworthy is the significantly larger presence
of macrophages (p < 0.001) and lower fibrosis/encap-
sulation (p < 0.001) in CaP-Ti implant compared to
the Ti-mesh. A minimal to absent amount of multi-
nucleated giant cells were observed in both materials
with a slightly larger amount observed for the CaP-Ti
implant (p < 0.05). Partial degradation of the calcium
phosphate with replacement of mature bone tissue
was found in the Ca-Ti implant and no tissue necrosis
was detected for any implant in the study.

3.2.3.1. Systemic and local effects
Blood and CSF analysis showed normal levels in all
animals.
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Figure 5. Cross-section of the CaP-Ti implant before (a) and after 52 weeks (b) implantation in a sheep model (white dashed line
representing the original defect). In (c) and (d) zoom of area of (b). High magnification of MFM in horizontal (e) and vertical
section (f). Acronyms: CaP: calcium phosphate, AdT: adipose tissue, MFM: material-filled macrophages, RB: recipient bone, NB:
newly formed bone.

Figure 6. Semi-quantification of the different ROIs where all data are presented with dots (blue for CaP-Ti and red for Ti-mesh)
and their median and distribution are represented in boxplots (blue for CaP-Ti and white for Ti-mesh). The parameters analyzed
were: (a) bone-implant contact (%), (b) bone area (%), (c) fibrous area (%) and (d) adipose/lacunae area (%).
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Figure 7. Summary of the semi-quantitative histopathologic analysis after 52 weeks (n= 7) on vertical sections. The evaluation
was based on the general rules of pathology, with findings being graded 0 (absent), 1 (minimal), 2 (slight), 3 (moderate), 4
(marked) or 5 (severe). The data were represented as dots (blue for CaP-Ti and red for Ti-mesh) and boxplots (blue for CaP-Ti
and white for Ti-mesh). The parameters evaluated were: bone neoformation, osteoconduction, osteointegration, material
degradation, macrophages, multinucleated giant cells, osteoblastic cells, and fibrosis/encapsulation. (∗∗∗: p < 0.001, ∗: p < 0.05,
ns: p > 0.05).

Presence of meningo-cortical adhesion was noted
in 1 out 7 implants for both CaP-Ti and Ti-mesh.
However, no treatment-related histopathologic find-
ings were shown in the brain. No dura lesion was
noted for either the CaP-Ti implant or the Ti-mesh.
No implant-related toxicitywas found in either drain-
ing lymphnodes, liver or kidney biopsies. The inflam-
matory reaction associated with the both implants
were discrete, and no adverse effects were observed in
the implanted sites.

4. Discussion

In this study, we found that the CaP-Ti reinforced
burr-hole cover significantly improved bone forma-
tion and tissue response after 52 weeks of implant-
ation, whilst the Ti-mesh exhibited a thick fibrous
tissue with minimal to absent osteointegration or
osteoconduction. None of the open cranial defects
underneath the Ti-mesh had fused in comparison
to the CaP-Ti implant, where bilateral fusion was
observed in 6 out of 7 defects and unilateral in the last
site. Even though no bone was found in the proxim-
ity of the Ti-mesh, bone formation was evident at the
bone edges in close vicinity to the dura. This behavior
is in line with the CaP-Ti device where significantly
more bone had formed on the dura side as compared
to the skin side, which could be explained by two facts:
first, the vitality of the periosteum and periosteal layer
of the dura mater plays a key role in bone regenera-
tion; and second, the periosteum is damaged during
surgery whilst the periosteal layer remains intact [40–
44]. In essence, the preservation of the periosteum

and periosteal layer of the dura seems to be vital for
the restoration of cranial defects and the lack thereof
will impact bone regeneration long term.

The high bone-implant contact found in CaP-
Ti implants (64%–100% bone edge and 84%–100%
dura) indicates that the NB has a direct adherent
and strong bond to the CaP. This close bond is not
only observed on the surface of the material but also
inside the pores of the material. The monetite, β-
TCP, and calcium pyrophosphate CaP component
degraded slightly and was to a large extent replaced
by mature viable bone with a structure similar to that
of the host animal, exhibiting good osteointegration
and osteoconduction (figure 4).

Osteointegration is a complex multifactorial
immune-modulated healing process with the involve-
ment of numerous different cells and mediators [37].
The long-term clinical outcome is dependent on
obtaining homeostasis that, if disturbed, can induce
additional activation of the immune system, caus-
ing an interruption of the osteointegration of the
material with the host bone. The presence of material
filled macrophages after 1 year indicates that macro-
phages play a key role in active cell-mediated resorp-
tion and bone regeneration in CaP cements, not only
as previously described in the initial stages (weeks)
[15, 45–47] and mid-term (up to 6 months) [15] but
potentially also long term (years). Even though the
triggering factors of the body-reaction to the implant
and macrophages recruitment is not fully known,
β-TCP and pyrophosphate may be released by the
faster resorption of the crystalline monetite matrix
[18] and seem to be good candidates for macrophage

8



Biomed. Mater. 16 (2021) 035031 S Gallinetti et al

triggering factors [48, 49]. In particular, pyrophos-
phate seems to be a potent mitogen, a critical regu-
lator in bone mineralization, and it has displayed the
capability of stimulating proliferation in multiple cell
types [48].

After 52 weeks, only few osteoblasts and multi-
nucleated giant cells were observed in all implants.
For the CaP-Ti implant, this is likely coupled with
the significant amount of new viable bone that has
formed in the defect and that natural remodeling
and homeostasis have set in; whilst for the Ti-mesh,
this simply reflects the slow growth of the natural
bone in open cranial defects. Bone did not only form
on the surface of the CaP-Ti implant but was also
observed in its micro- and macro-pores. Material
resorption either due to passive dissolution or to cell-
mediated resorption leads to the release of calcium
ions into the protected microenvironment, trigger-
ing bone formation [50]. Previous studies with CaP
cements have observed mineralized tissue or bone
within pores [51–53]; however, no previous obser-
vations have been made of MFM inside the pores.
It is likely that the macrophages migrated into the
material through interconnected pores as part of an
immune-orchestrated osteogenesis, which is indic-
ated by the bone found adjacent to the MFM.

Clinically, Vasella et al [54] showed that it is more
favorable to place a burr-hole cover than leaving it
open. The perceived aesthetical result improved after
the placement of a burr-hole cover without addi-
tional pain or infections [54, 55].Without a burr-hole
cover, the soft tissue will sink into the defect, caus-
ing, on top of the aesthetical problem, impairment of
bone formation and consequently incomplete bony
closure. For the Ti-mesh in this study, the burr-hole
defects weremainly filledwith fibrous tissue andmin-
imal to absent osteointegration or osteoconduction
was observed. By embedding the Ti-mesh in a CaP
ceramic, the amount of fibrous tissue formed was sig-
nificantly lowered. Furthermore, stable anchoring of
the implant by direct bone-implant contact to the
recipient’s bone as well as bony fusion of the defect
was achieved.

A limitation of the present study is that no open
defect was used as a control. Therefore, only an
assumption can be made that the bony growth seen
in the burr-hole defects is unrelated to the Ti-mesh
cover. However, similar bony growth on the dura
side was corroborated in long-term CT follow-up in
patients having undergone craniofacial reconstruc-
tionwithout the use of a burr-hole cover (LKihlström
Burenstam Linder, MD, unpublished data, 2020).

CaP-Ti implants revealed osteointegration to a
larger extent than Ti-mesh, where the viable bone
was clearly visible in the defects with bone tis-
sue migrating into existing pores, replacing resorbed
CaP material. These results warrant in-depth stud-
ies addressing the mechanism behind the good
osteointegration. Future work will focus on the

underlying biological mechanisms in terms of how
and when specific cell types are recruited.

5. Conclusions

The integration of the Ti-mesh in a CaP improved
bone formation and osteointegration in comparison
to a bare Ti-mesh. The bare Ti-mesh burr-hole covers
were associated with filling of the calvarial defect by
fibrous tissue mainly whilst CaP-Ti was replaced with
mature bone during the healing process. Significantly
more bone formed on the dura side highlighting its
importance in osteogenesis.

The long-term presence of viable macrophages
indicates that they play an important role in mater-
ial degradation, bone formation and homeostasis and
should be studied further.
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