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State-of-the-art techniques in large cranial repair 
involve either autologous bone transplantation, the 
use of alloplastic implants, or combinations there

of.17 These techniques are associated with bone resorp
tion, or infection and protrusion through the skin, respec
tively, which may limit their clinical use in difficult cases. 
Current synthetic implant materials for cranioplasty are 
produced using different polymers, metals, or sintered 
hydroxyapatite.3,4,14,20 Polymer and metallic materials are 
inert and do not posses bioactive characteristics. A number 
of bioactive compounds, including bioceramics and osteo
inductive cytokines, possess stimulatory effects on bone 
growth, but their usage is limited to healing fractures and 
smaller defects at orthotopic sites or in bone fusion proce
dures.13,24 Regeneration of larger segmental bone defects 
in humans is considerably more challenging. For these 
cases several operative procedures are generally needed 
and the reconstruction methods typically necessitate the 

use of scaffolds supplemented with autologous bone or 
cell transplantation to possibly gain healing response.19,23

A scaffold that provides osteoconduction and osteo
induction, adjustable geometry in the operating room, 
and sufficient mechanical strength is highly sought in the 
treatment of complex or large bone defects. One method 
not previously explored is to use injectable bioceramics 
and mold complex shapes outside the body. After harden
ing, the implant can be sterilized and subsequently im
planted. By molding bioceramics on a titanium mesh in a 
mosaic design, mechanical stability can be combined with 
good handling properties. Injectable calcium phosphate 
bioceramics can be found in either the brushite (acidic) 
or hydroxyapatiteforming (neutral) therapeutic chemis
try.5 A third category of therapeutic chemistry is to use 
monetiteforming cements, although this has not been as 
extensively explored as the first 2 categories.1 Brushite ce
ments resorb relatively quickly in vivo, whereas apatite ce
ments are considered to be almost insoluble.2 Monetite has 
a solubility and resorption rate in between brushite and 
apatite.5 In addition to the 3 described cement phases, the 
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Abbreviations used in this paper: bPPi = bcalcium pyrophos
phates; bTCP = btricalcium phosphate.
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option to add other noncementitious phases to obtain spe
cific properties also exists, such as bTCP or bPPi.11,12 We 
report the clinical effects of using an adjustable scaffold 
with a specific calcium phosphate composition, molded in 
a mosaic design and interconnected by a titanium mesh, in 
the repair of a cranial defect in a severely injured patient.

Methods
A mold designed in a mosaic pattern was manufac

tured using a computeraided design/computeraided man
u facturing technique. Crossing titanium wires forming a 
mesh were used to interconnect individual ceramic tiles 
molded in hexagonal cavities measuring 8 × 8 × 4 mm and 
with 1.5 mm of interspace between each tile (Fig. 1 left). 
A ceramic compound comprising monocalcium phos
phate and bTCP powder mixed with glycerol was used 
to enable molding under controlled conditions. The mo
saic structure was allowed to harden overnight in sterile 
water. After removal from the mold, the implant was left 
in sterile water 48 hours to reduce the glycerol content. 
The mosaicdesigned cranial implant measuring 100 × 
100 mm was subsequently heat sterilized at 121°C for 20 
minutes before use. The sterilized ceramic was analyzed 
for phase composition using xray diffraction (Bruker D8 
Diffractometer), with scanning angles from 5° to 60°, step 
size 0.0143, and 1second dwell time. Fractions of differ
ent calcium phosphate components were calculated using 
Rietveld refinement. The microstructure was visualized 
using scanning electron microscopy (LEO 1550, Zeiss). A 
thin layer of gold/palladium was sputtered onto the surface 
prior to analysis to avoid charging effects. During analysis 
the acceleration voltage was set to 3.0 kV.

Illustrative Case

History and Presentation. A 53yearold patient who 
was a smoker was referred to the craniofacial center from 
the neurosurgical department. Several years earlier he 
was savagely beaten by his neighbor with a hammer and 
suffered from a large temporoparietal cranial bone defect 
measuring 80 × 90 mm. The patient had been operated on 
extensively, in a total of 24 surgical procedures. He had 
previously received autologous bone grafts, polymethyl 
methacrylate cement, and a titanium implant, which all 
failed due to either resorption or infections and protru
sion through the skin. Because conventional repair meth
ods failed, an ethical application was submitted to and 
approved by the Stockholm ethical review board involv
ing humans (Dnr 03–244) and informed consent was ob
tained. Our initial attempt was to induce new bone forma
tion in situ and we applied bone morphogenetic protein2 
(InductOs, Pfizer) locally but without therapeutic effects.

Examination Using PET/CT. Examination was per
formed using a Biograph 64 TruePoint PET/CT scanner 
(Siemens Medical Solutions). Sixty minutes after intrave
nous administration of 300 MBq of 18F-fluoride, a PET/
CT examination of the calvaria was initiated. The exami
nation began with a diagnostic (fullcurrent) CT without 
administration of contrast medium. The PET examination 

followed directly afterward. Acquisition was made dur
ing 3 minutes. Images were reconstructed with CTbased 
attenuation and scattering corrections using the iterative 
ordered subset expectation maximization reconstruction 
algorithm of the manufacturer.

Operative Procedure. Prior to surgery an analysis of 
the hardened ceramic composition revealed the phases 
monetite, bTCP, bPPi, and brushite (Fig. 1 lower right). 
Scanning electron microscopy showed calcium phosphates 
with a grain size of approximately 1–2 mm and a platelike 
structure (Fig. 1 upper right). A mosaicdesigned device 
was subsequently manufactured.

The bone defect was exposed through a standard bi
coronal cranial skin flap. The soft tissue covering the de
fect was predominantly fibrotic in nature due to previous 
injury and surgery. The sterilized ceramic implant was cut 
and adjusted to fit into the defect and fixated by titanium 
plates and screws. Perioperative antibiotic prophylaxis 
(cloxacillin, Stragen Nordic) was administered.

Postoperative Course. The patient recovered from sur
gery without complications, demonstrated no immediate 
local or systemic side effects, and left the hospital 3 days 
after surgery. Postoperative CT scans confirmed the cor
rect position of the implant, covering the original bone 
defect. Clinical followup examinations every third month 
until 30 months after surgery revealed a welltolerated 
implant without signs of infection, inflammation, or thin
ning of the soft tissues covering the implant (Fig. 2A). A 
progressive condensation of the ceramic tiles, especially 
at the anterior part of the implant, was evident from con
secutive CT scans (Fig. 2B and C).

A functional analysis on bone growth was performed 
using 18F-fluoride PET/CT scans after 27 months (Fig. 3). 
The fluoride ion exchanges with the hydroxyl group in 
the bone mineral hydroxyapatite crystal to form fluoro
apatite.15,21 Therefore, tracer uptake reflects bone remodel
ing and represents vascularized vital osseous tissue. The 
images showed uptake within the entire implant with a 
marked intensity at the anterior part, providing evidence 
of bone formation.

Discussion
In this paper, we demonstrate a scaffold designed for 

large cranial defect repair constituting ceramic tiles inter
connected with titanium wires. The mosaic design, with 
space between each tile, allows for perioperative adjust
ments of the device but also provides free circulation of 
tissue fluids that may impact tissue integration and bio
logical response.

The ceramic composition of the implant is crucial 
because the implant is intended to mimic coupled bone 
formation, which implies a balance between resorption 
of the ceramic compound and new bone deposition. Cer
tain ceramic phases such as monetite, brushite and bTCP, 
have in previous studies shown convincing osteoconduc
tive properties, and for monetite, osteoinductive proper
ties, and may be preferred choices for use in bone repair.7,22 
Conversely, these ceramic materials may resorb too quick
ly to allow for desired coupled bone formation. The ad
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Fig. 1. Images and data of the bioactive implant. Left: Photograph showing the mosaic-designed implant comprising ce-
ramic tiles interconnected with a titanium mesh. Upper right: Image from a scanning electron microscope showing the micro-
structure of the sterilized ceramic. The ceramic consists of entangled calcium phosphate crystals, mainly monetite according to 
x-ray diffraction, with a platelike structure and a grain size of approximately 1–2 mm. Original magnification ×40,000. Lower 
right: Table showing the specific composition of calcium phosphate phases used in the device.

Fig. 2. Postoperative, 6-month, and 25-month follow-up photographs (A), CT scans (B), and close-up views (C) in the patient 
with the implant. The soft tissue covering the reconstructed right parietotemporal area was mainly thin and fibrotic due to the 
injury and previous surgery. Clinical follow-up examinations revealed intact or even improved quality of the skin over time after 
implantation (A). Consecutive CT scans showed progressive condensation of the ceramic tiles, which implied new deposition 
of radiopaque material within the implant (B). Magnified images illustrate the frontal part of the reconstruction area (C). Original 
magnification ×5.
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dition of bPPi may be critical for prolonging resorption 
rate, allowing sufficient time for coupled bone formation 
to occur, and thereby realizing the implant’s potential for 
bioactivity. This is supported by recent publications dem
onstrating the regulatory role of bPPi on bone turnover 
based on controlling differentiation of osteoclast and os
teoblast progenitor cells.10,16

The 18F-fluoride PET/CT scans were used to refine 
localization of bone growth. The images revealed bone 
formation within the entire implant site, as well as in the 
central part of the implant. This indicates that the ceramic 
tiles may possess osteoinductive qualities because the 
tiles are separated from one another and are distally lo
cated from host bone. A particularly strong PET signal 
appeared in the anterior part of the reconstruction area, 
located within the frontal bone. The enhanced signal ante
riorly may be explained by preclinical experiments dem
onstrating neural crestderived frontal bone with a higher 
bone healing capacity as compared with parietal or tem
poral bones.18

Conclusions
On the basis of our experience with a severely in

jured and therapyresistant patient, we have demonstrated 
successful cranial repair and healing by using a ceramic 
implant with a defined calcium phosphate composition. 
The followup duration was more than 30 months with
out clinical drawbacks. We believe that bone regeneration 
induced by the bioactive implant provides a permanent re

construction solution to the patient, thus diminishing the 
future risks of complications related to conventional meth
ods, such as autologous bone grafts and inert alloplastic 
implants. The bioactive implant may represent a novel 
technique to induce ossification and healing of compli
cated bone defects within the craniofacial field, and more 
generally, in orthopedics. A case series with patients who 
suffered from conventional cranial implant or bone flap 
failures is in the planning stage. Moreover, a prospective 
study for cranial repair following decompressive craniec
tomy will be performed, in which the ceramic implant is 
compared with treatment with a preserved bone flap, the 
gold standard treatment, with a complication rate as high 
as 18%–25%.6,8,9
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Fig. 3. A combined PET/CT examination was performed to assess bone growth within the implant. The CT scans (A), 18F-
fluoride PET scans (B), and combined PET/CT scans (C) illustrate 2 representative axial sections from a patient with a cranial de-
fect reconstructed with the mosaic device 27 months earlier. Arrows indicate borders of the implant. The PET images show bone 
activity within the entire implant, similar to adjacent cranial bone, and with intensified activity in the frontal part of the implant. 
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