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Abstract: Cranioplasty remains a difficult procedure for all craniofa-
cial surgeons, particularly when concerning the reconstruction of large
lacunae in the skull. Considering the significant clinical and economic
impact of the procedure, the search for materials and strategies to
provide more comfortable and reliable surgical procedures is one of the
most important challenges faced by modern craniofacial medicine.

The purpose of this study was to compare the available data
regarding the safety and clinical efficacy of materials and techniques
currently used for the reconstruction of the skull. Accordingly, the
scientific databases were searched for the following keywords auto-
logous bone, biomaterials, cranial reconstruction, cranioplasty, hydro-
xyapatite, polyetheretherketone, polymethylmethacrylate, and titanium.
This literature review emphasizes the benefits and weaknesses of each
considered material commonly used for cranioplasty, especially in terms
of infectious complications, fractures, and morphological outcomes.

As regards the latter, this appears to be very similar among the
different materials when custom three-dimensional modeling is used
for implant development, suggesting that this criterion is strongly
influenced by implant design. However, the overall infection rate
can vary from 0% to 30%, apparently dependent on the type of material
used, likely in virtue of the wide variation in their chemico-physical
composition. Among the different materials used for cranioplasty
implants, synthetics such as polyetheretherketone, polymethylmetha-
crylate, and titanium show a higher primary tear resistance, whereas
hydroxyapatite and autologous bone display good biomimetic proper-
ties, although the latter has been ascribed a variable reabsorption rate of
between 3% and 50%.

In short, all cranioplasty procedures and materials have their
advantages and disadvantages, and none of the currently available
materials meet the criteria required for an ideal implant. Hence, the
choice of cranioplasty materials is still essentially reliant on the
surgeon’s preference.

Key Words: Cranioplasty, hydroxyapatite (HA),
polyetheretherketone (PEEK), polymethylmethacrylate (PMMA),
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ead injuries, cerebral tumors, ischemia, and infections are
H frequent causes of intracranial disorders, and may require
decompressive craniectomy and later reconstruction.1–3 After bone
flap removal, cranial reconstruction is practiced worldwide with the
aim of restoring the integrity of the skull, in order to ensure an
adequate biomechanical protection of the underlying brain, and to
normalize intracranial pressure, thus reestablishing cerebrospinal
fluid dynamics and cerebral blood flow. Cranioplasty also makes a
demonstrable contribution to preventing the psychological con-
sequences of aesthetic disabilities.3–10

It has been estimated that cranial reconstructions are performed
at a rate of 25 patients per 1 million people. Despite this frequency,
and a long history, reconstruction of skull anatomy, aesthetics, and
functional contouring remain challenging procedures for craniofa-
cial surgeons, especially in severe defects or in surgeries involving
the fronto-orbital region, and there is still no clear consensus
regarding the most appropriate material to be used for reconstruc-
tion of these defects.10,11

Indeed, the ideal material for cranial reconstruction should
possess many favorable characteristics, among which viability
(ie, the ability to grow and resist infection) and ready availability.
It should also be biocompatible and biologically inert, osteoinduc-
tive and osteoconductive, mechanically resistant, easy to manip-
ulate, and lend itself to custom design and fabrication, so that it
perfectly fits the defect and achieves complete closure. Its degra-
dation should not trigger inflammatory reactions, and it should
eventually be replaced by normal bone. It should neither conduct
heat nor be associated with high costs.2,4,8–10,12–15

Unfortunately, although various types of materials and techniques
have been proposed for skull reconstruction, none of those currently
available meet all the above criteria. Nevertheless, despite the
inherent strengths and limitations of each material, each is able to
ensure good performance, and nowadays the choice of cranioplasty
materials depends largely on the neurosurgeon’s preference, taking
into account the age of the patient, the size and site of the defect, and
the underlying pathological condition.4,7,8,13,15–17 Methods currently
employed include free and vascularized autologous bone grafts, and
the fitting of implants made from a variety of alloplastic biomaterials,
including hydroxyapatite (HA), polymethylmethacrylate (PMMA),
porous polyethylene and titanium.14–19

Recently, the procedure has also benefitted from use of osteoin-
ductive growth factors, and techniques involving medical imaging,
three-dimensional (3D) biomodeling, and computer-aided design/
computer-aided manufacturing (CAD/CAM) have been introduced
for the prefabrication of customized cranioplastic implants to over-
come the shortcomings of intraoperative molding. Indeed, the
prefabrication of alloplastic implants, tailored to the individual
patient’s defect(s), enables the surgeon to achieve better results
in restoration of the craniofacial contours, improving aesthetic
outcomes and decreasing surgical operating time, blood loss, and
the risk of infection.1,6,14,16,19,20

While surgeons generally approve the treatment of medium
(25–100 cm2) and large (greater than 100 cm2) cranial defects by
ion of this article is prohibited.
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means of custom-made implants, it remains common surgical
practice to fill small craniolacuniae (less than 25 cm2) by hand
modeling. However, while this procedure may be considered
acceptable in the areas of the skull covered by hair, it does not
appear to be satisfactory for the frontal area of the skull, or in other
areas of bare scalp.

In such patients, custom-made cranioplasty implants generated
by computer-assisted techniques and a patient’s individual com-
puted tomography (CT) scans may therefore be preferable. Indeed,
nowadays computer-designed prefabricated implants can be pre-
cisely tailored to the shape of complex craniofacial defects.17 In this
approach, CT data is processed to create a rapid 3D prototype model
by means of either additive technologies, such as stereolithography
or fused deposition modeling, or subtractive techniques such as
computer numerical control milling. As well as permitting a better
fit, these technologies have proven to be time-saving, as compared
with the classic impression techniques. Also, during the design
phase, 3D modeling allows for the correction of trophic defects,
which are often found in the temporal bone.21–23 Moreover,
advances in hardware and software development are making these
systems increasingly user-friendly and more cost-effective,
although costs remain high and there is still a need for considerable
technical expertise.1,5,14,24

Nonetheless, computer-modeled prefabricated prostheses have
been successfully fabricated with hydroxyapatite, methylmethacry-
late, porous polyethylene, and titanium,25,26 although each of these
materials has its own advantages and disadvantages, and the search
for an ideal calvarial replacement continues.16,25,26

In order to provide an overview of the current state of the art in
cranioplasty procedures, the aim of the present review is to compare
the published data on the clinical safety and efficacy of the different
materials and techniques currently used for cranial reconstruction.
METHODS
Only published articles found in the PubMed/Medline database
were selected as sources for this analysis, according to criteria
relevant to the subject matter, source reliability and date of pub-
lication. The initial search was performed using the following
specific keywords, both individually and in combination: autolo-
gous bone, biomaterials, cranial reconstruction, cranioplasty, HA,
polyetheretherketone (PEEK), PMMA, and titanium. The ‘‘related
article’’ option of PubMed and specific references of each article
were used to further expand the search.

Many aspects were considered when assessing the relevance of
the literature data to the subject matter, including: indication/
method of use, clinical application (cranial reconstruction),
expected performance (safety, efficacy, functional and aesthetic
recovery), surgical technique, design and technology (custom-
made), constituent materials, and technical properties. A key
element among these selection criteria was the clinical outcome
in terms of safety and efficacy; studies failing to evaluate these
parameters were not considered for the purposes of the present
analysis.

The currently available and relevant literature was also
screened for reliability, that is, publication in an internationally
recognized peer-reviewed scientific journal, and temporal
relevance—only recently published articles (from 2007 onward)
were selected, in order to provide an up-to-date analysis of the
literature on cranial reconstruction, reflecting current knowledge
and the state of the art in terms of materials and techniques. Papers
published before 2007 were, however, considered if they were
deemed of fundamental importance to the field, and if their
contents have not since been superseded or contradicted by
subsequent research.
Copyright © 2016 Mutaz B. Habal, MD. Unautho
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RESULTS

Autologous Bone
Due to its bio- and genetic compatibility, and the unlikelihood of

rejection, autologous cranial bone remains the gold standard graft
for calvarial reconstruction in small and medium-sized defects.
Indeed, there is a strong correlation between the original size of the
defect and the failure rate in skull grafting. Although defects smaller
than 75 cm2 are associated with a zero failure rate, more than 60% of
those larger than 75 cm2 may fail.2

Autologous implants are cheap, relatively resistant to infection
after reimplantation, associated with no risk of disease transmission,
and possess comparable strength characteristics to the native cranial
bone. Moreover, it is easy achieve the perfect fit with resected bone
flaps, which can be stored in a bone bank, although this is not available
to all neurosurgery centers. Alternatively, the viability of harvested
bone flaps can be preserved in a subcutaneous pocket on the abdomen,
though this procedure has been banned in many countries.3,16

Autologous bone from other sites (eg, the iliac crest) is less
advisable, due to the increased operating times and the potential
risks associated with the time-consuming bone graft harvesting
procedure, even though it is well documented that trained pro-
fessionals are able to perform graft harvesting easily and comfor-
tably, with minimal risk of side-effects to the patient.16

Furthermore, it has been reported that in some patients the donor
area is capable of almost complete regeneration.2

Nevertheless, autografts are generally excluded because of the
limited amount of autologous bone available, as well as compli-
cations linked to the procedure required for shaping bone into
complex implants. In addition, there is a risk of several adverse
events following transplantation, including significant bone resorp-
tion (when using free bone grafts), donor site morbidity, and
infection.6,10,14,19,25,26

Unsuccessful outcomes from primary cranioplasties are often due
to infections, which may lead to partial resorption of the bone graft
and implant detachment. The incidence of bone flap resorption has
been calculated as between 3% and 22% in adult patients, and as high
as 50% within the pediatric population.10 To reduce the likelihood of
repeated failure, an autologous replacement is frequently advised for
the secondary reconstruction of cranial defects following a failed
initial cranioplasty. In such patients the use of alloplastic materials is
often deemed unwary, although the superiority of autografts over
alloplastic materials in patients with previously failed cranioplasties
has never been proven in clinical trials.1

However, autogenous calvarial grafts are widely used for the
reconstruction and development of the pediatric cranium. Indeed,
the ability of autologous bone to become integrated over time, with
subsequent growth in line with the overall growth of the pediatric
skull, makes this material the preferred choice in this age group.2,27

Alloplastic Materials
Currently, the nonbiological materials predominantly used as an

alternative to autologous bone graft are PMMA, HA and titanium,
although other materials, such as PEEK and porous polyethylene,
have been used in clinical trials. The choice of these materials and
how they are used varies considerably between centers, with some
preferring intraoperative shaping of the implant, and others pre-
operative custom-fabrication based on CT data and additive (eg,
stereolithography) or subtractive techniques (eg, computer numeri-
cal control milling).10

Hydroxyapatite
Calcium phosphate ceramics or cements are highly biocompa-

tible, having chemical compositions and structures that are very
rized reproduction of this article is prohibited.
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similar to the mineral phase of human bone. As a result of this
chemico-physical similarity, such materials can be remodeled
through a cell-mediated process involving osteoclast activity,
similar to new bone formation, and act as synthetic osteoconduc-
tive/osteointegrative scaffolds after implantation. It has been
demonstrated that osteoid is formed directly on the surface of
calcium phosphate when placed closed to healthy bone, with no
soft tissue interposed.28,29 Although, bone remodeling can be a slow
and incomplete process, complete or nearly complete scaffold
resorption can be achieved by increasing the number and size of
pores during implant manufacture, for example by using ultrapor-
ous b-tricalcium phosphate.28,29

One of the most common naturally occurring mineral forms of
calcium apatite currently used in clinical practice is HA. This is
available as ceramic, which, although a valid option for cranial
reconstruction because it allows osteoconduction and osteointegra-
tion,30 is almost nonabsorbable, and in the form of cement, which,
as well as being reabsorbed over time, is easily molded during
surgery. It is mainly due to these properties that HA cement is used
extensively for craniofacial reconstruction in adults, as well as in
children during the growth stage, and for cranioplasty and cranial
vault remodeling, all with excellent results.2

Starting from the patient’s skull CT scan data, customized HA
prostheses can be designed and produced (by Fin-Ceramica Faenza
S.p.A.) according to the surgeon’s specifications. These prostheses
are characterized by pores of various sizes (about 70%�80% of the
total volume), as macropores (with a diameter greater than 200 mm)
promote the migration and attachment of the osteoblasts responsible
for new bone generation; interconnecting pores (diameter ranging
between 60 and 200 mm) are essential for ensuring an adequate
supply of nutrients and physiological liquids to the osteoprogenitor
cells colonising the device; and micropores (with a diameter of less
than 10 mm) enable the absorption of physiological liquids into the
implant. Such a highly porous and permeable structure is ideal for
cell housing and proliferation (osteoconductive property), resulting
in the synthesis of new bone matrix, which triggers and promotes
rapid new tissue regeneration and integration of the device with the
patient’s healthy cranial bone. Although these HA implants do not
have sufficient mechanical resistance to withstand the weight of
direct loads in the immediate postoperative period, this bioceramic
material does guarantee biomechanics equal to that of native bone
after the first 12 weeks following implantation.

Data on the safety of these customized HA prostheses have
recently been published in a review of patients treated worldwide
from November 2007 to December 2010.31 In total, seventy-two
(4.5%) postoperative adverse events were recorded out of the 1549
patients considered. Specifically, 33 patients experienced implant
infections, the majority of which (27 in total) arose after head injury
subsequent to decompressive craniectomy (23 patients); 27 patients
encountered late post-traumatic fracture of the prosthesis (6 of
which showed the intrinsic HA characteristic of self-repair); and
prosthesis mobilization was reported in 9 patients, four of whom
suffered micromovements (due to breakage of the anchoring
stitches or erroneous resting of the prosthesis on the undetached
temporal muscle or periosteum), while the remaining five displayed
dislocation (due to the mechanical action of the underlying struc-
tures following intracranial hypertension). One patient had an early
fracture, and in 2 patients the prosthesis was removed due to tumor
recurrence. Overall, however, in only 14 of 72 patients did com-
plications lead to the selection of a different material for a new
cranioplasty, or the refusal of a second operation, therefore leaving
craniolacunae.31

Staffa et al9 reported a highly detailed retrospective study on 51
patients surgically treated with these customized HA prostheses in 8
different Italian neurosurgery centers. They found that the surgical
Copyright © 2016 Mutaz B. Habal, MD. Unautho
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procedure was well tolerated by patients, and that no infection or
wound dehiscence occurred during wound healing, which was
completed within the expected physiological time across the entire
population. Clinical data recorded at 3, 6, 12, and 24 months after
surgical treatment, and the recommended CT scans taken at 6 and
24 months, revealed postoperative complications in 6 patients.
However, 5 of these were probably due to the surgical procedures
used or previous surgeries, rather than the HA device, and all had a
favorable, rapid and satisfactory recovery, with the disappearance
of all symptoms. Only 1 infection was considered to be related to the
HA prosthesis, which was accordingly removed. Nevertheless, no
evident correlation was found, and the surgeon concluded that the
porosity of the prosthesis might have accelerated the infective
process, but did not represent the main cause.

At 1-year follow-up, 3 patients of 51 exhibited implant fractures
attributable to traumatic events, rather than the prostheses them-
selves, none of which displayed signs of dislocation or mobiliz-
ation, and no additional surgery was required. No spontaneous
fractures, dislocations, or mobilizations occurred in any of the
patients at any time during the follow-up period, proving that
the prostheses were characterized by an adequate mechanical
profile. Furthermore, 2-year follow-up outcomes showed no clinical
signs of foreign-body reaction or rejection of the customized
implants, demonstrating the high biocompatibility and tolerability
of porous HA. Moreover, CT scans showed that all patients
experienced spontaneous healing, most likely indicating that viable
bone and cells had fully colonised the implants. Computed tom-
ography scan data was also used to evaluate the overall clinical
performance of the HA implants, which exhibited a satisfactory
level of coaptation. Osteointegration was graded as normal in the
majority of patients; although there was a slight lag in osteointe-
gration at 6 months in 7 patients, across the entire group there was
no significant delay at 24 months.

Considering the cosmetic results, the immediate postoperative
evaluation showed complete symmetry between the operated and
controlateral areas in 40 patients (78.5%), while partial symmetry
was achieved in 11 patients. These outcomes remained unmodified
throughout the 2-year follow-up, with the exception of 1 patient
with a complex clinical history of previous cranioplasty (infection
and reabsorption of repositioned autologous bone flap), whose
implant showed a gradual reduction in symmetry in the 6 months
after surgery, despite the initial success of the cranioplasty with
complete symmetry recorded in the immediate postoperative
period. Assessed for smoothness, which was considered complete
when continuity between the implant and the living bone was
detectable by touch, implants in 37 patients (74%) had a
smooth-edged interface, 12 displayed slightly irregular edges
(24%), and 1 (2%) showed pronounced surface depression between
the grooves on the bone–prosthesis interface. The interface
between the bone and prosthesis remained stable in the majority
of patients, but the smoothness was downgraded at follow-up in 5
patients, 4 of whom had been treated by extensive and complex
cranial reconstruction, and 1 due to previous autologous flap
repositioning failure. In contrast, 1 patient showed an improvement
in smoothness over time.

Overall, the surgeons rated the procedure positively, and the
study concluded that positive safety and efficacy had been achieved
by customized HA implants, which contributed to a better quality of
life for the patients, who accordingly reported a high level of
satisfaction.9 The efficacy of such HA prostheses has also been
confirmed in a patient series of 21 patients treated mainly for trauma
(90%). Among these, HA was the first line treatment in 48% of
patients, second line after heterologous implant failure in 24%; and
after reabsorption of autologous bone cranioplasty in 28%. All the
patients underwent clinical follow-up for 18 months, and each was
rized reproduction of this article is prohibited.
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afforded an excellent aesthetic result. No reabsorption, rejection or
spontaneous fractures were detected, and the HA prosthesis
required revision surgery in only 1 patient. This, however, was
due to infective complications in a patient with a documented
history of infection recurrence.12

These successes appear to belie findings by Frassanito et al32

that hydroxyapatite may break down into many fragments over time
in vivo, and shows extremely limited osteointegration without
lamellar organization. Indeed, other authors have demonstrated
the histological integration between the human skull bone and
the HA prosthesis.33,34 For example, Zanotti et al34 reported an
osteoid reaction of the cranial vault in the case of a 60-year-old male
fitted with a custom-made HA implant during 1-step demolition/
reconstruction cranioplasty in 2004 for a large atypical meningioma
at the vertex. Four years later the patient underwent another
operation due to a small meningioma relapse at the center of the
implant, confirmed by histological analysis, which also showed the
presence of newly formed lamellar bone tissue in the implant. This
was found to be made up of a minute flap of fibrosclerotic tissue
with several microshards of lamellar bone tissue accompanied by
amorphous reticular tissue (PHA, implant), in which several giant
polynucleated osteoclastoid cells were also visible. This confirmed
the observations that bone deposition in the PHA implant tends to
occur in a ‘‘leopard print’’ pattern, and that osteomimesis can also
occur in the areas distant from the bone/implant interface in the long
term.34

Further confirmation of the osteoconductive properties of HA
and its fusion with the bone edges was provided the following year
by a similar patient, in which a 69-year-old woman underwent
removal of a meningioma, which was found during surgery to have
infiltrated the bone flap, which also therefore had to be removed.
This was replaced, 1 year later, with a prefabricated custom-made
HA ceramic cranioplasty implant, but, due to recurrence of the
meningioma, the patient had to undergo further surgery 2 years after
the first operation. On this occasion, the size of the lesion and the
tight adherence of the ceramic material to the skull forced the
surgeon to remove the prosthesis, together with a portion of the
surrounding skull, thereby enlarging the craniotomy. The removed
flap was sent for histological examination, which revealed the
presence of fresh bone tissue along the superior margin of the
prosthesis, and bone formation along the interface.33

The osteomimetic properties of porous HA have been reported
since 2001, when Okii et al described the case of a 20-year-old
woman who underwent removal of a hydroxyapatite plate and
hydroxyapatite granules used to repair a craniotomy defect 2 years
and 9 months before. Both the hydroxyapatite plates and granules
were completely fused to the cranium, with new bone formation
evident on the dural side. This extended in a three-dimensional
matrix along the pores, with a Haversian system in the center. The
HA plate had fused so tightly to the cranium, it could only be
excised using a diamond drill. Light microscopy showed new bone
formation not only at the margin of the HA plate (in direct contact
with the skull), but also in noncontact areas such as the HA plate
vault and inside the pores.35 This led Okii et al35 to conclude that
HA is biocompatible and has osteoconductive properties, gaining
strength in vivo through new bone formation (which was better
induced by the dura than the periosteum), and is therefore an ideal
artificial bone substitute.

Polyetheretherketone
Polyetheretherketone is an aromatic semicrystalline polymer

that is resistant to high temperatures and radiation, displays strength
and stiffness similar to cortical bone, and whose inert nature
precludes mechanical or chemical breakdown and the release of
Copyright © 2016 Mutaz B. Habal, MD. Unautho
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cytotoxic substances. Moreover, thanks to its structural stability at
temperatures even as high as 3008C, prostheses made of this
material can be sterilized in moist or dry heat without dimensional
alterations. As this lack of thermal variation, and the absence of heat
conduction reduces risks to the brain, and because of its ease of
handling, PEEK is considered an ideal candidate for cranioplasty
implants.3,6,25,26,36 Moreover, its low density appears to provide
patients with better comfort, especially in patients of larger
implants.3,7,26

Although recent studies have reported the successful use of
PEEK in the craniofacial area, available data report that the use of
this material in the reconstruction of cranial defects is lim-
ited,7,18,25,26,37 Nonetheless, in 2011, Camarini described a patient
of frontal bone defect reconstruction via PEEK-PSI (Synthes,
Jacksonville, FL) after a traumatic brain injury with comminuted
fracture. The neurosurgical team had initially performed frontal
sinus cranialization, but 2 years after the first intervention the
patient was referred to the oral and maxillofacial traumatology
and surgery teams, complaining of an aesthetic problem to the upper
third of the face. A PEEK-PSI implant was used to recontour this
area, and postoperative monitoring revealed no signs of subsequent
infection, and that anatomical contours and aesthetic results were
maintained 18 months after the surgical intervention. Computed
tomography scan showed good adaptation of the implant to the bone
structures, and the authors concluded that PEEK-PSI is a safe, and
aesthetically and functionally successful option in the reconstruc-
tion of craniofacial bone defects.25

Likewise, Kovar et al reported a patient of a PEEK implant
(Synthes, Inc) used, because of the patient’s age and the size of the
defect, for cranial reconstruction in a 26-year-old female injured in
a motor vehicle accident. The surgery was performed 8 months after
the accident without any complication, and with excellent cosmetic
results.38

Six patients of custom-made PEEK implants (Synthes Maxillo-
facial, West Chester, PA) used for secondary calvarial reconstruc-
tion following an infection of their cranial bone flap requiring
debridement and removal were reported by Hanasono. In 3 of the 6
patients, calvarial reconstruction was initially performed with
another material (methylmethacrylate, bone graft/HA cement),
but the patients then went on to develop a second infection requiring
further debridement and cranioplasty removal. Customized PEEK
implants were chosen over autologous bone reconstruction in 4
patients due to the large size of the calvarial defects, and in 2
patients with smaller defects in order to avoid donor site morbidity
and reduce surgery times (by eliminating autologous bone harvest-
ing and shaping procedures). Though 1 patient experienced com-
plications due to recurrent wound dehiscence 1 month after surgery,
this resolved within the 10-month follow-up period, and on the
whole the implants were well tolerated, with no infections or
failures observed in any of the 6 patients reported.26

Polymethylmethacrylate
Polymethylmethacrylate is a moldable acrylic resin that offers

strength and protection similar to native bone tissue, and its
usefulness in cranioplasty has long been established. Acrylic resins
are stable, chemically inert, unaffected by temperature, noncon-
ductive, inexpensive, well tolerated by tissue, and easily placed and
modified, and PMMA is one of the most biocompatible alloplastic
materials currently available.

However, due to the lack of porosity, PMMA implants cannot be
infiltrated by new bone tissue; they interfere with osteoconduction
and vascularization, do not interact with the surrounding tissue, and
may be susceptible to higher or similar infection rates to those of
autogenous/autoclaved bone cranioplasty.2,6,14,30 Furthermore,
rized reproduction of this article is prohibited.
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PMMA plates are contraindicated for children, because they do not
accompany the growth of the cranial skeleton.2

Nevertheless, between November 2009 and April 2011, 16
patients with large skull defects underwent cranioplasty using
implants prefabricated in individualized molds using a 3D printer
and PMMA casting, a simple and cost-effective method.6 Post-
operative CT scans showed excellent restoration of the bony
regularity in all patients, with symmetrical contour and curvature
of the implant side compared with the normal contralateral cranium.
In 1 patient (6.2%), with previous open wound defect, a post-
operative infection resulted in implant removal at 6 weeks. None-
theless, there were no other complications across the median
follow-up period of 23 months (range 14–28 months), and the
infection rate in this model was judged to be comparable with that of
other procedures.6

Similarly, Turgut reported no early or late postoperative com-
plications in a clinical patient series of 11 patients whose cranio-
facial defects were reconstructed by means of PMMA CAD
implants prefabricated by a rapid prototyping process. The calvarial
defects showed stable reconstruction and good contour restoration,
and all patients were satisfied with the outcome.14

Goh et al also reported successful surgical outcomes in 31
patients (average age 28 years) who underwent secondary recon-
struction with a custom-made CAD/CAM PMMA device following
a previous failed cranioplasty (contour deformity due to significant
bone graft resorption, or implant/bone graft removal due to infec-
tion). At follow-up, which varied from 8 months to 5 years (in the
10-year period between 1998 and 2007), aesthetic outcomes were
considered satisfactory by both surgeons and patients, and post-
operative CT showed good restoration of bone symmetry. However,
1 patient developed a postoperative cerebrospinal fluid leak from a
dural tear (treated with a patch repair) and 3 patients developed
postoperative infections that required implant removal (9.7%).
These were fitted with replacement PMMA implants, cast from
the original negative mold, in a second cranioplasty performed 10
months after removal, but while 1 patient underwent unremarkable
recovery, the other 2 patients again developed infected implants
requiring their removal. However, 1 of these 2 patients was diabetic,
and the other had a chronically discharging wound over the defect
site. Neither patient was considered for further interventions due to
suspected chronic bacterial colonization and a high risk of repeat
infection.1

The clinical performance of prefabricated PMMA prostheses in
the repair of large cranial defects after decompressive craniectomy
was assessed in a retrospective 4-year study with a minimum
clinical follow-up period of 6 months.16 Patients were divided into
3 groups according to the cranioplasty technique used, which was
either freshly frozen autograft bone removed via craniectomy
surgery and refrigerated at –808C (91 patients); intraoperatively
molded PMMA prosthesis (23); or custom-made PMMA prosthesis,
prefabricated using CAD/CAM (17). The infection rates associated
with autogenous bone graft and prefabricated PMMA prosthesis
were comparable, with infections requiring implant removal occur-
ring in 5 (5.5%) bone grafts and 1 prefabricated PMMA (5.8%)
device, while the infection rate was significantly higher when using
intraoperatively molded PMMA prostheses, occurring in 3 patients
(13%). Two patients of aseptic wound deshiscence were recorded—
1 in molded PMMA and 1 in custom-made PMMA—but both
healed after minor scalp debridement and wound closure. All
patients fitted with a prefabricated PMMA implant expressed great
satisfaction with the cosmetic result.

More recently, Huang et al39 documented the performance of
custom-made PMMA cranioplasty implants fitted between 2012
and 2014 in a cohort of 20 patients, 40% following tumor resection,
30% after trauma, and the remaining 30% due to other causes.
Copyright © 2016 Mutaz B. Habal, MD. Unautho
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Although the authors reported no adverse events related to infec-
tion, haematoma, seroma, or cerebrospinal fluid leakage, they did
encounter a patient of transient diplopia, and elected to reoperate in
2 patients in order to improve the aesthetic profile. Imperfections
caused by atrophy of the temporal muscle were corrected by hand-
shimming the temporal bone using PMMA paste.39

Such unsightly defects caused by malpositioning and conse-
quent hypotrophy/atrophy of the temporal muscle, or even of the
temporal fat, have prompted surgeons to search for solutions to be
implemented during the custom-design of PMMA implants.21–23

For instance, Zhong et al21 successfully used PMMA modeling to
modify the thickness and shape of custom-made implants to better
fit the defect in a patient series of 10 patients. PMMA modeling has
now become a well-established technique in such patients,23 but one
that is not permitted by custom-made HA implants, which only
allow profile modification, but not large variations in thickness.22
Titanium
Computer-aided design/computer-aided manufacturing titanium

plates offer an excellent choice for cranioplasty in terms of strength,
a low infection rate, high biocompatibility, biological inertness, and
favorable handling characteristics. However, they are often
eschewed due to the ability of titanium to conduct cold and heat,
and the high associated costs.10,16,18,26,30

Despite this, cranioplasty with custom-made titanium plates has
been used in infected bone flap (either from previous craniotomy or
autologous cranioplasty), bone flap contamination at the initial
injury, and bone flap resorption or expiration, respectively 54%,
14%, and 10% of the 113 patients whose long-term outcomes were
retrospectively analyzed (with a minimum 6-month follow-up) by
Wiggins et al.10 In this series, complications were common (n¼ 33;
29%), particularly infection requiring removal of the plate (n¼ 18;
16%). Large skull defects were associated with a higher rate of
complications (P¼ 0.009), in particular infection (P¼ 0.04), which
was seen in 32% of hemicranioplasties and 19% of bifrontal
cranioplasties, while only 9.2% of small cranioplasties became
infected. Nonetheless, 1 patient who experienced trauma 2 years
after the successful cranioplasty, demonstrated the strength of his
titanium plate, which, although deformed (behind the hairline), was
not considered a structural failure because no loosening was evident
and conservative management was therefore possible.10

Wind et al,30 on the other hand, used titanium mesh in 2 patients
of immediate cranioplasty following postcraniotomy infection and
bone flap removal. In the first, a 70-year-old man, magnetic
resonance imaging revealed subgaleal and epidural fluid collections
3 months after right frontal craniotomy had been performed to allow
resection of a convexity meningioma. Cranioplasty with a 7-by-6-
cm titanium mesh followed wound washout and bone flap disposal,
and no further postoperative complications or evidence of recurrent
infection was documented over a follow-up period exceeding 3
years. The second patient, a 30-year-old woman, had undergone a
right parietal craniotomy for resection of a grade II astrocytoma, but
1 month postoperatively, presented with incision dehiscence, and
magnetic resonance imaging revealed subgaleal and epidural col-
lections of fluid and tissue. Hence the bone flap was removed and
necrotic tissue in the epidural space was debrided, followed by
immediate titanium mesh cranioplasty (6 cm by 5.5 cm). No evi-
dence of recurrent infection was found over 3 years of follow-up,
prompting the authors to recommend the technique, it being devoid
of the risks and costs associated with a delayed second surgical
procedure for defect repair.30

In a longer term follow-up study (up to 12 years), 25 patients
with large calvarial defects (mean 112 mm) who underwent cra-
nioplasty with titanium plates (Cranio Construct; Bochum GmbH)
rized reproduction of this article is prohibited.
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between 1996 and 200218 were asked to rate their pain intensity and
satisfaction with the cosmetic result (subjectively) on 100-mm
visual analog scales (VAS). Overall, 84% suffered no pain, and
88% gave a cosmetic satisfaction score of >75 mm on the VAS.
Only 2 patients, one who had suffered severe head injury and the
other a left brain infarction, suffered pain periodically (of respective
intensities of 48 and 61 mm on the VAS), and the latter was also
dissatisfied with the cosmetic result, giving a VAS score of 43 mm.
Interestingly, another patient with previous left brain infarction
noted a suboptimal cosmetic result (scoring 51 mm), but suffered no
pain. Neither clinical evaluation nor routine postoperative CT
imaging revealed any objective cosmetic defects (asymmetry,
swelling, or ill fitting of the plates), and none of the implanted
titanium plates had to be removed. Overall satisfaction with cra-
nioplasty, assessed using the Odom criteria, was judged excellent in
68% of patients, good in 24%, fair in 0.8%, and poor in 0%. No
patient expressed regret for having undergone cranioplasty, and all
acknowledged a considerable improvement in their quality of life
following calvarial reconstruction.18

Eufinger et al40 also reported very high satisfaction rates in a
retrospective multicenter study of over 100 patients (from 6 to
80-year old) treated for calvarial defects with individual prefabri-
cated titanium implants. Ninety percent said they would undergo
the same operation again, and of the 2 who would not, 1 lost their
implant due to recurrent infections, while the other was cosmeti-
cally unsatisfied and complained about an excessive sensitivity to
noise and changes in temperature and weather. In fact, 61% reported
paraesthesia associated with change in weather and 50% with
temperature, and 6% of patients perceived a strong foreign body
sensation. Nevertheless, 61% considered their postoperative con-
dition better than before, 25.5% considered it the same, and only
13.5% stated it was worse. Perceived improvements in physical and
mental conditions were highly significant (P<0.001), and 72% of
patients judged the cosmetic result to be ‘‘very good,’’ with only 5%
of patients expressing dissatisfaction in this regard.40

The cosmetic results were also judged ‘‘very good’’ in 80% of
patients, and ‘‘good’’ in 20% by the reviewing physicians, who
assessed the implants in terms of implant stability and scarring, as
well as other functional and aesthetic aspects. Indeed, postopera-
tive X-rays showed an anatomically correct position, with recrea-
tion of harmonic and symmetric skull contours, in 93% of implants.
In 75% of patients the implant fit seamlessly, whereas a clinically
and cosmetically acceptable gap was observed in 10%. Never-
theless, intraoperative corrections were necessary in 15% of
patients, 3 being correction of the implant edge, which, however,
had no effect on the cosmetic result. Intraoperative complications
occurred in only 11% of patients, and in the majority of patients the
postoperative course was completely uneventful. Nonetheless,
13.5% of patients suffered complications without severe con-
sequences, while severe postoperative complications led to explan-
tation in 8.5% of patients. Complications seemed to be associated
with the size and localization of the implant, whose removal was
mainly caused by soft tissue infections, osteomyelitis or skin
perforations, although unrelated tumor recurrence was responsible
in 2 patients.

Infection was the sole cause of removal in the 4% of 149 patients
whose custom-made titanium cranioplasty implants (n. 151) failed
during follow-up (mean 1 year 2 months, range 7 days to 8 years
8 months) in clinical data reported by Williams et al. Early
complications requiring intervention, including seroma, haema-
toma, and continued bleeding (for which implant removal was
required in 1 patient), were experienced in 7% of patients; late,
self-limiting complications such as seroma were experienced in
19% of patients; and 1 death occurred 3 days after implantation due
to haemorrhagic stroke.41
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De Bonis et al42 carried out a very interesting retrospective study
to comprehensively review any risk factors associated with com-
plications during and after cranioplasty, and thereby identify
patients at high risk of the same. Over a 5-year period (from January
2005 to January 2010), 218 cranioplasty procedures were performed
on 185 patients, who were fitted with implants using 1 of 3 different
reconstructive techniques: repositioning of the autologous bone
flap (135 patients, 61.9%), hand-shaping of PMMA implants
(31 patients, 14.2%) (Codman, Johnson & Johnson Medical,
Pomezia, Rome), or custom-prefabricated PMMA, PEEK or porous
HA prosthesis positioning (23.9%, 15, 17 and 20 patients, respect-
ively) (PMMA SIAD Healthcare; or PEEK, Synthes; or HA
Fin-Ceramica Faenza). In 183 patients (83.9%), the cranioplasty
was the first attempt at cranial repair, whereas the remaining 35
procedures (16.1%) followed a failed cranioplasty. Follow-up was a
minimum of 18 months, and complications occurred in 43 of 218
procedures (19.7%), the most frequent being infection (19 patients,
8.7%), postoperative wound dehiscence (5 patients, 2.3%), epidural
haemorrhage (6 patients, 2.8%) and cranioplasty dislocation (13
patients, 5.9%), 10 patients due to autologous bone flap resorption
and 3 to hand-made/custom-made flap failure. Bifrontal cranio-
plasties were more frequently associated with complications (10/25
bifrontal cranioplasties, 40%) than unilateral hemispheric cranio-
plasties (30/183, 16.4%) or bihemispheric cranioplasties (3/10,
30%), a statistically significant difference (P¼ 0.01). Indeed,
bifrontal cranioplasties were significantly associated with infection
(8/25 bifrontal cranioplasties, 32%), as compared with hemispheric
cranioplasties (10/183 patients, 5.5%) and bilateral cranioplasties
(1/10 patients, 10%, P <0.0001). However, the infection rate was
similar among custom-made (9.6%), hand-made (6.5%) and auto-
logous-bone cranioplasties (8.9%), while postoperative wound
dehiscence was more frequently observed with hand-made (2/31
patients) or custom-made cranioplasties (3/52 patients) than in
autologous cranioplasties (0/135 patients, P ¼ 0.015). Neverthe-
less, clinical dislocation, confirmed by brain CT scans, occurred in
13 patients, 10/135 (7.4%) of whom with autologous bone flap; 2/31
(6.5%) with hand-made bone flap, and 1 out of 51 with custom-
made bone flap (2%), although this difference was not statistically
significant (P¼ 0.36). Interestingly, neither type of material nor
previous cranioplasty, surgery timing or implant size constituted
risk factors for complications.

However, in a series of 206 cranioplasties Matsuno et al demon-
strated that autologous bone grafts had the highest rates of infection
(25.9%, 14/54 patients) and resorption when compared with
PMMA, alumina ceramics, and titanium mesh implants. The bone
graft infection rate for hand-shaped PMMA was 12.7% (7/55
patients), for custom-made PMMA 33.3% (1/3 patients), custom-
made titanium mesh 2.6% (2/77 patients), and custom-made
ceramics 5.9% (1/17 patients).43

General Considerations
It is not unusual, especially in large craniolacunae, to encounter

progressive cutaneous retraction. Once the implant has been posi-
tioned, this could lead to problems during the closure procedures,
and if there is a large skin deficit, cutaneous expansion will become
necessary.44 However, if the tissue gap is small, and if the skin flap
extension permits, the issue can be readily overcome by performing
parallel incisions in subgaleal fascia, thereby allowing the use of
nontraction sutures.45 Indeed, subgaleal dissection to free deep
retaining ligaments and separate component can grant greater scalp
mobility by recovering up to 1 to 2 cm of skin flap.46 Gordon et al47
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applied a pericranial-only dissection in 50 consecutive patients
treated for cranioplasty, and demonstrated a reduction in drawbacks
and complications associated with this method.

Local infections, ischemic/necrotic damage (due to repeated
surgery of radiotherapy), or ulcers (decubitus due to synthetic
systems), may also compromise the integrity of the skin overlying
the implant, leading to hypotrophy and open wounds. While local
infection is considered a contraindication for cranioplasty success,
ischemia and skin necrosis can be addressed at the surgical site
through multiple precautions, including various adjustments to skin
flap techniques, and placing a dermal matrix sheet between the
cranioplasty implant and subcutis.48 The dermal matrix is a porous,
nonliving, semibiological single-layer membrane made up of reti-
cular collagen from the bovine Achilles’ tendon and glucosami-
noglycan (chondroitin-6-sulfate). It provides a scaffold for the
formation of a healthy dermis, and exerts histoinductive and
histoconductive actions on the mesenchyma,

It is vital to take all possible measures to preserve the skin flap, it
being a primary source of nutritional and immune factors, and in
patients of cranial decompression with duroplasty (synthetic dural
substitute), these are essential for fuelling the osteomimesis of HA
implants, which depends more on the overlying epidermis than the
bone defect margins. Indeed, impaired vascularization is essential
for bone growth and repair, and a lack of functional vitality in the
skin flap may compromise the clinical success of cranioplasty.20

Spontaneous or intentional dural retraction may also occur,
especially when posttraumatic or postischemic stresses, etc. ecc.)
reduce the bulk and elasticity of the underlying parenchyma. In such
patients the surgeon may perform a dural patch, anchoring/suturing
it to the cranioplasty implant to allow a small amount of reexpan-
sion in the residual parenchyma. However, as dura may adhere to
the cerebral cortex (due to scarring factors) this may not always be
an advisable solution. Indeed, surgical separation of the 2 layers
may cause pial bleeding and further trauma to the surface of the
brain. If the dura cannot be lifted, an accumulation of fluid, visible
under cranial CT as a biconcave lens shape, may arise in the
extradural space. Although chronic, this is a self-limiting phenom-
enon and is unlikely to disturb the health of the patient.

Infections at the implant site, on the other hand, are a major
concern, especially if they have caused a previous implant to fail.
Although, Lopez et al,49 found only 1 patient (4%) of reinfection in
their series of 25 patients fitted with PMMA (n. 14) or PEEK (n. 11)
implants 3 or 6 months after osteomyelitis infection, and no
significant difference between the early and late cranioplasty, even
these routinely employed surgical delays do not represent a guar-
antee.50 Indeed, implantation into the frontal sinus or mastoid, for
example, may result in the formation of air-filled fistulas, and acute
secondary infections that may arise even many years after the
operation.50,51

It is therefore essential to thoroughly investigate the infection
status at the surgical site before fitting an implant, by testing for
specific markers in the body fluids and using specific techniques
such as scintigraphy. However, although labeled leukocyte scinti-
graphy has a high sensitivity, and a specificity of around 95%, it is
known for giving false negatives. Although some of the pitfalls are
recognized (eg, chronic osteomyelitis with scarce leukocyte
accumulation over time, or in bone sequestra, which may be
radiologically visible but appear as ‘‘cold’’ areas under scintigraphy
in 30–75% of ‘‘central’’ bone infections) and can be partially
overcome by using the so-called triphase technique, others are
more elusive.50 Hence, such tests should be accompanied by a
careful assessment of potential interference or sources of false
negatives (local factors, antibiotics, or cortisone treatment).

Nonetheless, there is as yet no reliable, gold-standard method of
ruling out the presence of inflammation or infection, especially in
Copyright © 2016 Mutaz B. Habal, MD. Unautho

# 2016 Mutaz B. Habal, MD
patients where the dura underlying the cranioplasty has been
replaced by a synthetic substitute. Indeed, the space between the
internal surface of the cranial prosthesis and the synthetic dural
substitute may harbor paucisymptomatic infections that, being
isolated from body fluids, remain undetected by the above tests
and inaccessible to antibiotics.

Considerations in Pediatric Cranioplasty
Performing a cranioplasty even on an adult is considered

challenging, but the majority of pitfalls are observed in younger
patients, especially children under 8 to 10 years of age. It is a
common misconception to think of children as small adults, but
pediatric cranioplasty is extremely complex, and presents its own
set of problems. Although this subject is beyond the scope of this
review, and warrants addressing separately, a few general consider-
ations may be useful to note.

In particular, it should not be forgotten that a child’s cranial
bones continue to grow throughout their first decade of life; major
skull growth occurs in the first 2 years, in which it attains roughly
84% of the adult size, after which it sharply decelerates.52 This may
make autologous bone graft more problematic than expected in
infants, prompting Koenig et al53 to recommend performing in situ
cranial bone grafting only in patients over 9 years of age, and split
cranial bone grafting only after the age of 3. Indeed, in patients
under 3 years of age, the skull is thin, and the presence of the diploic
space cannot be guaranteed.54

Furthermore, the osteogenic potential of the cranium is inversely
proportional to age, declining rapidly after the first year.54 Auto-
logous bone resorption is particularly frequent in young patients,
with up to 50% of autologous bone cranioplasties resulting in partial
or total resorption after months or years. Such resorption may be
exacerbated by the prominent brain pulsation in children, which
may cause the autologous flap to loosen over time.55

However, bone substitutes commonly used in adult cranioplasty
do not have the capacity for growth, and may be problematic for
applications in pediatric cranioplasty.54 Indeed, Frassanito et al
found a higher failure rate across 23 patients aged 7 or under (12
males and 11 females) given custom-made HA cranioplasty than
that reported in adults and in children over 7-year old (20.8 versus
3.8%). Their findings led the authors to conclude that custom-made
HA cranioplasties are a valid option in children under 7 years of age
but not younger than 2.56 No major complications were seen,
however, in the 12 pediatric cranioplasty patients (average age
84.33 months, range 5 months to 12.5 years) fitted with custom-
made PMMA implants between 2006 and 2013 and assessed retro-
spectively by Fiaschi et al. Nevertheless, 3 patients (25% of the
total) showed minor complications like prosthesis dislocation,
granuloma formation, and fluid collection. The average interval
between craniectomy and cranioplasty was roughly 9.25 months,
and the mean implant extension was about 56.83 cm2.52

Such findings show that the need to find the ideal material for
cranioplasty in pediatric patients is particularly pressing one. Hence
efforts dedicated to the search for the perfect material should be
increased, particularly in this field, where the young age of the
patients calls for a material that is both ecological, and has the
ability to grow alongside the surrounding cranial tissue.

Toxicity of Biomaterials
When choosing the material for cranioplasty, the surgeon evalu-

ates multiple aspects, such as mechanical resistance, manageability,
biocompatibility, resistance to infections, and costs, but only rarely
are local and systemic toxicity taken into account. Nevertheless, it is
well known that PMMA modeling can cause severe parenchymal
damage via an exoteric reaction. Although this can be completely
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avoided by performing cranioplasties using custom-made PMMA,
more and more patients of immediate or delayed toxicity are being
reported (respiratory, gastric and colorectal cancers) in some
cohorts of workers exposed to the material. In fact, Multiple in
vitro and in vivo studies have shown specific lymphocytic reactions
to PMMA, and several published patient reports have described
allergic reactions such as eczema, urticaria, persistent swelling,
sterile osteomyelitis, or aseptic implant loosening in the context of
orthopaedic implants.57,58 Hypersensitivity is also an issue in
cranioplasty, and although most reports are of local contact
responses, with few descriptions of significant systemic signs,
symptoms described vary from rash and skin irritations to fatal
systemic allergic shock reaction or fatal allergic reaction of the
brain. This type of reaction is not, however, confined to PMMA, and
allergic reactions have been documented in cranioplasty using
acrylic materials,59 and a fatal case of brain swelling after titanium
graft insertion has also been reported.60

Indeed, although titanium appears to be biocompatible for most
individuals, it seems to result in clinically relevant hypersensitivity
in a certain subgroup. Indeed, multiple patients of titanium-induced
contact dermatitis and granulation have been reported, as well as
local allergic reactions to titanium implants. In arthroplasty and
dental implants, this has impaired bone healing and prompted their
removal.61–63 Moreover, allergic skin reactions such as local
urticaria, oedema, eczema, redness, and itching may spread to other
body districts, or even become systemic.64

Though there is no consensus in the literature regarding titanium
reactivity, diffusion, or accumulation, several authors have
expressed their concerns regarding emission of ions from titanium
devices over the last 15 years. Indeed, titanium implants may
corrode and release ions or microparticles that can induce inflam-
mation in affected tissues,65 and titanium alloys may contain low
levels of Ni, which can induce or exacerbate allergic reactions.

Although in vitro toxicity and mutagenicity studies have shown
no evidence of cellular damage caused by PEEK,66 and the patient
information leaflet reports that it contains only ‘‘very low levels of
residual and extractable metal ions,’’ which ‘‘minimize the potential
risk of allergic reactions commonly associated with nickel and other
metal ions,’’ they cannot entirely be ruled out. HA also appears to be
relatively innocuous, according to Remya et al, who developed an in
vitro model for evaluating the toxicological behavior of in-house
developed nano-hydroxyapatite using mesenchymal stem cells.
This allowed them to conclude that concentrations of nano-hydro-
xyapatite below 800 microg/mL are nontoxic to bone marrow
mesenchymal stem cells under the simulated laboratory con-
ditions,67 but once again it is impossible to make any guarantees
at present.

Hence, some sort of preoperative screening would aid a surgeon
greatly in their choice of materials. To assess contact allergy for
PMMA, specific cutaneous patch tests for acrylates/methacrylates
have been administered to the general population, finding a preva-
lence of acrylate/methacrylate allergy of below 2%.68 As far as
titanium is concerned, to date no standard patch test has yet been
developed, although patch tests for type IV metal allergy (non-IgE
mediated but rather controlled by cytotoxic T-lymphocytes) have
displayed roughly 75% sensitivity. In any patient, positive reactions
to titanium have only rarely been demonstrated with skin testing,64

and, even if test results are negative, the possibility of developing a
delayed allergic reaction or reduced tolerance to the implanted
material still remains.

According to Gautschi et al,69 given the rarity of PMMA allergy,
precranioplasty screening would be superfluous. However, as the
case presented by Hettige and Norris shows, patients with a
significant history of multiple allergies should be offered hyper-
sensitivity testing prior to undergoing elective cranioplasty. On a
Copyright © 2016 Mutaz B. Habal, MD. Unautho
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wider scale, it would be useful to have reliable preoperative screen-
ing tools to prevent the most severe adverse effects.60 Unfortu-
nately, however, the nonpositivity of current allergy tests does not
guarantee the absence of collateral effects, and the development of
new diagnostic tools for allergic reaction testing is therefore of
primary importance.

Even in the absence of such tools, when choosing a type of
cranioplasty implant, the surgeon should take into account the
potential toxicity (both immediate and delayed) of the selected
material, opting for one that is likely to be less damaging for the
patient. In this regard, it may be that osteomimetic materials, that is,
those that imitate the autologous bone, may be more easily inte-
grated without causing iatrogenic damage, although the literature
does not, at present, allow us to make this assumption.
DISCUSSION
The surgical correction of skull defects via cranioplasty has 3 main
aims: to protect the brain, to reduce or prevent neurological damage
(‘‘syndrome of the trephined’’ and ‘‘sinking skin flap syndrome’’),
and to produce a satisfactory cosmetic result. Cranioplasty also has
a positive effect on cerebral metabolism, and may facilitate patient
rehabilitation.9,18,31 However, the appropriate material to be used in
reconstructing the cranial defect must be selected with care, in
particular in patients of previously failed cranioplasty (due to bone
resorption or infection).1

Due to immunocompatibility issues and infection resistance, a
patient’s own bone flap is considered the first choice for cranio-
plasty material, and, failing that, bone from another autologous site.
Indeed, autologous bone transplants have a stimulatory effect on
local bone regeneration. However, transplanted bone is easily
resorbed, and the harvesting procedure exposes the patient to a
greater risk of infection, morbidity, and complications at the donor
site, not to mention problems associated with the limited amount of
donor bone available for the reconstruction of large
defects.12,18,19,31 In fact, reconstruction of anatomy, and aesthetic
and functional skull contours can be a challenging problem in large
and complex skull defects,16,25 and current results suggest that
synthetic cranioplasty materials exhibit more promising outcomes
with respect to autograft.70

Indeed, synthetic biomaterials enable some of the disadvantages
of autologous bone grafts to be overcome, offering no donor site
morbidity, shorter operation times, and shorter hospital stays.15

That being said, biomaterials are associated with higher infection
rates and higher costs than autologous bone, although these may be
respectively offset by the lower risk of morbidity and shorter
hospitalization period involved.19 In fact, a review comparing
studies on the use of bone grafts, biomaterials, and combinations
thereof for the reconstruction of craniofacial bones in non-load-
bearing areas found that the significance of differences in outcome
was mainly related to the size and location of defects, rather than the
material used.1,19

Hence, alloplastic implants customized by computer-aided fab-
rication, in allowing accurate preoperative evaluation and surgical
simulation, reduced operating times, and excellent cosmetic out-
comes,5 are a viable option. Indeed, many substitute materials, such
as HA, PEEK, PMMA, and titanium, have proven to be highly
biocompatible and clinically reliable even for large skull defect
cranioplasty. Thanks to CAD/CAM technology all these alloplastic
materials can be easily customized, providing reduced surgical
times and blood loss, as well as technical simplicity and satisfactory
aesthetic results.5,16,18

PEEK and PMMA are considered first-generation bone sub-
stitutes; they do not have osteoconductive properties, and are more
likely to be associated with inflammatory reactions and implant
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TABLE 1. Analysis of the Properties of Common Cranioplasty Materials

Biocompatibility

Biomimetism/

Osteointegration

Mechanical

Resistance

Aesthetic

Results Costs Infection Rate

Pedriatic

Use

Autologous bone Yes—very high Yes Yes—high Excellent
(but to be
considered

the resorption
rate)

None—low (but to be
considered longer and
more complex surgical
procedure, donor site

morbidity, limited
amounts and storage

difficulties)

Moderate Yes
(but to be
considered

high
resorption

rate)

HA (CustomBone Service) Yes— high Yes Moderate Excellent High Low—moderate Yes
(but to be
considered

surfaces too
curved)

Titanium (Synthes PSI) Yes—high No
(but to be
considered

some
bioactivity)

Yes—very high Satisfying
(but to be
considered

cold and heat
conductance)

High Low—moderate No

PMMA (Biomet HTR-PMI) Yes—good No Yes—high Satisfying Moderate High No

PEEK (Synthes PSI) Yes—high No Yes—high Good High Moderate No

Production Radioluncency Resterilization Porosity Osteoconductivity

Intraoperational

Workable Fixation

Autologous bone / Yes Yes Yes Yes Yes Plates and sutures

HA Handmade Yes No Yes Yes No Sutures

TITANIUM Machine-made No Yes No No No Plates and screws

PMMA Machine-made Yes No macroþmicro Integration
on edges

Yes Plates or sutures

PEEK Machine-made Yes Yes No No Yes Plates or sutures

Fracture

Resistant

Delivery

Time

Protective

BAG/BOX

Model-Proposal

Health Insurance

Purchased

Parts Package Evaluation

Autologous bone Yes / No No / /

HA After 12 months 4 weeks Yes No 2 sterile
implants

Web-portal
or prototype

Titanium Yes
(but to be
considered

collapses in case of
further trauma)

2–3 weeks Yes No 1 implant, sterile
or unsterile

3D model as
PDF or prototype

PMMA Yes 3 weeks Yes Yes 2 sterile
implants on

request prepared
plates/screws,
plus prototype

model

3D model as PDF
or prototype

PEEK Yes 10 days, with
sterilization 15

Yes No 1 implant,
sterile or
unsterile

3D model as PDF
or prototype

Distribution Literature Features/Extras Toxicity

Autologous bone / Many publications / No

HA Sales rep Many publications Osteoconductivity
growing in of new

osteoblasts

not reported in HA
custom-bone
cranioplasty

Titanium Sales rep Many publications Implant provided
with threaded
screw holes

Possible

PMMA Sales rep Some older
publications

from the 1990s

Extra PHEMA
negative surface

against gram neg.
bacteria; optional

warehousing of the
back-up until 3 years

(end of shelf life)

Possible
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TABLE 1. Continued

Distribution Literature Features/Extras Toxicity

PEEK Sales rep Not many
publication

Fitting of the edges
is choosable

Rare but possible

HA, hydroxyapatite; PEEK, polyetheretherketone; PMMA, polymethylmethacrylate.
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rejection16,28 than, for example, titanium. Indeed, titanium is also
bioactive, making it a second generation biomaterial. Nonetheless,
although some authors deem titanium implants promising for the
reconstruction of cranial defects, being able to provide more secure
neurocranial protection, they lack the macroporous architecture that
would allow them to be truly osteoconductive.9,14,16,28

Ceramic skull prostheses composed almost entirely of HA,
however, have porosity properties very similar to those of natural
bone. They are also characterized by adequate biocompatibility,
mechanical resistance, and osteoconductivity, as well as a good
safety profile and good performance in large and/or complex cranial
defect reconstructions.12,71 Moreover, aesthetic outcomes are
nearly always satisfactory and lasting, and, accordingly, the
majority of both patients and surgeons report high levels of satis-
faction with HA cranioplasty.9 Like with any other cranioplasty
material, however, infection is a risk; a number of reports have
documented the higher-than-expected incidence of infection fol-
lowing cranioplasty, and this risk is theoretically higher when
synthetic implants, rather than autologous bone grafts, are used.
Nonetheless, this is difficult to confirm, as reported infection rates
for cranioplasty vary considerably (ranging from 0% to 26%).
Hence direct comparison among the various materials is proble-
matic, also due to the differences in case mix between reported
series and the lack of prospective controlled trials with long-term
follow-up.10,14 Nevertheless, an overview of the current inter-
national literature suggests that the perfect cranioplasty still remains
elusive, and the choice of materials used for cranioplasty must be
made after carefully weighing up many variables (Table 1).

Custom-made implants are undoubtedly advantageous, and if
the cranioplasty is secondary to a previous infection, we should use
materials with a low rate of infection, such as titanium mesh or HA,
rather than PMMA. Moreover, the only osteomimetic material that
is currently available is HA, which, unlike PMMA, PEEK, and
titanium, allows for the expansion of a growing skull, and can
therefore be used in the pediatric population. However, due to its
low primary resistance, HA implants should not be used in patients
with serious psychiatric disorders, such as institutionalized schizo-
phrenics, or in patients with convulsive epileptic crises, or those
with a short life expectancy.

In other patients, to reduce the possibility of implant sinking or
dislocation, it also is vital that the junction it forms with the cranial
bone mirrors the natural cranial sutures (Fig. 1A and B). For this the
‘‘jigsaw’’ (Fig. 1C) or ‘‘slanted S’’ (Fig. 1D) techniques can be used,
and the implant can be fixed by a system of crossed wires in the
shape of a figure ‘‘8’’ (Fig. 1E).71
FIGURE 1. (A) Cranial sutures showing dovetail and sawtooth processes. This
architecture is also a point of reference in the design of custom-made cranial
implants, to prevent their dislocation, a possible complication. (B) To prevent
the custom-made prosthesis sinking, the implant perimeter must have a 45-
degree beveled edge, and be shaped to fit the edge of the bone demolition site.
(C) The ‘‘jigsaw’’ technique reduces the likelihood of implant dislocation. Where
possible, extroflexions on the borders of the custom-made implant should be
made at the sutures to exploit these fixed anatomical reference points. (D) In
large cranial holes of pronounced curvature, it may be necessary to fabricate
cranioplasty implants in 2 pieces. To prevent sliding, the implants are designed
so that they fit together in the shape of a ‘‘slanted S.’’ (E) Fixation with crossed
wires in the shape of a figure ’’8."
CONCLUSION
The outcome of cranial bone reconstruction is thought to be
dependent on surgical skill, and the quality of adjacent soft tissues,
as well as the size and location of the bone defect and the choice of
repair method. Unfortunately, however, the available literature does
not allow meaningful comparison of materials or techniques, due to
the lack of randomized studies, which would be less likely to
overestimate the effect of treatments due to population heterogen-
eity, follow-up discrepancies, and differences in outcome measures.
Although some of the studies conducted to date adhered to
Copyright © 2016 Mutaz B. Habal, MD. Unautho
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standardized outcome and prognostic variables, and lost no patients
to follow-up,19,42 the evidence upon which to base firm guidelines is
still lacking. While we await more concrete data, however, we can
make the following considerations based on the literature covered
by this review:
� T
rize
hree different approaches can be used to surgically treat
craniolacunae: cranioplasty, 1-step demolition/reconstruc-
tion, or craniofilling.
� C
ranioplasty is invariably considered a ‘‘therapeutic’’
procedure.
� T
he idea that the patient’s own bone flap is the ideal
cranioplasty material should be reexamined, and the practice
of conserving the bone flap in the abdomen should
be abandoned.
d reproduction of this article is prohibited.
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ustom-made implants should be considered the gold-
standard for cranioplasty, especially in skull defects greater
than 25 cm2, and in frontal or hairless areas of the skull.
� C
AD/CAM fabrication of custom implants produces satis-
factory aesthetic results, is technically simple, and can reduce
surgery times and surgical blood loss.
� A
lthough pediatric cranioplasty remains an enormous
challenge, with very high complication and reintervention
rates in patients aged below 7 to 8 years, custom-made
implants are the best option to date.
� T
he currently available materials for cranial reconstruction
each have their own advantages and disadvantages, but none
are free of infection risk.
� A
ll biomaterials currently used in cranioplasty are potentially
biologically toxic, with the likely exception of hydroxyapatite.
� P
orous hydroxyapatite is the only biomimetic material
available to date.
� H
ydroxyapatite implants are not recommended in violent
institutionalized, psychiatric, or terminally ill patients, or
epileptics with frequent seizures.
� T
here is no consensus on the system that should be used to fix
the cranial implant to the skull, but plates should be avoided in
frontal areas or those with only a thin covering of skin.
� M
inor complications usually occur within the first 2 to 3
months after cranioplasty or later than 6 months after
the surgery.
� C
areful attention should be paid to the skin covering the
cranioplasty, using, if necessary, rotation flaps, skin
expanders, and/or biological matrices.
� T
he temporal muscle should be dissected from the dura and
positioned over the implant in order to restore anatomy
and function.
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