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Abstract

Background: Cranioplasty is a surgical intervention aimed at reestablishing the integrity
of skull defects, and should be considered the conclusion of a surgical act that began
with bone flap removal. Autologous bone is still considered the treatment of choice for
cranioplasty. An alternative choice is bioceramic porous hydroxyapatite (HA) as itis one
of the materials that meets and comes closest to the biomimetic characteristics of bone.

Methods: The authors analyzed the clinical charts, compiled by the neurosurgeon,
of all patients treated with custom-made porous HA devices (Custom Bone Service
Fin-Ceramica, Faenza) from which epidemiological and pathological data as well
as material-related complications were extrapolated.

Results: From November 1997 to December 2010, 1549 patients underwent
cranioplasty with the implantation of 1608 custom-made porous HA devices. HA

was used in 53.8% of patients for decompressive craniectomy after trauma or Accesz;m‘sea"ic'e
intracranial hemorrhage, while the remaining cases were for treated for comminuted Website:

fracture, cutaneous or osseous resection, cranial malformation, autologous bone www.surgicalneurologyint.com
reabsorption or infection or rejection of previously implanted material. The incidence DOI:

10.4103/2152-7806.106290

of adverse events in patients treated for cranioplasty, as first line treatment was 4.78% :
Quick Response Code:

(56 events/1171 patients), and 5.02%, (19 events/378 patients) at second line.
Conclusion: This study demonstrates that HA is a safe and effective material,
is well tolerated in both adult and pediatric patients, and meets the requirements
necessary to repair craniolacunia.

Key Word: Cranioplasty, customized cranioplasty, porous hydroxyapatite prosthesis

INTRODUCTION because of previous craniotomy, and should be considered

as the conclusion of a surgical act that began with bone
Cranioplasty 1s a surgical intervention aimed at  flap removal. In the past 10 years, there has been an
reestablishing the integrity of skull defects, usually  Increase in the number of cranioplasties performed,
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reaching 20-25 per million inhabitants per year (Europe,
Middle East and Africa, area), mainly due to an increase
in the use of decompressive craniectomies.*’

Autologous bone is still considered the treatment of
choice for cranioplasty,”'® although it is not always
available as it is sometimes abnormal. Morecover,
cranioplasty is encumbered by increasingly restrictive and
costly storage regulations, and finally, may be associated
with a high incidence of resorption.” As a result, the
use of heterologous or synthetic materials is required in
an increasing number of cases. Such materials must have
many characteristics such as biocompatibility, sterilizable,
easy to design and manipulate shape, usable with
stereolithography, compatible with diagnostic imaging,
high impact strength and adequately heavy.

Bioceramic porous hydroxyapatite (IIA) is one of the
materials that meets these features and comes closest to
the biomimetic characteristics of bone. Furthermore, due
to its osteo-integrability it can interact with bone tissues
without producing scar tissue [Figure 1].

The present study reviews the worldwide case reports
of cranioplasty using custom-made bioceramic porous
HA, analyzing the number and type of complications
directly or indirectly related to the material. This permits
evaluation of the safety characteristics and identification
of possible corrective suggestions in terms of design,
validation, and surgical technique.

MATERIALS AND METHODS

Within the context of a research study, the University
of Brescia entered into an agreement with Iinceramica
Company to gain access to data collection forms and
patient data for the purposes of the investigation.
The company provided the authors with all clinical
charts of patients treated with custom-made porous
(Custom Bone

HA devices Service Fin-Ceramica,

Figure I: Fronto-temporo-parietal hydroxyapatite device with
apparently good osteointegration
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I'acnza) compiled by the requesting neurosurgeon, from
which epidemiological and pathological data as well as
material-related complications were extrapolated.

All data collection forms, reporting immediate or
long-term postoperative material-related complications
collected by the company, were analyzed in accordance
with postmarket clinical follow-up surveillance (PMCF)
regulations as defined in Directive 93/42/EEC. The
authors verified that the data were collected in full
compliance with directives of the European Commission
Directorate General for Health and Consumers that
oversees periodic monitoring through contacts with all
users of the devices.

To demonstrate the accuracy of these data, they
were compared with the same data extrapolated from
unsponsored studies: two already published and two
unpublished studies. The unpublished data were provided
by the Italian Society of Neurosurgery and the University
of Leipzig (Germany).

In the first published study by Staffa,’* a retrospective
clinical series involved 51 patients with 4 adverse events
and a postoperative follow-up characterized by “periodic
control visits and CT scan at 6 months and 2 years”.

In the second published study by Hardy,®! § patients
were evaluated during the study period (from 1997 to
2008) using computed tomography (CT) scan to assess
the ossification rate of HA and, as a secondary objective,
to determine postoperative morbidity. No patients
experienced adverse events.

The third study, unpublished, is a German study
conducted by the University of Leipzig, a randomized
clinical trial comparing HA versus titanium for
craniofacial reconstruction. On December 31, 2010,
16 patients with a HA device were included, and there
were no adverse events. The postoperative follow up visit
was at 1 and 6 months, with an optional CT scan at 1
and 6 months.

The fourth study, unpublished, by Italian Neurosurgical
Society (SINCH), is a prospective, multicentric,
observational study in cranial lacunia reconstruction. On
December 31, 2010, 48 patients were recruited and 1
adverse event was scen. The postoperative follow-up visits
were at 3, 6, 12 months, and CT scan at 6 and 12 months.

Patients who underwent cranioplasty with custom-made
porous HA devices were divided into two groups: group A,
patients enrolled in four independent (unsponsored) clinical
studies, and group B, including the remaining patients
whose data were extracted from data collection forms
provided to the author by the manufacturer. An inferential
statistical analysis was performed to see if the two groups
were homogeneous for comparison of the incidence of
material-related complications between groups.

For the purposes of this study, complications were defined
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as any adverse postoperative event involving the implant
such as fracture, infection, mobilization that did not allow
it to fulfill its proper function. Adverse events related
to surgery and irrelevant for the prosthesis function,
such as postoperative hematoma, brain edema and
ischemia, hydrocephalus, seizures or other reasons causing
neurological deterioration were not taken into account.

The patients reported to the company were followed by
continuous monitoring by the surgeon who implanted
the device, who in case of material-related complications,
reported these to the manufacturer. If a problem with
the prosthesis arose, patients were required to contact
their surgeon who then transmits that information to
the manufacturer. No formal evaluation of patients was
anticipated.

CHARACTERISTICS OF POUROUS
HYDROXYAPATITE AND RATIONALE FOR
ITS USE

HA is the main constituent of bone (60%) and thus its
use as a prosthetic material appears obvious. HA shows
excellent biocompatibility due to the absence of host
immune reactions®?* or systemic/local toxicity.’! Its
composition, with a Ca/P ratio of 1.67, is comparable
to that of natural bone (Ca/P ratio of 1.71) and causes
accumulation of calcium and phosphate ions, which take
part in the formation of new bone tissue on the surface
of the implants.’? However, chemical composition by
itself is not sufficient to make HA an ideal substitute; in
fact, the prosthetic material needs to be made porous so
that osteoblastic cells can migrate inside it. Pores varying
from 5 to 14 um in size are necessary for fibrous tissue
growth inside the prosthesis, whereas those varying from
40 to 100 wm in size are necessary for osteoblastic tissue
growth. Finally, pores of at least 200 wm are needed for
growth of a mature osteon. The prostheses used in this
study, made of porous HA, have a high porosity (40-70%
of total volume) and are characterized by pores of various
sizes; ™12l macropores with a diameter >200 um (around
70-80% of the total) can also be identified. These are
destined to house cells responsible for bone regeneration,
with interconnection pores having a diameter in the
60-200 wm range, which are essential to provide adequate
access to nutrients and physiological fluids to cells that
colonize the prosthesis. Lastly, the prosthesis also has
micropores with a diameter <10 wm, which aid rapid
hydration of the medical device. In this way, in addition
to chemical mimicry, structural mimicry is also obtained.
Experiments in animals®®! and the results of some clinical
human explants®®”! have revealed that osteoblast migration
occurs from 4 to 8 months, after which time the prosthesis
shows good perimetric osteointegration. During the first
year of implant, the prosthesis has mechanical strength
comparable to that of spongy bone by virtue of its porosity.
Postfracture sclf-repairs, observed after the first year of

http://www.surgicalneurologyint.com/content/4/1/12

implant, provide evidence of a process of osteointegration
that can reach 60-80% of the total mass. However, these
are only subjective assessments based on case reports, and
not from the study of a homogenecous and statistically
reliable population.

RESULTS
From November 1, 1997 to December 31, 2010,
1549 patients (991 male, 558 female) underwent

cranioplasty with the implant of 1608 custom-made
porous HA devices (Custom-Bone Service Fin-Ceramica,
Facnza). Patient age ranged between 7 and 87 years with
an average of 32 years. There were 114 pediatric patients
who ranged in age from 7 to 14 years. The number of

cranioplasties has gradually increased from one in 1997
and 199§, to 378 in 2010 [Figure 2].

The implants were performed almost entirely in Europe;
only 8 were implanted in the Middle East, 6 in Africa,
2 in Canada and 1 in Central America, 1 in Oceania,
and 1 in South America. In Furope, the majority of
prostheses were used in Italy (n = 717), followed by
France (n = 322), and Germany (n = 204). Patients were
recruited by 298 neurosurgical centers.

The number of defect localizations is showed in
Table 1. HA was used in 833 (53.8%) patients due to
decompressive craniectomy after trauma or intracranial
hemorrhage, 104 (6.7%) after comminuted fracture,
173 (11.1%) after cutaneous or osseous resection,
31 (2.0%) for cranial malformation, 229 (14.8%) after
autologous bone reabsorption or infection, 149 (9.6%)
for rejection of previous implanted material and 30 (2%)
for other causes. The size of the device ranged from

20 to 308 cm?.

The different localizations are not correlated directly to
the etiology of the initial event since the custom-bone
was second-line treatment in 378 (24.4%) patients.
Sixty-one patients had wide and complex lacunae and
required a double prosthesis to reconstruct the necessary
curvature; 51 of these (84%) were bifrontal lesions and
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Figure 2: Distribution of hydroxyapatite devices over time
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10 (16%) frontal-parietal-temporal. There were 72 (4.47%)
postoperative adverse events (A-pO-event) as detailed in
Table 2. Fourteen (0.8%) cases had complications that led
to the selection of another material for a new cranioplasty
or reject reoperation, leaving craniolacunia. Concerning
the 27 cases of late fracture of the prosthesis, it was
noticed that more extensive defects were associated with
a greater risk of late fracture. The incidence of adverse
events occurring in patients treated as first intention for
cranioplasty was 4.78% (56 events/1171 patients) and at
second intention was 5.02%, (19 events/378 patients).
Thirty-three patients suffered from infections, mainly in
those with head injury (27 patients) after decompressive
craniectomy (23 patients). As is shown in Table 1, the
largest incidence of infection was in patients with a

bifrontal defect (3.8%).

Table 1: Defect localization and infection related with
the site of craniolacunia

The incidence of
infection related to the
defect location (%)

Defect number
(% of total
number of defect)

Defect location

Bifrontal 104 (7) 4 (3.8)
Frontal 181(12) 6 (3.3)
Frontal-parietal 93 (6) 3(3.2)
Frontal-temporal 155 (10) 2(1.3)
Parietal 140 (9) 1(0.7)
Parietal-temporal 408 (26) 8(1.9)
Temporal 35(2) -

Frontal-parietal-temporal 381 (25) 9(2.4)
Occipital 31(2) -

Crown 21 (1) -

Table 2: Adverse post-operative material-related events

http://www.surgicalneurologyint.com/content/4/1/12

Mobilization of the prosthesis [Figure 3] perceived in
four patients as micro-movements was due to breakage of
the anchor stitches in two cases and to erroneous resting
of the prosthesis on the undetached temporal muscle or
periosteum in three patients; the dislocation seen in five
patients, on the other hand, was caused by mechanical
action of the underlying structures following intracranial
hypertension (subdural hematoma or swelling of the
brain) [Figure 4]. Dislocations and mobilizations were
always correlated, however, with the technical problem of
inadequate anchoring by stitches of the prosthesis to the
skull [Figure 5].

A characteristic intrinsic only to HA is the possibility of
self repair after head trauma, all discovered a few years
after the implant, which occurred in six patients.

The time clapsed between cranioplasty and the onset of
infection was as follows: less than 6 months (22 patients;
66%), (2 patients; 6%), and
after 1 year (9 patients; 28%). The material-related
complications were divided [Table 3] into those managed
without surgical intervention, such as infection using
local treatment or fracture with self-repair, and those
managed with surgical intervention with refixation of
the prosthesis or use of a back-up device. Furthermore,
we identified a number of patients in whom the implant
had failed to close the skull and protect the brain, and
consequently it was removed. Statistical analysis of
groups A and B highlights that their characteristics are
highly similar, thus allowing comparison of the incidence
of complications.

within  6-12 months

Report
(%)

A-pO-event (1608 implants) A-pO-event (114 implants in Treatment
the pediatric population) (%)

Early fracture (Before discharge of patient) 1(0.06)

Infections 33(2.05)

*Late posttraumatic fractures 27 (1.68)

Mobilizations 9 (0.56)

Removal due to tumor recurrence 2(0.12)

- 1: replaced with a new redesigned
device

- 18: replaced with back-up device after
medical therapy

1: only medical treatment

1: only skin infection

5: awaiting back-up device

8: rejection of HA (lacuna left or other
methods chosen)

9: conservative treatment (6 with
self-repair)

9: replaced with the back-up device
3: removed, but patients died while
awaiting implant of back-up device
6: different solution selected

5: replaced with back-up device

3: re-fixed device

1: conservative treatment

2: replaced with back-up device

5(4.39)

*One patient had late posttraumatic fracture twice
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Figure 3: Spontaneous mobilization of the two devices to
reconstruct the necessary curvature of bifrontal bone after removal

Figure 4: Dislocation of the device due to brain swelling

Figure 5: Technical note: Necessary to ensure adherence to the bone
edge, which must be freshened to guarantee the maximum contact
between the device and the cranium.The prosthesis is fixed with silk.
It is not possible to use rigid fixing systems with this type of material,
due to the risk of inducing micro-fractures in the prosthesis when
it is still fragile. In the prosthesis design phase, it is required to
indicate where to place the anchoring holes, dural, and muscular
attachment. This is because once produced, the prosthesis can no
longer be modified. The anchoring technique must be even more
scrupulous in the case of extensive lacunae, which require two
devices to reconstruct the necessary curvature

http://www.surgicalneurologyint.com/content/4/1/12

Table 3: Distribution of complications managed with
or without surgery. Group A: patients enrolled in four
independent (unsponsored) clinical trials and Group B:
patients whose data were extracted by authors from
clinical charts provided by the company

No Complications
complication without with failure with
surgical surgical implant
intervention intervention removal

GroupA 123 118 95.9% 3 2.4% 1 08% 1 0.8%
GroupB 1485 1418 955% 8 05% 46 3.2% 13 0.9%
Total 1608 1536 95.5% 11 07% 47 29% 14 0.9%

DISCUSSION

Autologous bone is still considered the first choice for
repair of craniolacunia because of its good tolerability and
favorable biological properties. However, its use presents
some problems, yet unresolved, such as unavailability,
resorption and unsatisfactory esthetic results in some
cases. The unavailability of bone may be due to trauma
with multi-fragmentary skull fractures that cannot be
reconstructed and preserved, or to skull erosion due to
lesions. Furthermore, the resorption of autologous bone
can occur following repositioning at the cranial level
and has a variable incidence in the literature ranging
from 2% to 50%,3% especially frequent in the pediatric
population,®! or can occur when the bone is preserved
in subcutaneous adipose tissue at the abdominal level.*’)
Finally, because of the dimensions of the operculum, which
do not coincide with bone lacuna, the use of autologous
bone can be encumbered by a lack of fusion and an
unsatisfactory esthetic result. To overcome these problems,
several safe and reliable materials have been developed in
past decades that can be used in repair of craniolacunae,
such as polymethylmethacrylate (PMMA),?! titanium,!!
and porous polyethylene.*

This study analyzed the material-related complications
using bioceramic custom-made porous HA. In this series,
infection related to the material was seen in 2.05% of cases,
which is comparable to the incidence of infections with other
materials such as titanium (1.18%, range 0.7-4.5%),""'8 and
slightly better than PMMA prostheses (5.48%, range 9.1-
3.3%).4531 More than 70% of infections occurred in the
first year following the positioning of the biomaterial, and
mainly due to existing pathogens or the presence of fistulas
in frontal sinus. It has been suggested to treat the frontal
sinus and skin coverage with maximal attention when
the porous HA device is implanted. Infections occurred
more frequently when the patient had head injury or wide
craniolacunia, which can most likely be explained by the
poorer clinical and neurological conditions. More extensive
bone defects were also associated with poorer neurological
conditions at the time of decompression. The incidence
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of infections (9%) in the case of cranioplasty performed
after infection of the prosthesis was reassuring. Most likely,
suitable antibiotic treatments and appropriate waiting times
before a second cranioplasty were used at the neurosurgical
centers involved.

Device fractures [Figure 6] occurred in a small
number  of  implanted  prostheses, defined as
“spontancous”  (discovered during or just after
surgical intervention) or “late” (occurring  after

discharge). In order to reduce the risk of fracture as
much as possible, some thickness safety limits were
introduced (6.5 mm % 1.5 mm). Nonetheless, the initial
fragility of the prosthesis still remains a problem that the
surgeon must keep in mind. Adequate countermeasures,
such as a detailed explanation to the patient and
relatives to ensure a strict surveillance, should be
considered mandatory. Late posttraumatic fractures of
the prosthesis (27 of 1549 patients) showed an incidence
of head trauma higher than that in a USA cohort (5
in 1000),!" and may be related to the clinical and
neurological status of the patient following the primary
pathology and probable incomplete osteointegration.
A clinical and neurological condition characterized by
difficultly walking with or without assistance my favor easy
falls. This also happened in postfracture self-repairs, that
demonstrate an osteointegrative capacity!”™*! certainly
with different magnitudes, sometimes accompanied by
transformation of the prosthesis into an almost “viable”
material of porous HA.

The need for reoperation to refix the prosthesis was
inferior with custom-made HA compared with other
materials, as shown in Table 4.

The removal of prefabricated implants [Table 4] varies
in the literature depending on the material, with a
mean value, respectively, of 4.4%, 9.6%, and 14.9% for
titanium, MMA/PMMA, and autologous bone.+51118.23]
Porous HA prostheses
showed good reliability as they were removed in only

custom-made  bioceramic

Figure 6: Posttraumatic device fracture

http://www.surgicalneurologyint.com/content/4/1/12

3.8% of cases. The reliability of the material was also
demonstrated by the fact that, after having explanted
the ceramic, the surgeon decided not to reuse it, but
to use other materials or leave the craniolacunia in only
14 cases.

The slight difference existing between the percentage
of adverse ecvents in patients treated as first
intention (4.78%) and second intention (5.02%) makes
bioceramic porous HA, in our opinion, the material of
choice in case of failure of another material, a situation
that is often complex and which occurs in patients with a
high number of comorbidities.

One limitation of the present study was the source
of the data as it was provided by the company that
manufactures the prosthesis and reliance on the surgeon
for reporting all adverse events. The data are, however,
monitored by annual inspections at the company by
the Ministry of Italian Health that foresees periodic
monitoring through contact with all users of the
device. In addition, comparison of the data relative to
complications in group A coming from retrospective
and prospective studies performed at the national and
international level™* with group B, whose data are
from the manufacturer, showed that the incidence
of complications was 4.0% and 4.5%, respectively.
Furthermore, the only two retrospective single-center
series!'®®! have confirmed the reliability of the data
from the manufacturer. Therefore, it can be argued that
the neurosurgeons using this new material paid greater
attention to monitoring patients.

Finally, there were no differences between material-related
complications in pediatric and adult patients.

CONCLUSION

This extensive series of cranioplasties with a single
material, previously unreported in the literature,
demonstrates that porous HA is a safe and effective
material that is well tolerated in both adult and pediatric
patients, and that it meets the requirements necessary to
repair craniolacunia. The initial fragility (lower strength)
of the prosthesis has led to the design of a thicker
prosthesis and to meticulous refinement of surgical

Table 4: Literature review of surgical reintervention
rates with implants made of different materials

Material Implant removal
Range (%) Total
Titanium®1 0-8.4 4.0% (15/379)
Autologous bone!'®'7.19.20.26,31] 0-50 14.9% (68/456)
MMA/PMMA©8231 0-22.7 9.6% (41/428)
Cement!'#37 0-44.4 26.7% (8/30)
Custom-made hydroxyapatite!®'516:343% - 3.8%
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technique, which the surgeon must be familiar with

beforehand.
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