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Abstract

Background: This is an original report describing the long-teiotiow-up outcome of a cranioplasty. A large

calvarial bone defect of a child was reconstruetét a bioactive and biostable non-metallic implant

Case Description: This is a case study of a young child with an itfarfiborosarcoma of occipital bone. The
malignancy in an occipital bone was removed fromshdd of 2.5 years of age, and the defect site was
reconstructed with an on-lay glass fibre-reinforoednposite — bioactive glass implant. After 5 yeamnsl 7
months, the follow-up examination showed no sigha cecidive. During the follow-up period, the cout of

the reconstructed area followed skull anatomicalvettgpment. Computed tomography demonstrated
considerably large areas (approximately 70 % ofttha area) of bone on-growth to the peridurafae of

the implant.

Conclusions: In the future, a synthetic cranioplasty matetnalttis capable to integrate with cranial bone may

be considered superior to cryopreserved bone grajtsunger age groups.
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INTRODUCTION

Large cranial bone defect reconstruction methodshildren are advancing. A cranial bone defectriesalt of

the treatment of traumatic brain injury, infectioa, congenital anomaly, or a tumor. The purpose of
cranioplasty, a neurosurgical reconstruction ofanial bone defect, includes the restoration of ghgsical
protection of the underlying brain, addressing gsplogic cerebral perfusion and pressure conditioralter
the skull’'s cosmetic appearance, to improve oneality of life, and to prevent neurological symp®oaused

by a missing bone flap? It has also been reported that the reconstructidarge cranial bone defects restores

cognitive and functional impairments thus facilitgtrehabilitatior®*

During craniectomy, the bone flap, if not fragmeht® contaminated with infection, is saved for fetwse.
The cryopreserved autogenous bone flap is the pyimaaterial for cranioplasty. The advantages inelud
biocompatibility, osteoconductivity, its readily alability, and low cost. The main disadvantageb@ane
resorption, especially in younger age grotp&ther strategies of cranioplasty currently in irsude using a
fresh autograft that is derived from split or ftHickness calvarium, rib or crista iliaca; partetg calvarial

bone graft; or an array of synthetic materials selftresorbing materials.

A glass fibre-reinforced composite — bioactive glg&RC — BG) implant was developed following a
biomimetic approach to mimic the properties andcitre of cranial bon® The advantages of a FRC — BG
implant include a tough, light-weight, porous sture, which allows extracellular liquid perfusiondabone in-
growth with the osteoinductive and bacteriostatioperties by bioactive glass. These properties ptemew
bone formatior. We have earlier reported about FRC — BG implafetgand biocompatibility in adults and
pediatric population®*? We reported that, in a prospective follow-up studfy 12 adult FRC — BG
cranioplasties, the clinical outcomes were positiv®ne of the patients needed revision surgery. I8eage

reported the follow-up results of a cohort of 8 ip&it patients Three of these young patients needed

revision surgery. Third, we compared the outcomecrahioplasty among different biomaterials inclglin
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autologous cryopreserved bone, FRC — BG, hydroxitapand other synthetic materials. In this rgiexgive
study, we included 84 consecutive patients, whoeament altogether 100 cranioplasty procedures rfanial
bone defects during a ten-year period in our tariievel hospital? The overall complication rate was 32%,
and revision surgery rate was 19%. After perfornstajistical analysis, there were no significarfitedences
found among the four analyzed groups of implantemails. Finally, we reported a case study of a FRBG
implant that was removed due to a late infectidarafinctioning for 2 years and 3 montfisthe mechanical
integrity was found to be intact. Fibrous tissuataming vascular structures, osteoblasts, collageriibers
with osteoid formation, and clusters of hard tissugge observed near to the margin of the implaate8 on
these positive clinical, histological, and mechahifmdings, FRC — BG implants may be considerdéeasible

biomaterial for cranioplasty.

Here, we present a 2.5-year-old patient with a gnalnt occipital bone tumor removed with their boleéect
reconstructed with a FRC — BG implant. The pathestory, clinical findings, and imaging resultseaf6 years

of follow-up are illustrated in detail.

MATERIALSAND METHODS

This is a case report study from a cohort includdagjents, who were recruited in prospective chhitials
studying glass fiber-reinforced — bioactive glasmposite (FRC —BG) implants (ClinicalTrials.gov mdiéiers
NCT01874613 and NCT-01202838). Both of the stuaqmols of these studies were reviewed and approvec
by the Joint Commission on Ethics of Hospital Distof Southwest Finland (Protocol no. 167;125/2@0&8l
Protocol no. 167;118/2012). All of the patients /andheir parents provided their informed consdiie aims

of the studies were to investigate functional aestlzetic outcome and safety of cranioplasty usiRGBG
implants. The study was approved by Turku Univegrsibspital, Turku, Finland. FRC — BG implants are

currently in routine clinical use in Finland andrideern Europe.
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This patient was selected for a case report, agsstie youngest child in the cohort and the ordtignt that

has such a long-term follow-up.

CASE DESCRIPTION

The female patient was born with a 4-centimetet ssgue tumor located at the occipital region. Tim@or
was excised, when the patient was 5 days old. ldgtmally the tumor was classified as infantilerbbarcoma.
The patient received oncological treatment. Howeaerecurrence of the tumor was observed 2 yeais6an
months later. A local excision was repeated. Theotuwas observed to infiltrate the occipital boaed the
histology was similar to the primary malignant tumdhe preoperative three-dimensional computed
tomography scan revealed that a large area (148t afoccipital bone, including adequate marginedesl to
be removed in one piece. We considered that thé bkne defect could not be left uncovered, and tha
conventional commercial implants of titanium or RERould not be suitable for this young patient. We
decided to prepare a FRC — BG implant, which wasufectured at the Turku Clinical Biomaterial Centre
(TCBC, Turku, Finland). The implant structure, mietks, and polymerization process have been regorte
detail previously In brief, the implant was a sandwich structuresisting of outer and inner surface glass
fiber laminates with a polymer matrix of dimethdatgs. The outer surface of the implant was a déRse
laminate, whereas the inner surface was a meshalikmate with mesh hole size of 0.4 millimetediameter.
The space between the outer and inner laminatedileas with particles of bioactive silicate glagS53P4,
BonAlive Biomaterials, Turku, Finland) of a par@csize of 0.5 millimeter. FRC laminates were bibktaand
the bioactive glass dissolved over timevivo. The implant was designed as an on-lay implan ait on-lay
margin width of 10 millimeters and a thickness o8 Onillimeter. The margin was perforated for fixuati
screws. The weight of the implant was 22 grams litivthe bioactive glass loading was 26.8 weightget.
The implant was sterilized by the hydrogen peroxtisma method (Sterrad, Johnsson and Johnssorg,Irv

CA).
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After the surgical removal of the occipital bonlee treconstruction of the bone defect was performitial a
preoperatively manufactured patient-specific FRBG-implant. The implant that fitted exactly intcetdefect
was anchored to the bone with four titanium screMe child recovered uneventfully. The removed bané
also the soft tissue sample taken during surgergaled the same malignant tumor. A large resedifotne
soft tissue and skin was performed two months.|&aring this surgery, the occipital skin and d@fsue were
largely removed. The implant was covered with ldtdethickness cranial skin flaps, and the argasnfwhere
the flaps originated were covered with free skiaftgr Recovery was uneventful. Normal cranial gfoand
normal cranial shape have been observed (Figudd signs of implant loosening could be detectdute@-
dimensional computed tomography revealed the g@sitioning of the implant (Figure 2) and also &ggeas
of peridural ossification on the inner surface amdthe margins of the implant (Figure 3 and Figdye
Intracranial bone coverage on the implant was 68f%he original defect (image analysis software GIFA
2D/3D Image Analysis, Bruker, Kontich, Belgium). Nmns of a tumor recidive were found during a\sear

follow-up (Figure 5).

DISCUSSION
A skull bone reconstruction of a young patient wascessful, and her cranial growth continues ndymahe
key features regarding the interaction among bieadailass and bone, surgical operation, and thet-son

and long-term clinical treatment are discussed.

A current trend in regenerative medicine showsdsteointegration of the cranioplasty material. Aagous
bone and synthetic biomaterial may have osteocdivduand even osteoinductive propertiésdowever, in
the case of an autologous bone flap after 4-6 nsootltryopreservation, an unsatisfactory treatnoemtome
is commonly seen. It has been demonstrated thapregerved skull bone flaps beyond four months @o n
show viable osteoblast3.Therefore, osteoinductivity is an essential propeéWhen utilizing bioactive glass

S53P4 in the clinical setting, bone healing is t&tliby bioactive glass S53P4. The bone healingressgs
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from activation of stem cell differentiation towaadfibrous tissue phase of bone formatfdisimultaneously
by biomineralization of the implant surface, whipgfomotes osteoconduction. Another trend in regeivera
medicine is the utilization of stem cells with astie engineering approach. However, utilizatiothefstem
cell approach in cranioplasties has been clinicailhsatisfactory, and further preclinical investigat is

needed?

Here, we described a patient with a cranial borfealgeconstructed with a FRC — BG implant that bad
durable FRC structure. In this age group, a sp@uias ossification of a cranial defect is possikléoag as the
dura and pericranium are intact. However, the olasty was needed to protect the brain during lheading.
In this case, a follow-up of 5 years and 7 monitisfiomed margin-to-margin peridural bridges of neane,
and 69 % of the defect was covered with new booenfiited tomography of the patient showed also sfns

intra-implant ossification, which we have demorntstieby histological analysis in a previous stdtly.

The cranial bone growth and development after bstla combination of sutural growth, remodelingd an
displacement movements of growing bofie$he spontaneous healing of cranial bone is corsidpossible
from infancy up to 2 years. This is thought to blated to the rapid phase of brain growth, whiobdpces
mechanical pressure leading to acceleration obastgenesié In fact, apposition of bone along the edges of
the fontanelles and thin periosteum-lined sutuesespk cranial bones separated for many years. Ajththe
majority of the growth in the cranial vault occuasthe sutures, there is a tendency for bone tcetmved
from the inner surface of the cranial vault, whatethe same time, new bone is added on the extuitace.
This changes the contour of the skull. In thisipalar case, the reconstruction was made to fotlmvoccipital
contour at the age of 2.5 years. By the follow-epiqud of 6 years, the contour of the implant matcivell to

the overall contour of the skull.
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A FRC — BG implant provides a scaffold for boneemgration. New bone is formed inside of the implant
where the bioactive glass is present and on thdyral surface of the implant. This case suppdmsitplant’s
functional mechanism being that bioactive glassP8issolves from the implant and releases iome aaslly
phosphate ions, which promotes mesenchymal stelsyafetalvarial bones to differentiate into bonenfiing
cell lines, and calcium ions, which biomineralibe +RC surface by calcium-phosphate minerals toentlad
implant surface osteoconducti¥&*** lon release and ion exchange of bioactive glag&%nd extracellular

liquid increases pH, which provides bacteriostptimperties’

Important observations found during the bone hgadind osteogenesis on the surface of the implare that
new bone was found only on the inner surface ofrti@ant. This suggests osteopromoting effectshieydtira
mater, which can be chemical and physical in nafdréhe outer layer of theéura mater functions as a skull's
inner periosteum and promotes bone growth likepgrgosteum at the sutures. Pulsatile fluid flowthg dura
mater may also have an impact on osteogenesissilitiace of the FRC — BG implant seemed to offer a
suitable environment for osteogenesis, which eviewad anatomical structures pfotuberantia occipitalis

andcrista occipitalisinterior to be formed (Figure 3).

It has been recommended not to reconstruct a ¢laoe defect before the age of 2 years. After osungical
treatment of an intracranial tumor, when a bong fl& not affected by the tumor, the autogenoushfres
craniotomy bone flap is clearly the best optionreronstruction. When the bone defect is not cavereging

the same operation, but the cranioplasty is perdrfater, the outcome with either a cryopreserveédgaaft or
synthetic material is equal or favors a synthefitam?*?° The resorption of cryopreserved bone affects up to
50 % of patients, and 22-50 % need a reoperaGdf.As the risk of bone resorption seems to be stgong|
related to younger age, it has been suggested nsiday, after decompressive craniectomy procedares

young patients, using primary cranioplasties wilyathetic materiat?*
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Some doubts have been raised regarding the usaibfesic cranioplasty material in a pediatric p@ian. In
their retrospective analysis of 71 pediatric pdaiefru and colleagues addressed the issue of @btsktill
growth restriction by a rigid cranioplasty materiampared to an autologous bone gfafatients were aged
between 1 and 19 years at the time of craniopl&xtying the follow-up, no signs of skull growth nestion
were observed. They concluded that a syntheticapbasty was a safe option, when an autogenous fiape
is unavailable. This result is in accordance witin @perience of using cranioplasties in a pedigtopulation.
The observations in the current case shows that Erge cranial bone defects in growing childremnhwa

synthetic, bioactive implant is possible withoubtpering the future growth of the cranium.

CONCLUSIONS

In conclusion, we found considerable peridural fasgion of a glass fibre-reinforced composite -edutive
glass implant six years after an operation of aignaht cranial bone tumor and cranioplasty. Thet@manof
the reconstructed area followed the anatomical [dpweent of the skull during the six-year follow-ppriod.
In the future, a synthetic cranioplasty materiattis capable to integrate with cranial bone maygdiesidered

superior to cryopreserved bone grafts in youngergagups.
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Figure 1

A pre-operative three-dimensional computed tomdgyazan of a 2 years and 6 months old child.

Figure 2
A follow-up three-dimensional computed tomograpbgrsof a patient 5 years and 7 months after créasop
with fibre-reinforced composite — bioactive glasglant. The implant fitted into the defect. Theifios has

not altered, and the screw-fixation is intact.

Figure 3

Three-dimensional computed tomography scan of iemiab years and 7 months after cranioplasty. Tinern
surface of a fibre-reinforced composite — bioactjass implant seemed to offer a suitable envirorinier
osteoneogenesis, allowing formation of periduraiddes of new bone. The anatomical structures of

protuberantia occipitalisinterior andcrista occipitalisinterior are shown.

Figure 4
A follow-up computed tomography scan of a patierye&rs and 7 months after cranioplasty. A seriesxal
computed tomography shows the cross-sectional cemnmo of the implant, a normal cranial shape and

osteogenesis.

Figure 5
An axial T2-weighted turbo spin echo image of aqudt6 months after cranioplasty. The contour aflidtone
and a fibre-reinforced composite — bioactive glagsdant follows a normal anatomical shape. No sigha

tumor recidive have been found during a six-yedofaup.
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List of Abbreviations

FRC fibre-reinforced composite

FRC - BG fibre-reinforced composite — bioactivasgl
PEEK poly-ether-ether-ketone

S53P4 S53P4 bioactive glass

TCBC Turku Clinical Biomaterial Centre



