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Abstract

Bone is a highly vascularized tissue which enables a close interaction between blood vessels and
osteoid complexes, including osteoblasts and osteoclasts. Iatrogenic bone loss, caused by a
surgical intervention or trauma, disrupts circulation in the bone and leads to hypoxia and even
necrosis of the adjacent bone. The mechanisms of the bone tissue healing process by regeneration
are highly specific.

The most common and predictable way to manage a large-sized skull bone defect has
traditionally been using the patient’s own bone tissue graft. The problem with the method is
damage and pain of the donor site caused by the operation and healing problems. In paediatric
patients, there is a limited availability of adequate autologous bone grafts. For this reason, efforts
have been made to develop substitute materials in order to avoid the need for large bone grafts.
Autologous stem cells have proven to be promising targets for the development of bone substitutes
for cranio-maxillofacial bone defects.

The main objective of this study was to examine, by using an experimental animal model,
differences in the healing of critical-sized calvarial bone defects, similar to cranioplasty, induced
with different types of autogenous bone grafts and with adipose tissue- or bone marrow-derived
stem cells grown in two commonly used biomaterials, tricalcium phosphate and bioglass. We also
investigated the effect of tissue adhesive, fibrin glue, on the healing process of bone defects. The
effect of the stimulating growth factor proteins BMP-2, BMP-7 and VEGF on tissue transplants
and ossification was also studied.

The results of this study support the previously reported findings of accelerated bone graft
resorption associated with autologous bone graft use. In particular, the use of fibrin tissue glue in
combination with autologous particulated bone grafts reduced the formation of new bone in
calvarial lesions.

During the initial healing of calvarial bone defects, tricalcium phosphate granules proved to be
more effective than solid bioactive glass scaffolds. Furthermore, in combination with adipose-
derived stem cells, tricalcium phosphate showed better bone regeneration than the same cells in
combination with a bioactive glass scaffold. Combining bone marrow-derived stem cells with
biomaterial did not increase bone formation in calvarial critical-sized defects. In this study, there
was no evidence of the positive effect of growth factors on cranial bone healing.

Keywords: bioactive glass, bone healing, cranial defect, growth factor, stem cells,
tricalcium phosphate
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Tiivistelmä

Luu on runsaasti verisuonitettua kudosta, ja se mahdollistaa tiiviin vuorovaikutuksen verisuon-
ten ja luun rakenteen perusyksikön, osteonin, sekä toiminnallisten solujen osteoblastien ja oste-
oklastien välillä. Kirurgisen toimenpiteen tai trauman aiheuttama luun vaurio häiritsee luun
verenkiertoa ja johtaa hapenpuutteeseen ja jopa nekroosiin vaurioituneessa luun osassa. Luuku-
doksen paranemisen ja uudistumisen mekanismit ovat pitkälle erilaistuneita ja ne tunnetaan erit-
täin hyvin.

Yleisin ja ennusteeltaan luotettavin tapa korjata laajoja kallon luukudoksen puutoksia on
perinteisesti ollut potilaan oman luukudossiirteen käyttö. Menetelmän ongelmana on siirteen
luovutuskohdan vaurio ja kipu sekä paranemiseen liittyvät ongelmat. Erityisesti lapsipotilailla on
haasteena riittävän siirreluumäärän rajoitettu saatavuus. Tästä syystä on pyritty kehittämään kor-
vaavia materiaaleja, jotta vältettäisiin suuriin luusiirteisiin liittyviä ongelmia. Autologiset kanta-
solut ovat osoittautuneet lupaaviksi kehitettäessä luuta korvaavia hoitomuotoja kallon luupuutos-
ten hoitoon.

Tämän tutkimuksen päätavoitteena oli tutkia kokeellisen eläinmallin avulla laajojen, kalloki-
rurgiassa aiheutuvia luupuutoksia vastaavien vaurioalueiden paranemista. Tutkimuksessa testat-
tiin erityyppisiä autogeenisiä luusiirteitä ja rasvakudos- tai luuydinperäisiä kantasoluja, joita kas-
vatettiin kahden biomateriaalin, trikalsiumfosfaatin ja bioaktiivisen lasin pinnoilla. Tutkimukses-
sa selvitettiin myös fibriinikudosliiman vaikutusta omakudosluusiirteen paranemiseen. Kudos-
kasvutekijäproteiinien BMP-2, BMP-7 ja VEGF stimuloivaa vaikutusta kudossiirteiden toimin-
taan ja luutumiseen selvitettiin myös.

Tämän tutkimuksen tulokset tukevat aiemmin raportoituja havaintoja autologisen luusiirrän-
näisen käyttöön liittyvästä nopeasta resorptiosta. Erityisesti fibriinikudosliiman käytön yhdessä
autologisten pienipartikkelisten luusiirteiden kanssa havaittiin heikentävän uuden luun muodos-
tumista kallon luupuutoksissa.

Kallon luupuutosten alkuvaiheen paranemisessa rakeinen trikalsiumfosfaatti osoittautui
tehokkaammaksi kuin kiinteä säikeinen bioaktiivinen lasi. Samoin rasvakudosperäisten kanta-
solujen yhdistäminen trikalsiumfosfaattiin lisäsi merkittävästi luun muodostumista verrattuna
samaan yhdistelmään bioaktiivisen lasin kanssa. Luuydinperäisiä kantasoluja yhdistettäessä vas-
taavaa ei voitu tässä tutkimuksessa todeta. Tutkimuksessa kasvutekijöiden käytöllä ei havaittu
olevan positiivista vaikutusta kallonluiden paranemiseen.

Asiasanat: bioaktiivinen lasi, kalloluuvaurio, kantasolu, kasvutekijä, luun paraneminen,
trikalsiumfosfaatti
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1 Introduction 

Functional and aesthetic bone repair has been challenging for surgeons over the 

past century. Bone defects in the cranio-maxillofacial skeleton still remain a major 

clinical concern. As a result, improvement of bone growth and bone healing has 

become one of the main targets for surgeons, cell biologists and biomedical 

engineers during the past few decades. An entirely new field of technology, tissue 

engineering (TE), has emerged to solve these problems (Langer & Vacanti 1999, 

Berthiaume et al. 2011). 

In order to achieve an ideal result in osseous defect regeneration, TE needs to 

use the optimal combination of a selected cell population, which is differentiated 

and cultured in a Good Laboratory Practice (GLP) environment. This is then seeded 

onto a biomaterial scaffold, a supporting structure which serves as a template for 

anchoring both seeded and homing cells to support differentiating tissues (Wolff et 
al. 2013) in a Good Manufacturing Practice (GMP) setting. According to the 

definition by Williams (1999), ‘biomaterial’ is a “material intended to interface 
with biological systems to evaluate, treat, augment or replace any tissue, organ or 
function of the body”. This idea to use naturally occurring or synthetic biomaterials 

is not a novel idea as they have been widely used even in ancient cultures for 

various medical applications. Later, in surgical practice, natural fibres such as silk 

or animal gut have been replaced with either biologically stable or biodegradable 

materials (Best et al. 2008), which even include individually printed three-

dimensional (3D) constructions for cranial bone reconstructions (Chia & Wu 2015, 

Kohan et al. 2015, Kang et al. 2016). 

Management of a cranial bone defect with the aid of TE is a dynamic process 

involving a complex interplay between the scaffold, cells and cranial milieu. While 

each constituent is integral to the eventual bone healing result, it is helpful to 

consider each component separately and individually, as was done in the present 

study, and focus on the important early stages of healing with cell proliferation and 

tissue evolution following the ingrowth into the scaffold pores. 

The ideal biomaterial to serve as a scaffold for bone regeneration purposes is 

yet to be developed. There are numerous requirements for a scaffold depending on 

the location of the defect it is intended to fill. In the cranial skeleton, there is not as 

much need for physical strength or quick degradation as in the long bones. Still the 

main characteristics are the same: optimal properties, material and architecture and 

optimized suitability for the targeted environment (Szpalski et al. 2012c). As most 

of the reported biomaterials and their compositions have shown only some 
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enhancement and partial ossification in bone defect healing, it may be beneficial to 

concentrate on finding the optimal combination of different biomaterials to 

improve treatment results in the future (Tuusa et al. 2008). 

The present in vivo rabbit model-based work evaluates the early stages of 

calvarial bone defect healing, differences between autologous bone transplants, and 

the effect of fibrin glue on defect healing.  It also evaluates the therapeutic 

properties of two commercial biodegradable scaffold materials in different 

compositions of adipose-derived stem cells (ASCs) and bone marrow-derived 

mesenchymal cells (BMSCs) with additional growth factors. Special attention is 

paid on exploring the stem cell presence at early time points and revascularization 

of the biomaterial-filled defects. 
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2 Review of the literature 

2.1 Cranio-maxillofacial bone defects 

In general, the main indications requiring cranio-maxillofacial reconstruction are 

defects of cranial and maxillofacial bones caused by injuries, including blunt 

trauma, lacerations, infections, and burns, or by reconstructive surgery of various 

congenital disorders or resection of tumours in the craniofacial region. The vast 

majority of reconstructions of cranio-maxillofacial defects are made using 

autologous bone grafts. Alloplastic alternatives are popular for special indications. 

Patient-specific reconstructions occur with increasing frequency as custom-

manufactured applications fused with imaging technologies are becoming more 

popular (Goldstein et al. 2013). 

The prevalence of cranio-maxillofacial injuries in children and adolescents is 

reported by trauma centres to range from 1% to 30%, the male to female ratio being 

2:1. These injuries are predominantly associated with sports and traffic accidents 

(Lee 2012, Bede et al. 2016). In adult patients, cranio-maxillofacial trauma is more 

often associated with interpersonal violence and car accidents, and the male to 

female ratio is reported to be up to 4:1 (Salonen et al. 2010, Scheyerer et al. 2015). 

By its nature, craniofacial reconstruction is a highly individualized process, 

depending on the location and type of the defect. Surgical interventions typically 

create burr holes and large defects where skin and dura are in close contact and may 

be the only protective layers covering the brain tissue. In many cases, the blood 

circulation may be compromised in the defect area, where there may also be 

multiple bone fragments resulting in bone resorption and necrosis producing an 

even larger bone defect. The fragmented cranial bones should be accurately fixated 

and critically large bone defects should be filled with bone grafts to avoid the 

secondary effects of pressure and displacement on the brain. Special care must be 

taken in decompressive surgery of this patient group to avoid the possible 

postcraniectomy syndrome and neurological deterioration, which can be prevented 

by reconstructive cranioplasty (Schiffer et al. 1997). 

While calvarial bone fractures are relatively uncommon, their associated 

injuries such as subdural hematoma and intracranial haemorrhage are among the 

major reasons for decompressive craniotomies. A minority of penetrative cranial 

traumas are caused by direct gunshot-induced fractures, direct blunt trauma and 
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falls. The anatomical and physical factors of these injuries result in a high mortality 

rate (Betz et al. 1997). 

In other parts of the cranio-maxillofacial skeleton, injuries are more common. 

Anterior skull base defects are quite common and they can be congenital, result 

from a trauma or, in some cases, be iatrogenic. The success rate in treating small or 

medium-sized defects by using traditional autogenous fat and bone graft closure 

techniques is up to 98% (Bernal-Sprekelsen et al. 2014), but in the case of larger 

defects, autogenous custom-made biomaterials and stem cell implants could 

provide new beneficial alternatives. 

Treatment of cranio-maxillofacial injuries requires multi-disciplinary team 

work. Typically, of patients with severe facial trauma, over 60% have been reported 

to have other concurrent serious injuries to the head, chest, abdomen or limbs 

(Pontarelli et al. 2014). Concomitant injuries have been reported to occur in up to 

73.7% of paediatric cranio-maxillofacial trauma patients (Al Shetawi et al. 2016). 

Even more attention must be paid to facial trauma patients over 65 years of age, as 

a recent cross-sectional retrospective cohort study revealed that in this patient group, 

trauma-associated injuries are more frequent and severe than in other patients, even 

leading to death (Toivari et al. 2016).     

Cranial bone defects are often unavoidable when congenital craniofacial 

syndromes are treated operatively to correct asymmetries or growth disturbances. 

Cleft lip and palate is among the most common birth defects and can be associated 

with developmental syndromes. The estimated incidence of cleft lip and palate in 

general is 1 to 2.21 cases per 1,000 live births, and even higher, 2.56 cases per 

1,000 births, in Finland (Lithovius et al. 2014). Among many other rare syndromes, 

Apert, Crouzon, Pfeiffer, Muenke and Saethre-Chotzen syndromes are 

characterized by craniosynostosis requiring cranioplasties to increase intracranial 

volume and to reduce intracranial pressure (Tovetjärn et al. 2014, Hamm & Robin 

2015). 

In repairing calvarial defects, care must be taken that all the different missing 

tissues of the defect are replaced and not just the bone alone. In some cases, a 

combination of different tissue engineering techniques may be applied to achieve 

optimal results. Acalvaria is a very rare congenital malformation, consisting of the 

absence of the calvarial bones or skin protecting the brain, which is covered only 

by dura mater at birth. Only four patients have been reported to survive this 

condition, one of them even healing and developing normally after the application 

of a dermal regeneration template. The use of a dermal regeneration template 
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allows the cranial reconstruction by later application of bone autotransplants and 

biomaterials without traumatizing the underlying dura (Hawasli et al. 2014). 

Removal of brain and dural neoplasms or rare primary calvarial bone tumours 

may result in large defects of the cranial bones. Special attention in the 

reconstructive strategies must be directed to paediatric patients so that the growing 

skull is not limited by non-growing bone substitutes at the defect closure. On the 

other hand, the osteogenic potential of the cranium decreases rapidly after 1 year 

of age. The risk of bone resorption when using autologous bone is high in paediatric 

patients. Development of an ideal bone growth matrix, with easy applicability with 

avoidance of rigid fixation in a bone defect in a growing skull and the capability of 

promoting the bone graft incorporation into bone tissue, is a critical step to improve 

the future outcomes of paediatric cranioplasties (Feroze et al. 2015). 

2.1.1 Critical-sized defects 

A critical-sized defect (CSD) is defined as a defect in bone which cannot heal 

totally without additional intervention such as a bone graft within the lifetime of 

the experimental animal or the time period of the scientific investigation (Schmitz 

& Hollinger 1986). The size or diameter of a CSD depends on the species and varies 

by anatomical site (Hollinger & Kleinschmidt 1990). In mice, the size of a CSD in 

the cranium is 4 mm (Carvalho et al. 2014), in rats it is 8 mm (Li et al. 2015), in 

rabbits 15 mm (Lam et al. 2009), and in sheep 20 mm (Haberstroh et al. 2010) in 

diameter. CSD models are widely used in bone healing experiments. The calvarial 

CSD model for rabbits is adaptable (Jan et al. 2006). In osseous tissues, such large 

defects are typically replaced with other tissues or alloplasts which are not 

loadbearing and may therefore compromise function and aesthetics. 

In humans, full-thickness scarred CSDs of the cranium are among the most 

challenging situations for reconstruction. Reconstruction of the cranial vault is 

typically undertaken to prevent further damage to the underlying brain and 

meninges. Unlike in infants, the cranial bones of an adult do not heal spontaneously 

as the regenerative capacity of the cranial bones is age-related. There is a need for 

more rapid and stable restoration of the adult skull with autologous bone grafts and 

biomaterials. This has led to the evaluation of new biomaterials, stem cells and 

tissue engineered constructs (Taub et al. 2009). 



24 

2.1.2 Cranial bone repair using autologous bone 

Autologous bone grafting is the current gold standard in both orthopaedic and 

cranio-maxillofacial bone repair (Nauth et al. 2015, Piitulainen et al. 2015a). 

Autogenous bone grafts are often easily available “next-to-the-site” of cranial 

defects and can also be collected from distant anatomical sites such as a rib or iliac 

crest. Excess bone can even be stored for a longer time period by means of 

cryopreservation. The different autologous bone grafts in cranial reconstruction 

surgery can be classified as: bone dust or particles, shavings, sliding, 

transpositional, full-thickness split, and vascularized pedicle grafts (Hunter & 

Pelofsky 1995). 

The main risk associated with bone grafting is postoperative infection leading 

to failure of the grafting, which requires further reconstruction later. Failure in the 

long-term outcome can also present as excessive resorption of the grafted bone 

(Iaccarino et al. 2015). 

The main risks at the donor site include nerve damage, postoperative wound 

infections, pain and discomfort. Many patient-related risks for bone grafting are 

known from literature, such as poor nutrition, weakened immune system, blood 

circulation damages after irradiation therapy, time elapsed between the injury and 

surgical treatment, and smoking (Lee et al. 2015a, Owen et al. 2012, Reddy et al. 
2014). Since the sources for autologous grafts are limited and the most popular 

donor sites in pelvic bones and lower limbs cause serious and prolonged discomfort 

for patients and even morbidity, new tissue engineering-based methods for 

autologous bone tissue repair are being developed. 

In infants the gold standard of cranial repair is still the use of autologous bone. 

Reconstructions of large bone defects in growing skull are always a challenge and 

the result has to meet high dynamic functional and esthetic demands. Although 

autologous bone is preferred, allografts biomaterials such as titanium, acrylic, 

polylactid acid (PLA) and hydroxyapatite (HA) are available and have been used 

in by many clinicians (Hockley et al. 1990, Chiarini et al. 2004, Rotaru et al. 2006, 

Vignes et al. 2007).   

Bone flaps 

Pericranial vascular flaps are used as a standard reconstruction method in the 

cranial vault when possible. The main problem associated with local pedicled flaps 

is compromised circulation, which may lead to aseptic necrosis and resorption of 
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the graft (Schliephake et al. 1999). Correcting defects with cerebrospinal fluid leaks 

in the problematic cranial base area requires the addition of avascular grafts from 

fascia lata, adipose tissue or even skin. Pedicled flaps, including mucochondral 

nasoseptal flaps to correct minor defects in cranial bones, especially in skull base 

reconstructions, are reported to have a high risk of complications (Lal & Cain 2014, 

Soudry et al. 2015). 

Vascularized calvarial flaps are useful in many instances in cranial vault re-

contouring. They can also be used in compromised or problematic situations when, 

for example, a previously operated alloplastic implant material has suffered 

dehiscence and exposure. A vascularized pedicled split graft from the calvarial 

outer table can be a viable choice if there is not too much tension on its pedicle 

(Takumi & Akimoto 2009). Split cranial bone grafts such as free inlay grafts are 

also popular but cannot be harvested from paediatric patients under 5 years of age 

because of undeveloped calvarial bone diploe. Calvarial free split grafts have been 

successfully used in secondary cranioplasty corrections, especially when the soft 

tissue is compromised and risk for allogenic material triggered immune response 

or secondary infection is assumed to be high (Lee et al. 2014). 

In the management of intracranial haemorrhages, brain tumours, meningoceles 

or cranial bone tumours, the elevated cranial bone flap often cannot be immediately 

returned or fixated back to its anatomical site. A large bone defect, covered only 

with skin and meninges is created. In decompressive craniectomy, the elevated free 

autologous cranial bone block is typically and intentionally saved as a refrigerated 

specimen. Its replacement occurs as a delayed event once the brain tissue swelling 

has regressed. The bone flap is then replaced to its original position in the skull and 

fixated. The aesthetic outcome is not always satisfactory, as notable bone resorption 

is reported to occur in up to 50% of cases (Frassanito et al. 2011). The aseptic bone 

resorption rate in paediatric craniectomy patients with a re-implanted 

cryopreserved bone flap is 50% as well (Pechmann et al. 2015).  The main 

complications associated with the use of cryopreserved autologous bone blocks are 

infections and graft necrosis, necessitating graft removals and revisions 

(Brommeland et al. 2015). These situations may produce challenging cranial 

defects that require reconstruction 

In certain cases, there is no possibility to utilize cranial bone tissue for 

reconstructive purposes. The bone graft can be harvested as a free flap from other 

anatomical sites, most preferably from naturally flat and curved bones such as the 

iliac crest, ribs or scapula. As a technique having low donor-site morbidity and good 

aesthetic outcome, scapular angle flaps have successfully been used in head and 
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neck area bone reconstructions, although iliac crest and fibular grafts remain more 

popular (Ferrari et al. 2015). 

Particulated bone 

The terminology for describing particulated bone grafts varies considerably in the 

literature. Various-sized bone pieces can be referred to as particulated bone, bone 

particles, autologous drilling dust, bone dust, milled bone particulate, and bone 

chips. 

In cranio-maxillofacial surgery, instrumentation by means of burrs, drills and 

saws always produces small pieces of particulated bone which can easily be 

collected from the operating site by using a suction-trap device and can be used as 

an autograft to fill the resulting various-sized defects (Kainulainen et al. 2006). If 

not overheated during preparation, these bone particles contain living cells, 

including osteoblasts and osteoclasts, which can promote direct ossification of the 

defect by osteogenesis (Hassanein et al. 2012a). Small-sized particles and bone 

dust are mainly produced by drilling with a power burr and larger bone particles by 

using a hand driven burr or bits and rongeurs. Thus, small-particle bone grafts are 

more likely to get overheated and contain less living cells compared to larger 

particle bone grafts (Clune et al. 2010). 

In cranioplasty, the collection and use of particulated autologous bone is 

routine at some neurosurgery centres. Still, the major disadvantage in using 

particulated bone is the unpredictability of the clinical outcome of the cranioplasty 

as it involves a tendency toward a significant graft volume reduction and poor shape 

of the healed defect area (Springer et al. 2005). The structure of bone used is also 

shown to affect healing. In the cranio-maxillofacial skeleton, defect bridging can 

be achieved by using particulated cancellous bone in any area where there is no 

need for mechanical strength. The use of cortical bone particles is not 

recommended, as cortical particles seem to attract more osteoclasts and become 

necrotic, leading to more uneven ossification than when using cancellous bone 

particles. In addition, the particle size plays a key role in defect healing. Small- and 

intermediate-sized autologous bone particles (8–15 mm3) have shown faster 

incorporation and revascularization and a higher resorption rate compared to large 

particles (over 50 mm3) (Merkx et al. 1999). In grafting, the volume of small 

particles must be great to correct the shape of the defect because of their extensive 

resorption rate compared to larger bone particles. 
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The use of particulated autologous bone grafts remains the gold standard in 

cranioplasty and is also used in secondary correction cranioplasties. Even re-

harvested bone has been shown to ossify in calvarial defects (Hassanein et al. 
2012b). One clinical challenge associated with particulated bone grafts is the 

fixation of the bone particles to the defect so that the bone particle filling will not 

dislodge or migrate or be incorrectly positioned during the healing. To avoid 

malposition of bone fragments, a mixture of fibrinogen and thrombin-based tissue 

glue can be used to secure the bone graft in place (Linsenmann et al. 2013, Davis 

& Sándor 1998). Particulated bone can be successfully used in compromised cases 

and even in delayed surgical bone reconstructions in orthopaedic patients (Egol et 
al. 2015) and in cranio-maxillofacial patients (Arnaud 2000). 

2.1.3 Allogenic and xenogenic bone grafts 

Reconstruction of large-scale defects sometimes requires an alternative material to 

autologous bone due to the volume required. In adult patients, such allografts 

include demineralized bone matrix and growth factors. In paediatric patients, 

growth factors cannot be used, but a combination of demineralized bone matrix and 

resorbable polylactic acid / polyglycolic acid mesh plates has been proven 

routinely successful (Chao et al. 2009). In the growing skull, the diploic structure 

of the calvarial bones is undeveloped, so autogenous split grafting is not possible 

where most of the rigid and non-resorbable materials are also contraindicated. This 

has led to a need to find suitable allogenic or xenogenic transplant materials. 

Various allogenic human demineralized bone matrix allografts have already 

been clinically tested, mainly on animal CSD models, and are commercially 

available (Acarturk & Hollinger 2006). In orthopaedic surgery, their main 

indications have included the repair of avulsive bone injuries and the filling of large 

bone cavities as well as spinal fusions. In maxillofacial surgery, allogenic bone 

matrix transplants have been used for the correction of minor alveolar bone defects 

and maxillary sinus lift augmentations. They have not been used in cranioplasties 

due to their high resorption rate and because of clinical fixation problems 

associated with the matrix (Moss et al. 1995, Chao et al. 2009). In order to reduce 

the osteoclastic resorption of autologous grafted bone and to add to the 

osteoconductivity of the graft, it can be mixed together with xenogenic biologic 

anorganic bone matrix of bovine origin (Merkx et al. 2000). 

Cadaveric banked bone and bovine demineralized bone matrix are in wide-

spread clinical use in orthopaedics. Studies on the effects of these materials on the 
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healing of bone defects and meta-analyses of the related radiological and 

histological healing results have been performed mostly in orthopaedic and 

maxillofacial surgery (Agarwal et al. 2009, Klijn et al. 2010, Papageorgiou et al. 
2016) but have not became popular in cranial vault surgery. 

2.1.4 Cranial bone repair using biomaterials 

The general requirements for an ideal biomaterial for bone tissue are numerous. 

The implant should be biocompatible and osteocompatible to support the bone, to 

guide the bone growth by enhancement of bone differentiation and regeneration. 

At the same time, the material should allow osteogenesis, osteoinduction and 

osteoconduction. An ideal scaffold should also demonstrate appropriate mechanical 

properties, strength and resilience but not trigger inflammatory reactions (Szpalski 

et al. 2010). An ideal scaffold should also incorporate into native bone and 

eventually it should be replaced by bone. These requirements and some tissue-

related properties are visualized in Figure 1. 
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Fig. 1. Properties and characteristics of the scaffold in relation to adjacent tissues.  

The use of biomaterials in cranio-maxillofacial surgery is increasing. The idea of 

replacing bone tissue with inorganic biomaterials is not new – there are findings 

dating back to 2000 BC from ancient Incan surgeons who had used gold and silver 

plates to cover and protect the brain tissue after trepanation of the skull (Sanan & 

Haines 1997). A unique area of tissue engineering (TE) is the repair of complex 

cranio-maxillofacial injuries and congenital malformations where the criteria for 

surgical reconstructive techniques are set particularly strict to meet the demands of 

functional and aesthetic requirements. Finding the optimal combination of 

biomaterials and stem cells for TE constructs and recruitment of local tissues are 

challenges to overcome in the near future (Costello et al. 2015). 
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An optimal architecture for a biomaterial used in the cranial area would include 

optimal porosity to allow revascularization and tissue ingrowth to the defect area. 

Pore design and surface area of pores in biomaterials have been implicated to be of 

great importance in terms of cell differentiation into the osteoblast lineage. Pore 

interconnectivity and channel design enable vascular ingrowth, which has a 

substantial role in functional bone formation in grafted defects by means of well-

coordinated biochemical activity and metabolism (Appleford et al. 2009). There 

has been much discussion about the optimal pore size, and according to recent 

studies, the optimal pore size ranges from 100 µm to 350 µm while pores larger 

than 800 µm seem to have decreasing influence in bone regeneration. It is a mistake 

to only focus on pore sizes, as other parameters, such as pore shape and 

interconnectivity, surface properties to optimize cell migration and orientation and 

overall permeability of the biomaterial to allow oxygen diffusion, may play even 

more important roles in bone regeneration (Klein et al. 2009, Petroschenko & 

Narayan 2011). 

The physiological and biological requirements for biomaterials for bone 

regenerative purposes include biocompatibility and interaction with the 

surrounding bone tissue for colonization by osseoid complex cells and blood 

vessels. The former generation of biomaterials, such as gold, iron or titanium, were 

meant to be inert. In contrast, the latest generation of biomimetic biomaterials is 

intended to control cell responses like adhesion, proliferation and differentiation. 

The focus in recent studies has been on strategies to modify the surface of 

biomaterials by coating them with hydroxyapatite and grafting biomolecules as 

well as on developing 3D printable custom-made bioprostheses (Drevelle & 

Faucheux 2013). In addition, growth factor and mineral release provide an 

additional strategy to improve the ossification capacity of biomaterials (Szpalski et 
al. 2012a). Porous scaffolds are incorporated with bioactive coatings and growth 

factor-loaded hollow microspheres for enhanced osteoinduction and osteogenicity 

(Veronesi et al. 2015, Xiong et al. 2015). 

In the cranial area, among the important properties of the biomaterials used are 

biocompatibility and the ability to improve osteogenesis. A suitable material should 

also be osteocompatible to allow ingrowth and borderless interconnection between 

the applied biomaterial and the adjacent bone. This plays a key role in the overall 

graft performance. In the cranium, the requirements for the direct loadbearing 

capacity of the material are minimal. Ideally, the biomaterial resorption should be 

synchronized so that the apposition of new bone replaces resorbed areas without 

the formation of cavities, which may be permanent and could compromise aesthetic 
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contours. This functional compatibility includes the potential to mimic the natural 

microscopic structure of the adjacent tissue in detail and to establish mechanical 

biocompatibility even at the length-scale of the cells (Mazza & Ehret 2015). 

Realization of a suitable micromechanical environment in collaboration with cell 

biologists and clinicians is vital for the TE reconstruction concept since by 

mechano-chemical signal conversion, different types of stimuli may affect local 

cell proliferation, polarization, function and, in the case of stem cells, 

differentiation and transdifferentiation into various cell types required for tissue 

healing (Szpalski et al. 2012b, Banks et al. 2014, Damaraju et al. 2015, Chen et al. 
2015, Lo et al. 2016). The advantages and disadvantages of the biomaterials 

suitable for cranial bone repair are shown in Table 1. 

Table 1. Advantages and disadvantages of preferred scaffolds for bone-tissue 

engineering purposes. 

Scaffold Advantages Disadvantages 

Autologous bone accepted by host, low rate of fracture donor site morbidity, bone 

resorption, infection 

Allogenic bone accepted by host, easy to access excessive resorption, poor 

predictability, fixation problems 

Titanium noninflammatory, noncorrosive, strong, 

malleability, low infection rate, good 

cosmesis 

expensive, image artefact on 

imaging 

PLA, PMMA strong, heat resistant, inert, low cost, 

ease of use 

infection, fracture, exothermic 

burn reaction, inflammation, lack 

of incorporation 

HA non-inflammatory, decent chemical 

bonding to bone, excellent cosmesis & 

contouring ability 

low tensile strength, brittle, 

infection, fragmentation, lack of 

osteointegration 

TCP low cost, biocompatible, easy to sterilize, 

osteoconductive 

fixation problems, slow resorption, 

brittle, non-loadbearing 

BAG mouldable, adjustable resorption rate, 

antibacterial 

fixation problems 

Fibre reinforced materials biocompatible, lightweight, degradable, 

easy to fix 

late infections, short experience 

PLA = polylactic acid, PMMA = polymethylmethacrylate, HA = hydroxyapatite, TCP = tricalcium 

phosphate, BAG = bioactive glass  
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Titanium 

Titanium is a chemically inert metallic element. It is non-degradable and 

biocompatible, and because of that very popular in modern medicine. It is 

lightweight and relatively easy to mould and can be adjusted on site according to 

the anatomical special features of the patient. Titanium is non-corrosive and non-

inflammatory and has the lowest reported rate, 2.6%, of graft infections of all 

cranioplasty materials (Matsuno et al. 2006). Titanium and its alloys are 

commercially available in many forms for medical and surgical purposes (Pohler 

2000, Guillemot et al. 2004, Tschernitschek et al. 2005). 

Full-thickness calvarial defects are still reconstructed in certain cases by 

cranioplasty, using titanium constructs, such as prefabricated meshes, plates and 

custom-made cranial implants. Although titanium cranioplasty is mentioned to be 

associated with high complication rates, systematic reviews are still lacking. In 

some neurosurgery centre evaluations, the overall complication rate was reported 

to vary between 19% and 26.4% and plate removal rate varied between 4% and 

10.3% (Mukherjee et al. 2014, Williams et al. 2015). Still, titanium cranioplasty is 

considered to be favourable and successful in cranial vault reconstructions. 

Standard titanium plates and meshes have in many indications been replaced with 

custom-made implants to allow the best possible aesthetic result (Honeybul et al. 
2016). 

Titanium plates and meshes can be combined and covered with inorganic 

osteogenic materials such as hydroxyapatite (Hirota et al. 2012) or calcium 

phosphate cement (Kumar et al. 2015) to enhance the osteoblastic activity and bone 

tissue formation. Larger titanium plates are typically perforated throughout in order 

to make the material lighter and to allow fixation with screws in desirable places. 

The perforation holes are filled with connective tissue if they are left unoccupied 

by fixation screws, for example. Along with the inorganic materials, there have 

been attempts to cover titanium plates with injectable biological materials such as 

the combination of hyaluronic acid and demineralized bone matrix (van Houdt et 
al. 2016) or autologous fat grafts (Ling et al. 2014). 

PLA and PMMA 

In infant cranial surgery, macroporous polylactic acid (70/30 L/DL polylactic acid) 

(PLA) mesh has been used due to its biocompatibility and relatively rapid 

degradation within a few months or years. Various plate and screw systems have 
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been developed, especially for paediatric surgery, to avoid the disadvantages 

resulting from removing rigid fixation materials from growing bone (Cohen et al. 
2004). The immature skull has always been a challenge for reconstructive surgery, 

and thus there have been attempts to overcome the problems concerning the 

growing skeleton by using biomaterials with relatively rapid resorption rates. 

Reconstructive biomaterials, such as PLA mesh, have been filled with calcium 

phosphate bone cement for better stability and to re-establish bone defect continuity 

(Losee et al. 2003). 

Polymethylmethacrylate (PMMA), often referred to as “bone cement” or 

“acrylic”, is one of the most popular alloplastic materials in craniofacial surgery 

and has an excellent biocompatibility with adjacent soft tissues. Problems include 

foreign body reactions, surgical site infections and poor remodelling of the adjacent 

bone. Stress shielding of the adjacent bone can lead to tissue atrophy and necrosis 

locally (Dean et al. 1999). PMMA is mouldable and can be fixed to the skull with 

screws and resorbable plates. The material is lightweight and strong and inert to 

adjacent bone and soft tissues. During the hardening stage, the material reaches 

temperatures of 50–70˚C, which can cause thermal injury to the brain and 

surrounding tissues. PMMA is not easy to handle, and preparation may lead to 

unpredictable cosmetic outcomes if not fabricated on a CT-scanned 3D model 

before the operation. Although demanding to fabricate, the material is still used at 

several craniofacial centres, especially because of its cost-effectiveness compared 

to other methods and materials (Lin et al. 2012, Werndle et al. 2012, Jaberi et al. 
2013). 

Hydroxyapatite 

Hydroxyapatite (HA) is a calcium phosphate compound, existing naturally as one 

of the mineral components of the bone. It can be manufactured synthetically as a 

ceramic. HA partly mimics the structure of native bone and thus permits ingrowth 

and even replacement of it by the defect surrounding native tissue. It is 

biocompatible, has little foreign body reaction and possesses the property to induce 

chemical bonding to the adjacent bone. The major disadvantage of HA is its 

compromising structural integrity when the material is exposed to cerebrospinal 

fluid or blood (Shah et al. 2014).  

To enhance bone apposition on HA implants, different modifications in 

composition have been tested. Silicon-substituted hydroxyapatite (Si-HA) has been 

shown to lead to significantly increased rates of bone apposition when compared 
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with phase-pure HA bioceramic implants. However, uncertainty remains regarding 

the mechanism by which Si increases the in vivo bioactivity of this biomaterial 

(Porter et al. 2004). 

HA has been used in combination with inert biomaterials like titanium but also 

in combination with biodegradable materials, especially in paediatric cranioplasties. 

The combination of HA and bioresorbable undercarriage plates has been 

successfully used to repair cranial defects in children, and in a long-term follow-

up, tight interconnections between the biomaterial and defect borders have been 

found (Pang et al. 2005). 

Tricalcium phosphate 

Among the biomaterials used for different purposes in orthopaedics and 

maxillofacial surgery, bioceramics are most widely used for implants. Calcium 

phosphates were used already in the 1920s as bone substitutes and grafts. 

Tricalcium phosphate (TCP) was generally recognized to be the primary resorbable 

bioceramic material and has been used clinically since the 1970s. Tricalcium 

phosphate exists in many polymorphs (α, β, γ, and super-α), but only two 

polymorph phases (α and β) are used as biomaterials (Al-Sanabani et al. 2013).  

Nevertheless, the poor mechanical properties of the β-TCP, due to its brittleness 

and insufficient compaction after sintering below the β to α transformation 

temperature, has limited its use in non-load-bearing applications. Researches have 

been interested in enhancing the properties of the β-TCP by the inclusion of several 

additives such as Al2O3, ZrO2, and TiO2 to make the material mechanically stronger 

(Ayadi & Ayed 2016). 

Still, β-TCP scaffold materials are attractive as bone substitutes due to their 

excellent biocompatibility, biological safety, almost unlimited availability, and ease 

of sterilization. Despite its poor mechanical strength, β-TCP represents a good 

balance between absorption, degradation and new bone formation. The material can 

also preserve structural stability by releasing a large quantity of calcium (Ca2+) and 

sulphate (SO4
2−) ions, which are indispensable inorganic salts required for new 

bone formation. Furthermore, β-TCP granules have been shown to facilitate new 

bone formation at implantation sites even without the application of exogenous 

cells and growth factors (Gao et al. 2016). 

Tricalcium phosphate implants mostly behave as osteoconductive materials, 

which permits bone growth on their surface or into pores, channels, or pipes 

(Albrektsson & Johansson 2001). Calcium phosphate is a biocompatible material 
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and has been used for many clinical purposes. Tricalcium phosphate is a resorbable 

phase calcium phosphate and has also been shown to support bone growth (von Arx 

et al. 2001). However, TCP is difficult to sinter and shows poor mechanical strength 

and low resistance to crackdown propagation. Furthermore, the rate of resorption 

of tricalcium phosphate is fast and uncontrolled, making it unpredictably soluble, 

which can lead to failures in defect repair (Bhatt & Kalita 2007). 

Due to its excellent osteoconductive potential, β-TCP is a popular bone 

substitute in ectopic bone formation both in experimental animal models (Park et 
al. 2014) and also clinically for replacement and reconstruction surgery of 

maxillofacial bone structures with vascular structures (Mesimäki et al. 2009). In 

calvaria, β-TCP is still experimental, but it could be applicable to paediatric 

cranioplasties due to its predictable biological properties to replace other, non-

resorbable or non-osteocompatible biomaterials. While there have been promising 

reports of enhancement in new bone formation in calvarial CSDs with topical 

simvastatin application in combination with calcium sulphate (Fu et al. 2015), the 

findings in studies with β-TCP and topical simvastatin combinations have provided 

conflicting results with an increase of new bone formation (Rojbani et al. 2011) 

and no improvement in calvarial bone repair when simvastatin was applied with 

poly(lactic-co-glycolic acid) (PLGA)+HA+β-TCP scaffolds. (Encarnação et al. 
2016). 

Bioactive glass 

Bioactive glasses (BAGs) are synthetic, biocompatible and osteoconductive 

materials. BAGs are available commercially and in many different compositions. 

The bone-bonding properties of the silicate bioactive glass 45S5 were revealed 

40 years ago, and since then this 3D glass-forming SiO2 network has been the most 

researched glass for biomedical applications. It has been shown that the 45S5 glass 

forms a carbonate-substituted hydroxyapatite-like (HCA) layer on the surface when 

in contact with body fluids and the similarity of this layer mimics mineral 

constitution of the bone and causes borderless contact with bone tissue (Rahaman 

et al. 2011). 

Phosphate BAGs, which are based on a P2O5 glass-forming network and CaO 

and Na2O as modifiers, have also been developed for medical purposes. These 

glasses have same biological and chemical affinity to bone as silicate bioactive 

glasses. Such glasses can be modified by their composition and they are soluble, 

which makes these materials resorbable (Salih et al. 2000). 
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Borosilicate BAGs have been developed for bone substitution to meet the need 

for a biomaterial degradation rate similar to the regeneration capacity of bone. 

Borate BAGs are easier to manufacture, and due to their compositional flexibility, 

there can be other additional bone growth-favourable elements, such as Zn, Cu, F, 

Mn, Sr or B, released in vivo during the bioglass degradation process (Huang et al. 
2006). In experimental studies, bone regeneration in rat calvarial defects was 

enhanced by using a mixture of silicate and borate bioactive glasses as a fibrous 

scaffold material (Gu et al. 2013). 

Many studies have shown that BAG granules are osteoconductive and, for a 

synthetic biomaterial, have unique antibacterial properties against anaerobic 

bacteria. BAG is therefore a useful bone substitute for chronic osteomyelitis in the 

long bones of humans (Leppäranta et al. 2008, Hu et al. 2009, Aurégan & Bégué 

2015). BAG has also been successfully used for similar purposes; for example, as 

an antimicrobial sinus obliterator for the treatment of chronic frontal sinusitis 

(Peltola et al. 1998). 

Both the 45S5 and the phosphate bioactive glasses are considered to be 

osteoconductive as well as osteoinductive, because they support new bone growth 

along the bone–implant interface from periphery towards centre as well as within 

the implant centre away from the bone–implant interface. It is believed that the 

osteogenic induction is due to soluble ions Na+ and Ca2+ as well as soluble silica 

Si(OH)4, the concentrations of which is thought to be critical. The role of silica has 

been questioned as borate bioglasses do not contain Si but do still enhance bone 

formation to a greater extent than the 45S5 glass in rat calvarial defects (Bi et al. 
2012). 

The positive effects of BAG implants in bone are not only limited to osseous 

regeneration. There has been evidence of a BAG-induced increase of vascularity in 

bioactive glass-filled bone lesions of earlier irradiated calvaria where the 

circulation has been compromised (Leu et al. 2009). 

In recent studies, as a result of the use of resorbable BAG scaffolds, complete 

bone healing and defect bridging have been achieved in rabbit models without 

growth factors or stem cells. In addition, new bone formation and 

neovascularization, in both inner and peripheral scaffold areas, have demonstrated 

excellent osteoinductive and osteogenic properties of these scaffolds, reminiscent 

of the results concerning autologous bone grafts (Jia et al. 2015). 
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Fibre coatings and fibre-reinforced materials 

In the future, biomaterials for bone grafting therapies will most likely be composed 

of combinations of different types of bioactive minerals and synthetic 

biocompatible polymers or resorbable polymer fibres. A recent study compared a 

novel orthopaedic implant material, tyrosine-derived resorbable polycarbonate 

E1001(1k) coated with calcium phosphate, against a commercial bone graft 

substitute composed of poly(lactide co-e-caprolactone) and beta-tricalcium 

phosphate in a rabbit calvarial CSD model. The calcium phosphate-coated 

E1001(1k) implants showed increased bone regeneration within the defects until 

12 weeks of follow up, which was not observed in poly(lactide co-e-caprolactone) 

and β-TCP scaffolds (Kim et al. 2015). 

Previously reported results from using PLA/HA composites as melt-spun 

fibrous supporting structures for pre-osteoblast cell cultures showed that the 

presence of HA on the PLA surface enhanced cell spreading and increased the 

formation of actin stress fibres and cell adhesion (Persson et al. 2014). In another 

study, coating polyethersulphone nanofibers with BAG particles showed an 

increase in osteoconductivity both in vitro and in vivo (Ardeshirylajimi et al. 2015). 

The scaffold architecture most likely plays a key role in bone regeneration. 

Findings of recent studies support the importance of the laydown pattern of fibrous 

scaffolds over the material compositions alone. Materials such as 

polycaprolactone-tricalcium phosphate (PCL/TCP) scaffolds showed less bone 

formation if the fibre orientation was 0/60/120 and higher bone formation and 

better biomechanical properties when the fibre orientation was 0/90. Coating the 

scaffolds with HA and gelatine did not increase bone formation (Berner et al. 2014). 

Recently introduced fibre-reinforced composite implants (FRCs), containing 

BAG particles as one component, have shown many advantageous properties in 

comparison to other synthetic implants. FRC implants are biocompatible, gradually 

resorbable, strong and lightweight. Clinically important properties such as easy 

securing on site, low thermal conductivity and long-term stability make this 

material promising for both paediatric and adult cranioplasty patients (Aitasalo et 
al. 2014). The previously reported properties of BAG in promoting bone growth 

and antimicrobial properties are of great importance but clinical information and 

long-term success analyses are needed (Piitulainen et al. 2015b, Posti et al. 2015). 

Treating the particularly challenging patient group of paediatric cranioplasty 

patients requires a biomaterial that is biocompatible and gradually degradable and 

would not limit the normal growth of the skull. In recent studies, promising results 
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have been reported regarding the use of FRC bioactive glass implants in patients 

aged from 30 months to 16 years. In all reported cases, good functional and 

cosmetic outcomes have been observed with clinical and radiological examinations, 

showing that the implants are in the original position with no signs of implant 

migration, degradation or mechanical breakage (Piitulainen et al. 2015b). 

2.2 Stem cells 

The idea of stem cells and the theory that uncommitted and undifferentiated cells 

have the capacity to produce many types of new cells to repair various processes 

and functions of the body was mentioned for the first time as early as the 1960s. In 

1963, a hematopoietic stem cell was first demonstrated by James Till and Ernest 

McCulloch (Armstrong et al. 2012), and even earlier they had described the main 

properties of stem cells being the capacity for multi-lineage differentiation and self-

renewal (Till & McCulloch 1961). Since then, various types of embryonic and adult 

stem cells have been identified and even differentiated into tissues and organs. 

Recently cell biologists suggested that there is no single design for an adult 

tissue stem cell hierarchy but different tissues employ distinct strategies to meet 

their own self-renewal and repair requirements. It is thought that stem cells may be 

multipotent or unipotent and can exist in a quiescent or dormant state or in actively 

dividing states. Furthermore, it is thought that instead of only “professional” stem 

cells, there may also co-exist facultative stem cells, which are more specialized 

daughter cells are able to revert into a stem cell state under specific tissue damage 

conditions (Visvader & Clevers 2016). 

Different stem cell types differ in their plasticity, which determines the ability 

of the cell population to differentiate into other cell types. On the basis of their 

plasticity, embryogenic stem cells can be divided into three different categories: 

totipotent, pluripotent and multipotent stem cells. 

A totipotent cell is a genetically reprogrammed cell formed after the 

spermatozoon have entered an oocyte. Totipotent cells can differentiate into all 

types of somatic cells in a highly organized manner and can generate entire 

organisms (Wu & Schöler 2016). Pluripotent stem cells are cell lines established 

from embryos including embryonic stem cells (ESCs) and epiblast stem cells 

(EpiSCs) or from primordial germ cells (PGCs) in the genital ridge of the foetus as 

embryonic germ cells (EGCs). 

Pluripotent stem cells result from the reprogrammed ectopic co-expression of 

various defined transcription factors from somatic cells, which are approached to 
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generate induced pluripotent stem cells. Pluripotent stem cells are capable of 

differentiating into any cell type, similarly as totipotent stem cells, but they cannot 

form entire organs (Shiue et al. 2016).  

Multipotent stem cells are more specialized and differentiated. These stem cells 

have less plasticity. If an adult tissue essentially consists of only one single cell type 

originating from multipotent stem cells, its stem cells are by definition unipotent. 

Examples of these unipotent cells are found in the epidermis, in which basal cells 

generate only keratinocytes, in contrast to ductal epithelium, where unipotent stem 

cells maintain different layers separately (Visvader & Clevers 2016). 

Tissue engineering in the cranio-maxillofacial skeleton has the same goals and 

requirements as in all stem cell therapies. The cell source should be reliable and the 

cells should have a high proliferative capacity and also the ability to differentiate 

into a variety of different cell types to restore defective or lost tissues (Langer & 

Vacanti 1999). Due to their relatively easy access and much laboratory experience, 

mesenchymal adipose tissue-derived stem cells and stromal stem cells of the bone 

marrow have become the most popular sources of cells for stem cell therapies 

involving bone. These cells can be easily differentiated toward the osteogenic cell 

lineage and expanded and cultured in large amounts for tissue engineering purposes 

(Almubarak et al. 2016). 

2.2.1 Adipose-derived stem cells 

Adipose tissue is derived from mesodermal origins and therefore multipotent 

adipose-derived stromal cells are shown to be most effective with any application 

requiring a mesodermal lineage. Adipose-derived stromal cells (ASCs) have 

proven to be an abundant source of cells capable of differentiating into osteogenic, 

chondrogenic, adipogenic, and myogenic lineages. Many studies have already 

explored the osteogenic potential of these cells in vivo with the use of various 

scaffolds and biomaterials as cellular carriers (Cowan et al. 2004, Levi et al. 2010, 

Phipps et al. 2011). The harvesting of ASCs is not morbid and consists of a well-

tolerated outpatient procedure. The laboratory techniques for tissue preparation, 

cell isolation and expansion, scaffold preparation and cell seeding onto scaffolds 

have standardized GMP protocols and result in the required cell types for in vivo 

implantations (Lo et al. 2012). 

Many of the in vivo experiments on ASCs have been done on animal models 

and the calvarial CSD model has been among the most utilized. Various scaffold 

materials have been examined, most of them showing good potential in terms of 



40 

their cell carrier properties. Among the successfully used scaffolds have been HA 

scaffolds (James et al. 2011, Xia et al. 2014, Cui et al. 2016), BAG (Saḉak et al. 
2016) and TCP (Lin et al. 2007). An experiment with natural coral with inter-

connective pores revealed that the migration rate of native cells from the 

surrounding tissue might not be sufficient to efficiently generate bone tissue before 

the degradation of the scaffold. Such scaffolds may result in scar tissue formation 

at the defect when the scaffold alone is implanted (Cui et al. 2007). One interesting 

approach involved the use of acellular bovine periosteum which was seeded with 

ASCs and used as a scaffold in rat calvarial CSDs with promising results (Rapp et 
al. 2012). 

Excellent results from the use of ASCs in animal experiments have led to first 

cranio-maxillofacial applications on human bone tissue replacements in cranium, 

maxilla and mandible by tissue engineering technology (Mesimäki et al. 2009, 

Thesleff et al. 2011, Lee et al. 2015b) 

In many cases of facial trauma, not only the hard tissues are injured but there 

can be soft tissue defects which require treatment. One future indication may be the 

development of stem cell-based tissue engineering techniques to further exploit 

ASCs. It has already been demonstrated that preadipocytes seeded onto polylactic-

co-glycolic acid polymers, hydrogels and gelatine microspheres have stimulated 

adipose tissue growth and proliferation (Patrick et al. 2002, Wetterau et al. 2012). 

2.2.2 Bone marrow-derived stromal cells 

The bone marrow is a source of non-hematopoietic multipotent stem cells, known 

as marrow stromal cells, which arise from perivascular cells or pericytes that are 

stimulated when blood vessels are traumatized or inflamed (Caplan 2016). These 

cells are multipotential: they have the capacity to differentiate into mesodermal and 

endodermal types of cells. Depending on culture conditions, marrow stromal cells 

can differentiate into many different cell types, including adipocytes, myoblasts, 

osteoblasts and chondrocytes. Thus, MSCs comprise a readily available and 

abundant source of cells for tissue engineering applications. The lack of 

immunogenicity of marrow stromal cells has opened up the potential of using these 

cells in tissue repair (Arvidson et al. 2011). 

Bone marrow is the most commonly used site to obtain marrow stromal cell 

samples as an aspirate, but other tissues can also contain marrow stromal cells. 

These include adipose tissue (Kuhbier et al. 2010), dental pulp (Jensen et al. 2016), 

human umbilical cord perivascular cells (Szaraz et al. 2016), umbilical cord 
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Wharton’s jelly (Reppel et al. 2015), amniotic fluid cells, and placenta (Mareschi 

et al. 2016). 

Since the first publications in the 1980s, it was realized that mesenchymal stem 

cells (MSCs) can be utilized to engineer mesenchymal tissues, such as bone and 

cartilage (Friedenstein et al. 1987). For osteoblastic differentiation, MSCs were 

cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% 

foetal bovine serum (FBS), β-glycerophosphate, dexamethasone, and ascorbic acid. 

After 21 days, the cells could be stained with van Kossa’s stain to reveal osteogenic 

differentiation or chemically analysed for calcium accumulation (Dimarino et al. 
2013). The results from early culture assays indicated that the retention of MSC 

cells within the ceramic scaffolds was an important factor for optimization of 

marrow mesenchymal cell-initiated bone formation. The retention effect varied 

depending on the ceramic pore structure and/or chemical composition (Dennis et 
al. 1992). Together with biocompatible synthetic scaffolds, MSCs have been 

successfully tested for the repair of critical-sized calvarial defects in animal models 

(Del Rosario et al. 2015).
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2.3 Clinical applications for bone repair using ASCs and BMSCs 

Several applications for both adipose- and bone marrow-derived stem cells have 

been developed and clinically tested for bone repair. Many clinical problems 

remain to be overcome, including cell survival in larger-diameter or larger-volume 

scaffolds. 

A recent publication that included three clinical cases reported that tissue-

engineered ASCs were successfully used to treat large anterior mandibular defects. 

In all the cases, the mandibular defects were treated with the implantation of a 

tissue-engineered construct, comprised of β-TCP granules, recombinant human 

bone morphogenetic protein-2 (BMP-2) and autologous ASCs, with excellent 

functional and aesthetical results (Wolff et al. 2013). 

In fracture healing, MSCs are known to play a key role. In fracture healing, 

there is a spatial- and temporal-coordinated action of several different cell types, 

including MSCs, proteins and the expression of hundreds of genes, working to 

restore the structural integrity of bone tissue without scar formation. The TE 

concept of enhancing the healing of large bone defects is known as the “Diamond 

concept” or the “triangular concept”, based on the utilization of growth factors, 

scaffolds and mesenchymal stem cells (Giannoudis et al. 2007, Sándor & Suuronen 

2008). 

MSCs alone have been used in non-union fracture treatment as a percutaneous 

administered injection or implanted with a biomaterial, usually biphasic 

hydroxyapatite/β-TCP granules, using an open surgical approach (Hernigou et al. 
2006). Encouraging preliminary results have been obtained in patients with delayed 

healing of long bone fractures or avascular necrosis of the femoral head (Gangji et 
al. 2004). Cultured MSCs combined intra-operatively with hydroxyapatite blocks 

have successfully been used to fill large bone defects (4–7 cm) in tibia, humerus, 

and ulna. A subsequent study of the same patients confirmed the healing of the 

defects 6–7 years later (Marcacci et al. 2007). 

There have also been attempts to repair bone defects in the jaw with autologous 

MSC-seeded HA scaffolds, but bone tissue engineering techniques involving MSC 

cells suitable for reconstructing an osseous defect have not been predictable or 

successful, as the problem of cell death induced by hypoxia and compromised 

nutrient supply in large scaffolds of clinically relevant sizes must first be solved 

(Meijer et al. 2008). 
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2.4 Growth factors in vitro and in vivo 

Many peptides with osteogenic activity have been described for their potential as 

effective growth factors for skeletal tissue regeneration. Among them are bone 

morphogenetic proteins (BMPs). Currently about 20 different BMPs have been 

identified and grouped according to their amino acid sequences. Clinical trials have 

shown the benefits of recombinant human BMPs 2 and 7 being the best so far 

(Szpalski & Gunzburrg 2005, Carreira et al. 2015). 

BMPs are produced for commercial purposes as recombinant human proteins 

in bacterial cultures (Escherichia coli) or mammalian cell cultures. The bacteria-

produced BMP-2 has proven to be more effective in new bone formation compared 

to the mammalian cell BMP-2 (Lee et al. 2010, Kim et al. 2011). BMP-7 has been 

shown to increase the bone regeneration volume in CSDs in a growing infant 

animal model when applied to the defect in carboxymethylcellulose-stabilized 

collagen type I matrix (Springer et al. 2005). 

The influence of growth factors on bone regeneration is still not fully 

understood because of the complexity of the bone healing process. Cell cultures 

have proven that the type of the growth factor is as important as the timing of the 

factor administration. Effects of different growth factors and modulation strategies 

in their administration have been evaluated, and it has been revealed that even a 

10-fold addition on any given growth factor did not have effect on cell population 

augmentation as much as the natural expression of the same growth factor (Huang 

et al. 2010). Due to their short half-life, growth factors are required in high doses, 

which may lead to undesirable side effects, including bone overgrowth, tumour 

formation and immune reactions. 

The clinical use of growth factors for bone regeneration purposes has been very 

limited, and basically only to the BMP family, due to the limited availability of data 

on the structure and function of these morphogenic peptides in a physiological 

medium (Moeinzadeh & Jabbari 2015). In the first, and still experimental, clinical 

applications, BMPs partially purified from bovine bone were reported to have been 

successfully used along with titanium implants or lyophilized cartilage in the 

reconstruction of various cranio-maxillofacial deformities related to Apert and 

Crouzon syndromes. No later reports of these patients are available but                                         

the intermediate-term observations were promising (Sailer & Kolb 1994). 

Commercially available rhBMP-2 has been used in intraoral applications, and there 

are reports of rhBMP-2 and rhBMP-7 being used to treat significant reconstructive 

defects in the cranio-maxillofacial skeleton (Chao et al. 2006, Carter et al. 2008, 
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Clockie & Sándor 2008, Herford & Boyne 2008). Excessive soft tissue swelling 

has been reported in the cranio-maxillofacial area associated with the clinical use 

of BMP-2 for cranial vault reconstruction (Shah et al. 2008). At the moment, BMPs 

are mostly used experimentally until the safety issues are solved (Chenard et al. 
2012). 

There have been attempts to solve the problems regarding the gradual growth 

factor release at the reconstruction site by developing porous and hollow fibre-

infused scaffolds which include the desirable growth factor. However, there is not 

yet enough knowledge regarding the release-timing issues. This is important in 

terms of the sufficient local dosing of the growth factor (Szpalski et al. 2012). 

In recent studies, the role of the vascular endothelial growth factor (VEGF) in 

the stimulation of intramembranous bone formation during the skeletal 

development has been reported to be of a major importance. The cranial neural crest 

cell (NCC)-derived VEGF is known to regulate the osteoblast progenitor cells, 

vascularity and ossification of craniofacial cartilage and membranous bones. In a 

mice model using a knockout strategy by deleting the VEGF-A expression in 

osteoblast, the progenitor cells caused reduced ossification in calvarial and 

mandibular bone without affecting the cartilage structures. Deleting the VEGF-A 

expression in collagen II-expressing NCC descendants did not cause major cranial 

or mandibular defects (Duan et al. 2016). This confirms the importance of the 

VEGF-A expression in development of severe craniofacial deformities. 

2.5 Challenges in autologous stem cell therapies 

An optimal anorganic scaffold or matrix for cranio-maxillofacial purposes is yet to 

be developed. This structure will most likely consist of a gradually degradable 

biocompatible composite scaffold with osteoconductive, osteoinductive and anti-

inflammatory properties, ideally promoting revascularization to enable vitality 

throughout the grafted area. 

Many existing materials are being tested in combination with different cell 

types in CSD models. A good example is the study in which multipotent adult stem 

cells from a skeletal muscle were tested in a rat calvarial full-thickness CSD model 

in combination with polyglycolic acid (PGA) mesh, resulting in better ossification 

in the PLA+cell group, compared to the empty control and PLA-only groups (Taub 

et al. 2009). 

In a recent study, vascularized bone was generated in rats by subcutaneously 

wrapping around vascular bundles with osteogenic matrix cell sheets within β-TCP 
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ceramics (Nakano et al. 2016). This novel method for preparing vascularized 

tissue-engineered bone scaffolds may promote regeneration of large bone defects, 

particularly where vascularization has been compromised. 

For bone regeneration, different alternatives for transplants between 

individuals and even between species are also being evaluated. Xenotransplantation 

with mesenchymal stem cells between species has been successfully performed 

using human cells in rodent species, for example, in mouse calvarial defects (Im et 
al. 2013). 

Percutaneous gene therapies are being developed and tested to treat cranial 

defects (Layliev et al. 2013). Furthermore, the promising findings of a positive 

effect on bone healing and revascularization with the topical application of 

simvastatin onto biomaterial-filled CSDs is being evaluated (Allon et al. 2014, Fu 

et al. 2015). 

Much discussion and debate have been focused on the effect of non-steroidal 

anti-inflammatory drugs (NSAIDs) on bone healing, especially in orthopaedics. 

Avoidance of this class of medication is commonly recommended, but the current 

evidence does not support this opinion, at least not with respect to the cranio-

maxillofacial skeleton. In the cranio-maxillofacial area, there has not been any 

evidence of such a negative effect on bone or bone graft healing. This is probably 

because of the rich vascularity and the different healing mechanisms of 

membranous bones versus endochondral healing in long bones (Giannoudis et al. 
2015). 
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3 Aims of the study 

The goal of this study was to understand the effects of various interventions on the 

healing of a standardized bony defect, at a standardized site, namely in the rabbit 

calvarial critical-sized defect model. In order to examine the roles of grafts, stem 

cells, growth factors and physical forms of biomaterial scaffolds, the specific aims 

of the study were set as follows: 

1. To evaluate the bone regenerative capacity of solid and particulate autogenous 

bone grafts. In the case of particulate autogenous bone, the study also aimed to 

examine healing with and without fibrin tissue glue.  

2. To compare new bone formation in empty cranial control defects and in those 

filled with a solid bioactive glass scaffold or tricalcium phosphate granules in 

ex vivo specimens. This also involved micro-computed tomography for 

radiographic assessment. 

3. To study the bone regenerative capacity of adipose- and bone marrow-derived 

autologous stem cells on implanted, solid bioactive glass scaffolds and 

tricalcium phosphate granules in combination with the growth factors BMP-2, 

BMP-7 and VEGF.  

4. To analyse revascularization of calvarial critical-sized defects and to track the 

presence of transplanted, labelled autogenous adipose-derived stem cells on 

two different biomaterials, tricalcium phosphate granules and the solid 

bioactive glass scaffold. 
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4 Materials and methods 

4.1 Experimental animals (Studies I–IV) 

The rabbit studies were conducted using a total of 55 male New Zealand White 

rabbits, aged 6 months or older to ensure hormonal stability. Their weights were 

between 3,500 and 4,600 g to enable the creation of critical-sized defects in an 

adequately sized cranium which has a bone morphology resembling the human 

cranium. The rabbit model has been widely used due to, for example, the ease of 

handling of the animals and the relatively large skull size capable of 

accommodating two critical-sized cranial defects without disabling the animal, 

therefore reducing the number of the animals needed for each experiment. In this 

study, the animals received intensive humane care during their stay at the Oulu 

Laboratory Animal Centre in special customized cages double the recommended 

standard size used in other protocols. The study was designed to mirror the 

protocols used in the clinical applications of adipose and bone marrow stem cells 

in human reports (Sándor et al. 2014). 

Each of the animals was operated bilaterally (Figure 2). Two full-thickness 

bicortical circular defects were created with the help of a standardized 15 mm 

diameter metal template. Each defect was left empty as a negative control defect or 

filled with autologous bone or a synthetic material with or without cells and growth 

factors. The defects were divided into 20 groups, each group consisting 5–

8 animals for different studies, as shown in Table 3.. 
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Fig. 2. Schematic illustration of the rabbit cranium with bilateral parietal bone defects. 
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Table 3. The number of defects in Studies I–IV with filling materials and stem cells and 

growth factors. 

Defect fillings I II III IV 

Negative control defect 5 5 5 5 

Autologous particulated bone 5 5 - - 

Autologous bone block 5 5 - - 

Autologous particulated bone with tissue glue 5 5 - - 

BAG* - 4 4 4 

BAG with BMSCs - - 5 - 

BAG with ASCs - - 5 5 

BAG and BMP-2 - - 8 - 

BAG and BMP-2 with BMSCs - - 5 - 

BAG and BMP-2 with ASCs - - 5 - 

BAG and BMP-7 - - 8 - 

BAG and BMP-7 with BMSCs - - 5 - 

BAG and BMP-7 with ASCs - - 5 - 

BAG and VEGF - - 5 - 

BAG and VEGF with BMSCs - - 5 - 

BAG and VEGF with ASCs - - 5 - 

TCP  - 5 5 - 

TCP with ASCs - - 7 7 

TCP with SPIO-labelled ASCs - - - 6 

BAG with SPIO-labelled ASCs - - - 6 

Total 20 29 82 29 

BAG: bioactive glass; BMSCs: bone marrow-derived stem cells; ASCs: adipose-derived stem cells;  

BMP-2: bone morphogenic protein 2; BMP-7: bone morphogenic protein 7; VEGF: vascular endothelial 

growth factor; TCP: tricalcium phosphate; SPIO: super paramagnetic iron oxide. 
* One specimen excluded due to dislodged ectopic implant position during the follow-up period. 

4.1.1 Perioperative protocols and pain control of the rabbit model 

(Studies I–IV) 

As a humane measure, the animals were allowed to accommodate to their new 

environment at the Oulu Laboratory Animal Centre for two weeks prior to the 

surgical procedures. Before the operations and the radiological examinations, the 

animals were anaesthetized by using subcutaneous injections of medetomide 

0.25 mg/kg (Domitor Vet® 1 mg/ml, Orion Oyj, Espoo, Finland) and ketamine 

15 mg/kg (Ketalar® 50 mg/ml, Pfizer Oy, Helsinki, Finland). During the operation, 

the animals had an intravenous catheter, inserted to the lateral ear vein of the rabbit 

for continuous hydration with sodium hydrochloride solution 0.9% 
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(Natriumchlorid 0.9%, Fresenius Kabi Ab, Helsinki, Finland) and the intravenous 

administration of the antibiotic cefuroxim 60 mg/kg (Zinacef®, GlaxoSmithKline 

Oy, Espoo, Finland). During the anaesthesia, the eyes of the rabbits were protected 

with carbomer gel (Viscotears® 2 mg/g, Alcon Finland, Vantaa, Finland) to avoid 

scleral and corneal irritation. 

Hair was removed around the planned incision area and the skin was carefully 

washed with povidone iodide-solution (Betadine® 75 mg/ml, Oy Leiras Finland Ab, 

Helsinki, Finland). A double sterile cover and sterile instrumentation was used 

individually on each animal for the surgery in accordance with the normal operating 

room protocol 

In the first-phase operation under general anaesthesia to procure the fat sample 

for the adipose stem cell (ASC) harvesting, the rabbit was turned to the supine 

position on the operation table and 2 ml of lidocaine 2% with adrenalin (Lidocain 

2% c. adrenalin®, Orion Oyj, Finland) was infiltrated in the midline of the chin 

under the skin. An incision of approximately 2 cm long was made vertically in the 

midline and the subcutaneous fat sample was obtained (Figures 3A and 3B). After 

achieving haemostasis, the wound was closed by three single resorbable sutures 

(Vicryl®, Ethicon GmbH, Norderstedt, Germany).  

For the bone marrow stem cell (BMSC) harvesting under general anaesthesia, 

lidocaine 2% with adrenalin local anaesthetic was infiltrated before the sagittal 

10 cm incision at the midline of skull. A bicortical bone defect was prepared to the 

parietal and temporal calvarial bones bilaterally. A surgical handpiece with an 

external cooling system and a Steiger burr was used. Great care was taken to avoid 

dural tears (Figures 3C and 3D). The wound was sutured carefully in two layers 

with galea aponeurotica and skin both as their own layers with single resorbable 

sutures (Vicryl®). 

For the second-phase surgery, the rabbits were anesthetized in accordance with 

the protocol described above. The operation was conducted to mimic a standard 

craniectomy procedure with atraumatic elevation of cutaneous and periosteal flaps. 

Two bicortical full-thickness, circular critical-sized defects (CSDs) of 15 mm in 

diameter were created on the parietal and temporal bones of each side of the skull. 

After careful haemostasis at the operative site, the graft material was inserted to fill 

the bone defects. The wound was sutured carefully in two layers with single 

resorbable sutures (Vicryl®) to cover the bone securely. 
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Fig. 3. Intraoperative images visualizing the tissue harvesting and defect protocols. 

4.1.2 Postoperative follow up protocols of the rabbit model 

(Studies I–IV) 

Following surgery, the animals were placed in their individual double-sized (60 cm 

x 160 cm) cages. Careful observation over 24 hours was continued until the animal 

was moving, eating and drinking normally. Special attention was paid to 

rehydration and diet for signs of decreased urine output or constipation. For pain 

control, and to avoid constipation associated with opioids, all animals were given 

subcutaneous buprenorphine 0.1 mg (Temgesic®, RB Pharmaceuticals Nordic Ltd, 

Espoo, Finland) three times per day and metoclopramide 3 mg (Primperan® 

5 mg/ml, Sanofi-Aventis Oy, Helsinki, Finland) three times per day. No wound 

infections or dehiscence were observed during the surgical part of the experiment. 

According to the follow-up protocol in Studies I–III, for the period of six 

weeks, the rabbits were placed daily for 8 hours into larger running pens to allow 

maximum activity and motion. The animals were provided with fresh water, 

standard ash pellets and dried hay ad libitum. A similar housing and care giving 
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protocol was used in Study IV for the period of two weeks. All the animals in all 

the studies (I–IV) were terminated, after sedation with a subcutaneous injection of 

medetomide 0.25 mg/kg and ketamine 15 mg/kg, using an intravenous overdose 

administration of pentobarbital (Mebunat Vet®, Orion Oyj, Espoo, Finland). 

The humane end points for the animal protocol were as follows: 1) The animal 

was not moving after the anaesthesia; 2) The animal was not eating or drinking 

normally and there was weight loss exceeding 20%; 3) The animal was clearly 

suffering from pain or terminal neurological problems; and 4) The animal was 

dying. In those cases, the animal would be terminated immediately using the 

protocol described above. 

During the studies, there was an animal loss of 12 individuals (21.8% of the 

total) caused by post-operative pulmonary oedema, prolonged constipation and one 

case of subdural haemorrhage. The lost animals were replaced with the same 

number of new individuals. 

4.2 Defect filling materials 

Autologous bone is the gold standard for bone defect repair despite the fact that the 

harvesting of the graft causes morbidity in the individual. Synthetic or tissue-

engineered constructs would help to avoid the side effects of bone harvesting. To 

find an optimal combination of suitable biological matrix for bone regeneration 

with an inorganic scaffold or carrier material such as solid bioactive glass (BAG) 

or tricalcium phosphate (TCP) granules with ideal osteoconductive and 

osteoinductive potential is one of the main targets in regenerative surgery and the 

most important purpose of this study. The choice of TCP in a granular form and a 

solid BAG scaffold was made so that differences in the healing of a calvarial defect 

using solid versus granular scaffolds could be illustrated and understood. To 

enhance ossification in this study, we combined these two biomaterials with 

autologous ASCs and BMSCs in combination with osteogenic growth factors, 

including the bone morphogenic protein 2 (BMP-2) and BMP-7, or with the 

vascular endothelial growth factor (VEGF) to enhance vascular ingrowth to the 

biomaterial. These are all described in detail in the following sections. 

The animals were randomly divided into different groups, and the calvarial 

critical-sized defects were filled according to Table 4. 
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Table 4. Animal groups and defect fillings. 

Group 

number 

 Additional cells and growth factors  

Defect fillings BMSCs  ASCs BMP-2  BMP-7 VEGF N 

1 Empty (negative control)      5 

2 Particulated autogenous bone graft      5 

3 Autogenous bone block      5 

4 Particulated bone with fibrin glue      5 

5 BAG (positive control)      5 

6 BAG X     5 

7 BAG  X    5 

8 BAG   X   8 

9 BAG X  X   5 

10 BAG  X X   5 

11 BAG    X  8 

12 BAG X   X  5 

13 BAG  X  X  5 

14 BAG     X 5 

15 BAG X    X 5 

16 BAG  X   X 5 

17 TCP      5 

18 TCP  X    7 

19 TCP   X1    6 

20 BAG   X1    6 

BAG = bioactive glass, TCP = tricalcium phosphate, BMSCs = bone marrow-derived stem cells, ASCs = 

adipose-derived stem cells, BMP-2 = bone morphogenetic protein 2, BMP-7 = bone morphogenetic 

protein 7, VEGF = vascular endothelial growth factor, 1 = ferritine label 

4.2.1 The control groups 

In all the studies (I–IV), use of the empty critical-sized bicortical calvarial full-

thickness defects, 15 mm in diameter, served as the negative control defects. The 

empty critical-sized defect assumes that there will never be complete repair of the 

bone continuity in the defect. There will only be partial ossification from the 

borders or margins of the defect towards the defect centre. 

In Studies II and III, the positive controls were the critical-sized calvarial 

defects implanted with sterilized BAG and TCP biomaterials without any stem cells 

or growth factors. The positive controls were used to analyse the difference in 

calcified tissue formation in cell-seeded or growth factor-infused biomaterials. 
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4.2.2 Autologous bone grafts (Study I) 

Autologous particulated bone is the most used grafting material in cranial and 

maxillofacial surgery. In certain cases, the smallest bone particles or bone dust can 

be fixed to the site with fibrin tissue glue. In Study I, the bilateral bicortical 

calvarial defects were created to the rabbit skull and the circular, 15 mm diameter 

bone flaps were carefully elevated. In five defects, the bone flap from the 

contralateral side was translocated to the opposite side of the skull in the same 

animal, mimicking the standard osteotomy flap procedure used in neurosurgery. In 

five defects, the bone flap was particulated into small pieces with rongeurs 

(Figure 4A) and used to fill the defect on the contralateral side completely with the 

bone particles. On the opposite side of the skull, five of the defects were also filled 

with autologous particulated bone but the particles were fixed to the defects with 

fibrin glue (Tisseel®, Baxter AG, Vienna, Austria) (Figure 4B).  

 

Fig. 4. A) Rongeurs making particles from the graft; B) Graft secured with fibrin glue. 

4.2.3 Beta-tricalcium phosphate (Studies II–IV) 

In Studies II–IV, the full-thickness calvarial bone defects, created with the 15 mm 

diameter standard metal template (Figures 5A and 5B) and a Steiger burr, were 

filled using the fully alloplastic Straumann BoneCeramic® material, composed of 

biphasic tricalcium phosphate with 60% hydroxyapatite (HA; 100% crystalline) 

and 40% β-tricalcium phosphate (β-TCP) (Figures 5C and 5D). BoneCeramic® has 

a porosity of 90% and a granule size between 0.5 and 1.0 mm with interconnected 

pores of 100–500 µm in diameter. This commercially available biomaterial is 

commonly used clinically in maxillofacial surgery for bone augmentation purposes. 
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However, its biological properties in osseous healing in bones of intramembranous 

origin has not yet been thoroughly described. Prior to the cell culturing, 0.5 g of 

sterile BoneCeramic® granules were transferred into 50 ml Falcon tubes with 2 ml 

of the maintenance medium, i.e. Dulbecco’s modified Eagle medium–Ham’s 

nutrient mixture F-12 (DMEM-F12), supplemented with 100 U/ml penicillin, 

100 mg/ml streptomycin and 0.25 mg/ml amphotericin-B, and incubated for 

72 hours at +37°C prior to seeding the granules with cells from the second to fourth 

passage. 

4.2.4 Bioactive glass (Studies II–IV) 

Inion BioRestore™ bioactive glass solid scaffolds are sintered cylinders made of 

melt-spun fibres of 75 µm in diameter and 3 mm in length (Figures 5 B, 5C and 

5D). The scaffolds have a porosity of 70% and dimensions of 15 mm x 3 mm 

(530 mm3). Inion BioRestore™ bioactive glass has a nominal composition of 11.1–

12.0 wt-% Na2O, 15.0–17.1 wt-% K2O, 2.8–3.3 wt-% MgO, 12.7–15.2 wt-% CaO, 

2.7–3.8 wt-% P2O5, 1.0–1.4 wt-% B2O3, 0.0–0.6 wt-% TiO2, and 48.5–52 wt-% 

SiO2. Prior to the cell seeding, the scaffolds were rinsed with 70% ethanol to 

remove the material debris. The scaffolds were then incubated in six-well plates in 

70% ethanol for one hour in room temperature, after which the ethanol was 

aspirated and the scaffolds were allowed to dry for 10 minutes in a laminar flow 

hood. The scaffolds were rinsed six times using 6 ml of Dulbecco’s phosphate-

buffered saline. The scaffolds were then incubated in 1 ml of maintenance medium, 

as described in section 4.2.3, for 72 hours at +37°C. This was performed to allow 

the serum proteins and growth factors to adhere to the scaffold prior to seeding with 

cells from the second to fourth passage. 
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Fig. 5. A) 15 mm diameter standard metal template for defect creation; B) Circular 

bicortical defects created bilaterally; intact dura covering the brain tissue on the left 

and a bioactive glass (BAG) scaffold in place on the right; C) Positioning of tricalcium 

phosphate (TCP) granules to the defect on the left; D) Both defects filled; the biomaterial 

is infusing blood and tissue fluids. 

4.3 Cells and growth factors 

In this study only autologous stem cells were used to mirror those human cells, 

which have already been in clinical use for reconstructive purposes in regenerative 

surgery (Sándor et al. 2013). The most commonly used cell types, ASCs and 

BMSCs, were chosen because of their relatively easy accessibility and the previous 

experiences with human ASCs and BMSCs in the healing of craniofacial defects. 

In all the cases, whether ASCs or BMSCs were used, each rabbit received only its 

own autologous cells throughout the study. 
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4.3.1 Adipose-derived stem cells (Studies II–IV) 

In the cell culture laboratory, the subcutaneous adipose tissue harvested in a sterile 

fashion from the rabbit was washed using sterile phosphate-buffered saline to 

remove any remaining blood or debris. The tissue was then minced and incubated 

in 1.5 mg/ml collagenase type I solution (Invitrogen, CA, USA) in DMEM-F12, 

supplemented with 1% antibiotic/antimycotic mixture (as described in 

section 4.2.3), for 45–60 minutes at +37°C, depending on the size of the sample. 

The digested tissue was centrifuged at 600 rpm for 10 minutes, and the filtered 

supernatant with mature adipocytes was removed. The cellular pellet was collected 

for cell culture in 10 ml suspension of DMEM-F12 and 10% foetal bovine serum 

(FBS) with 1% antibiotic/antimycotic and 1% L-alanyl-L-glutamine (GlutaMAX I; 

Invitrogen), referred to as the control medium. 

The cells were allowed to attach on cell culture surfaces for 24 hours, after 

which the floating cells were removed. The cells were left to expand in the control 

medium, which was changed three times per week until the cells reached 70–80% 

confluency. The adherent cells were detached using trypsin/ 

ethylenediaminetetraacetic acid (EDTA) (0.05% trypsin, 0.02% EDTA) and were 

reseeded in T-75 flasks. For the osteogenic differentiation, the cells were 

maintained in osteogenic media (OM), composed of the control medium 

supplemented with 50 µM L-ascorbic acid 2- phosphate, 10 mM beta-

glycerophosphate and 100nM dexamethasone. Cells from the third passage were 

placed on the scaffold material and incubated for 72 hours in the osteogenic 

medium alone or in the osteogenic medium with BMP-2, BMP-7 or VEGF. A 

quantitative proliferation assay (WST-1) and live/dead staining were used for 

analysing the cell proliferation and viability at three time points during the 

incubation (3, 7 and 14 days). 

4.3.2 Bone marrow-derived stem cells (Studies II–III)  

Bone marrow-derived stromal cells (BMSCs) were isolated from the cancellous 

bone samples from each individual’s calvarial specimen. The particulated samples 

were collected and placed into the control medium. The tissue was centrifuged at 

600 rpm for 10 minutes, and the supernatant was removed. Red blood cells were 

lysed with 5 ml of sterile water. The samples were centrifuged again, the 

supernatant was removed and the pellet was suspended in 5 ml of the control 

medium in Cell Bind T75® flasks. The remaining larger bone pieces were also 
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added to the flasks for outgrowth. The samples were cultured in +37°C for 48 hours 

to allow the cells attach on the cell culture surface. After the expansion of the cell 

population colonies in the control medium, osteogenic differentiation was induced, 

as described in section 4.3.1. The assessment of osteogenic differentiation was 

based on quantitative alkaline phosphatase activity measurements and quantitative 

mineralization assays in all samples. In all the cases, whether ASCs or BMSCs were 

used, the rabbits received only autologous cells. 

4.3.3 BMP-2 and BMP-7 (Studies II–III) 

In clinical human bone regenerative surgery, bone morphogenic proteins have been 

used clinically in combination with autologous bone grafts and biomaterials to treat 

large bone defects. In Studies II and III, commercially available recombinant bone 

growth factors BMP-2 (rhBMP-2; Genscript, Pisataway, NJ, USA) and BMP-7 

(rhBMP-7; Sigma-Aldrich) were combined with OM to enhance bone growth in 

rabbit calvarial defects. Both BMP-2 and BMP-7 were used in BAG alone and in a 

combination of BAG and ASCs or BAG and BMSCs. During each change of the 

OM, frozen aliquots of the growth factors were added to the medium to keep the 

growth factors active. The concentrations of 50 ng/ml of rhBMP-2 and 100 ng/ml 

of rhBMP-7 used in biomaterials at the time of implantation were based on previous 

literature. 

4.3.4 VEGF (Studies II–III) 

Vascular endothelial growth factor (VEGF), which is known to play a key role in 

vascular regeneration in healing defects in all parts of the body. VEGF is also a 

commercially available recombinant protein but has not been reported for use in 

calvarial bone defects. There is a great interest to more closely examine VEGF 

regarding to its possible positive effects on bone defect healing in cranial bones of 

intramembranous origin. In Studies II and III, VEGF-A (rhVEGF165; R&D 

Systems) was used to enhance vascular ingrowth in the defects filled with either 

BAG alone or BAG in combination with ASCs or BMSCs. During the cell seeding 

of the scaffold, frozen aliquots of rhVEGF165 were freshly added to the OM to 

keep the growth factor active. The concentration of 20 ng/ml rhVEGF165 in the 

scaffold at the time of implantation was used based on previously published data. 
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4.3.5 Cell seeding onto biomaterials 

TCP granules and solid BAG scaffolds were prepared 72 hours prior to cell seeding, 

as described in sections 4.2.3 and 4.2.4. The maintenance medium was aspirated 

from the TCP granules, and the granules were transferred into 12-well plates. Cells 

grown in T75-flasks at passage 2–4 were washed using 5 ml of Dulbecco’s 

phosphate-buffered saline and detached using 3 ml of 0.05% trypsin for 10 minutes 

at +37°C. Detached cells were suspended in 6 ml of the control medium and 

collected in a Falcon tube and centrifuged 1,000 rpm for 5 minutes. The supernatant 

was removed and the resulting pellet was re-suspended in 1 ml of the control 

medium and counted with a Bürker chamber. 

After the second centrifugation, the cell pellet was suspended in the control 

medium so that the resulting cell suspension had a concentration of 350,000 cells 

in 150 µl of the control medium. The suspension was pipetted onto pre-incubated 

and aspirated TCP granules, and cells were allowed to attach to the granules in a 

cell culture incubator at +37°C for three hours before adding 3 ml of a medium with 

or without growth factors, in accordance with the ongoing surgical protocol. Cells 

were allowed to grow in the granules for two days, and the surgeries were carried 

out on the third day. Cell seeding to the BAG scaffolds was done using the same 

protocol as with the TCP granules. 

4.3.6 Cell and cellularized scaffold transportation 

Harvesting of submental fat for ASCs and calvarial bone for BMSCs was 

performed as described in section 4.1.1. The tissue samples were placed in carefully 

labelled sterile 50 ml Falcon tubes, containing 10 ml of sterile sodium 

hydrochloride solution 0.9% (Natriumchlorid 0.9%, Fresenius Kabi Ab, Helsinki, 

Finland), supplemented with 100 U/ml penicillin. The tubes were placed in an 

insulated transport box containing cooling packs and a thermometer. This was the 

same protocol as used in the clinical tissue-engineering protocols. The 

transportation box was kept cool near +5°C and transported from the Oulu 

Laboratory Animal Centre to the Regea Cell and Tissue Center facility in Tampere 

for processing and expansion of the cells. The distance between Oulu and Tampere 

is approximately 500 kilometres. All the tissue samples were transported to Regea 

within 24 hours of harvesting. 

Once the cells had been seeded onto the scaffolds, four weeks following the 

harvesting, and transported to Tampere, they were placed in labelled sterile 50 ml 
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Falcon tubes with 2 ml of the maintenance medium with antibiotics, as described 

in section 4.2.3. The careful labelling was made in order to ensure the correct 

placement of cells to autologous host calvarial defects. The same transportation box 

and parameters were used for returning the stem cell-seeded scaffolds to the Oulu 

Laboratory Animal Centre. 

4.3.7 SPIO labelling of the cells (Study IV) 

Superparamagnetic iron oxide particles (SPIO) labelling is known to be 

biocompatible with MSCs (Blaber et al. 2013). This was therefore considered to be 

a suitable method for labelling and cell localization or tracking in vivo in Study IV. 

For the SPIO labelling, autogenous ASCs were suspended in Minimum essential 

medium Eagle, alpha modification, (Sigma-Aldrich, Steinheim, Germany) 

containing 10% heat-inactivated foetal calf serum (PromoCell, Heidelberg, 

Germany) and superparamagnetic iron oxide (Resovist, Bayer Healthcare, Berlin, 

Germany), in a sterile environment at the cell culture laboratory. The labelling 

solution contained 39 mg/ml of ferucarbotran, which corresponds to 36 µM iron. 

The samples were incubated at 37°C for five hours under gentle shaking, after 

which the samples were washed four times using phosphate-buffered saline 

(Sigma-Aldrich, Steinheim, Germany) to remove the superficial extracellular iron. 

4.4 Radiology 

4.4.1 Cone-beam computed tomography (Study I) 

After the termination of the rabbits, the entire calvaria was dissected in one piece, 

including both halves of the bony skeleton with the defects, and placed in a plastic 

vial filled with buffered 10% formalin solution. This was followed by ex vivo cone-

beam computed tomography (CBCT) imaging, which was performed for 

visualization of the defects made in Study I by using a 451-row cone-beam CT 

scanner (Scanora 3D, Soredex, Palodex Group Oy, Tuusula Finland) with a field-

of-view (FOV) of 60 mm×60 mm, voxel size of 0.133 mm, and exposure time of 

4.5 seconds. The scanning parameters were: a peak tube voltage of 85 kVp and a 

tube current of 15 mA. All the captured images were reconstructed using a high-

spatial-frequency reconstruction algorithm.  



 

65 

To compare visual images of the defect areas, ex vivo CT imaging for 

radiological quantitative analysis was performed using a 64-detector row CT 

scanner (Somatom Sensation 64, Siemens). The parameters were: a peak tube 

voltage of 120 kVp, a tube current of 100 mA, a pitch of 0.55, and a 50 msec 

rotation time. Region of interest (ROI) numeric values were collected from each 

animal from intact calvarial bone for the generation of the control mean Hounsfield 

units (HU) as well as from each of the empty defects and those filled with one of 

the three types of bone graft materials. These included autologous bone, TCP 

granules and BAG scaffolds. 

The HU scale applies to medical-grade CT scans but not to CBCT scans. HU 

is a linear transformation of the original linear attenuation coefficient measurement 

into one in which the radiodensity of distilled water at standard pressure and 

temperature (STP) is defined as 0 HU and air -1,000. In a voxel with average linear 

attenuation coefficient µ, the corresponding HU value is therefore given by: 

 = 1,000	 × 	
 (1) 

Different substances and tissues have different radiodensities at standard pressure 

and temperature: fat is defined at STP -100 to -50 HU, muscle +10 to +40 and bone 

from +700 for cancellous bone to +3,000 for cortical bone (Feeman 2010).   

4.4.2 Experimental micro-CT (Studies II–III) 

In order to analyse the newly formed small particles of calcified tissue on the 

surfaces and inside the filling materials, the samples were scanned with an in vitro 

micro-CT device (Skyscan 1272, Bruker micro-CT). After a careful midline sawing 

of the specimen into two halves, each individual defect was scanned separately. 

The scanning parameters were: 50 kV, 200 mA, 1,200 projections, exposure time 

1,400 ms/frame, average of 2 frames per projection, 0.5 mm Al filter and isotropic 

8.0 μm voxel side length. Reconstructions for X-ray projections were made using 

the SkyScan NRecon software (v. 1.6.9, Brüker micro-CT, Kontich, Belgium). Ring 

artefact and beam hardening corrections were applied in each reconstruction. For 

analyses, volume of interest (VOI, 250x350x250 pixels) was selected from the 

reconstructed CEµCT image stacks randomly. 
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4.5 Histological stains (Studies I–IV) 

For the histological preparation, all the en block collected cranial tissue samples 

were cut in two halves along the midline of the defect area. The anterior halves of 

the specimens were decalcified in 14% EDTA for four weeks and embedded in 

paraffin blocks and cut into 5 µm thin sections for staining. 

In order to analyse inflammatory and cellular changes in the healing defects, 

5 µm thin sections of each specimen were stained for standard hematoxylin eosin 

(HE). They were examined under a light microscope with x20 and x40 

magnifications and photographed (Figure 6A) to show the inflammatory and 

cellular reactions in tissues (Studies I–IV). 

The stem cell tracking and distribution in the specimens of Study IV was based 

on SPIO labelling and visualizing of the intracellular iron oxide, using Prussian 

blue stain (Figure 6B). 

The posterior halves of the specimens were dehydrated gradually using 70–

100% ethanol and following a standardized protocol. The specimens were then 

infiltrated gradually using photocuring one-component methacrylate-based resin, 

Technovit 7200VLC® (Heraeus Kulzer, Germany), and light-cured into hard 

acrylate blocks for six hours. Slices of each block from the midline of the specimen 

were cut, ground and polished into 5–10 µm thin slides for quantitative analysis of 

calcified tissue, osteoid and soft tissue. In Studies I–IV, the histological quantitative 

analysis was based on Masson trichrome (MTC) stain (Figure 6C) and the MCID 

Core™ (MCID Image Analysis Software Solutions for Life Sciences, UK) digital 

densitometry software to visualize mature osseous tissue in green, osteoid and 

newly formed bone in dark red, and fibrous tissue in yellow/orange shades on the 

stained slides. 

4.5.1 Immunohistochemistry (Study IV) 

Evolving connective tissue was observed in the healing tissue, also in the centre of 

the porous biomaterial, containing proliferating vascular structures. These 

proliferating endothelial cells were stained using various immunohistochemical 

stains. In Study IV, many methods were attempted (including CD 105, PCNA, vWF, 

catepsin K, VEGF, anti-VEGF, tenascin C, and fibronectin stains) unsuccessfully 

due to the strong affinity of the stain for the surfaces of the biomaterials used. This 

caused difficulties in visualization of the defects and interpretation of the findings. 

However, polyclonal antibodies against endothelial cells with lectin GSL I-isolectin 
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B4 (Vector Laboratories, USA) stain proved to be a reliable method to visualize the 

proliferating vascular structures (Figure 6D) in defects filled with biomaterials. 

 

Fig. 6. A) Apposition of new bone on the grafted particulated bone (arrows); 

hematoxylin eosin (HE) stain, magnification x20, scale bar 50 µm; B) Ferritine-labelled 

adipose-derived stem cell (arrow) on the surface of bioactive glass; Prussian blue stain, 

magnification x40, scale bar 20 µm; C) Critical-sized calvarial defect (square bracket) 

filled with a particulated autologous bone graft (arrow); Masson trichrome (MTC) stain, 

scale bar 1 mm; D) Vascular structures of a bioactive glass-filled calvarial defect (shown 

in brown shade, arrows); lectin GSL I-isolectin B4 stain, magnification x40, scale bar 

20 µm. 

4.6 Statistical analysis 

In all the studies, means with standard deviations (SD) were calculated separately 

for each group and analysis method used. In all comparisons, a P-value <0.05 was 

considered as statistically significant. IBM SPSS Statistics (v. 22.0) was used to 

conduct the statistical tests. 
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Furthermore, in Study I, the mean HU between all the groups was tested using 

the analysis of variance, and the mean HU of the negative control group was 

compared to the values of the other groups’ mean HU using Tukey’s test. The paired 

samples t test was used to compare the intact-bone mean HU and defect-area HU 

within each group. The correlation between newly formed bone and fibrous tissue 

in all the defects was analysed by calculating the Pearson’s correlation coefficient. 

In Study II, the negative control group was compared separately with all the 

defect filling materials using the Mann–Whitney U test. The overall difference 

between the defect materials was analysed using the Kruskal–Wallis H test. The 

Benjamini–Hochberg procedure was used to correct for multiple comparisons.  

In Study III, the negative control group was compared separately with all the 

filling materials using the analysis of variance. Pairwise comparisons between the 

defect material groups were conducted using the Games–Howell test.   

In Study IV, the Mann–Whitney U test was used to analyse differences 

between groups and Wilcoxon signed-rank test was used to test differences between 

right- and left-side defects in individual animals. 

4.7 Ethical considerations and personal involvement 

4.7.1 Ethical considerations 

In this study, the ethical issues were considered carefully and the veterinarians of 

the Oulu Laboratory Animal Center were consulted in the planning phase and at all 

stages of the operative phase. The 3Rs principle (replacement, reduction and 

refinement) was carefully considered in the planning of the animal study.  The study 

received ethical approval from the Animal Experiment Board in Finland (Decision 

ESLH-208-07701/Ym-23) on 25 September 2008. 

All the animals included in this study received humane care in accordance with 

the “Principles of Laboratory Animal Care”, formulated by the Finnish National 

Society for Medical Research, and the “Guide for the Care and Use of Laboratory 

Animals”, revised by the Finnish National Research Council and re-published by 

the National Academy Press in 1996. 

All the professionals anesthetizing, operating, assisting and taking care of the 

animals had been educated and were competent in animal research protocols. 
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4.7.2 Personal involvement 

The clinical part of this animal experiment-based study was carried out by a 

surgical team, consisting of experienced oral and maxillofacial surgeons. The 

author of this thesis participated as a member of the surgical team and was the main 

responsible person of animal welfare during the protocols at Oulu Laboratory 

Animal Centre from 12 February 2009 to 23 June 2010. The author participated in 

the collection and imaging of all the histological specimens. The author also 

participated in all radiological scanning and analysis of the specimens with CBCT 

and micro-CT in collaboration with Dr Soili Kallio-Pulkkinen, PhD Mikko Finnilä, 

MSc Sakari Karhula and research assistant Sami Kauppinen. Due to his initial role 

as a member of the surgical team, the author was not involved in the original study 

design, which was planned by a multidisciplinary group of specialists in cell 

biology, surgery and radiology. 

The analysis of the collected data was commenced on 30 November 2011, and 

the permission to prepare this PhD thesis was signed by the Faculty of Medicine at 

the University of Oulu on 10 February 2009. Statistical analyses in all of the 

original articles (I–IV) were made by the author together with PhD Marianne 

Haapea. The systematic literature research and collecting data from research 

articles was done by the author. The author has been the principle author in original 

studies I–IV and has coordinated the correction process for all the original studies. 
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5 Results 

The data were collected and assembled for analysis as follows. The use of MTC 

versus micro-CT as an evaluation method is summarized in Table 5. 

Table 5. Bone percentages in all the defect groups analysed with MTC and micro-CT at 

6 weeks 

  Evaluation method 

  MTC stain Micro-CT 

Defect fillings N Mean (SD) Mean (SD) 

Negative control 5 4.3 (6.4) 21.8 (23.7) 

Bone block 5 27.3 (18.8) 39.0 (14.2) 

Particulated bone 5 21.0 (11.9) 35.1 (19.8) 

Particulated bone with tissue glue 5 12.0 (14.6) 13.2 (9.8) 

BAG 4 0.4 (0.4) 1.92 (3.83) 

BAG + BMSCs 5 1.0 (0.8) 1.02 (1.1) 

BAG + ASCs 5 0.6 (0.6) 0.09 (0.14) 

BAG + BMP-2 8 1.6 (1.0) 2.47 (3.19) 

BAG + BMSCs + BMP-2 5 0.1 (0.1) 1.66 (1.69) 

BAG + ASCs + BMP-2 5 0.4 (0.5) 0.10 (0.10) 

BAG + BMP-7 8 1.8 (1.0) 2.45 (2.83) 

BAG + BMSCs + BMP-7 5 1.0 (0.7) 0.93 (0.82) 

BAG + ASCs + BMP-7 5 1.7 (0.9) 0.37 (0.34) 

BAG + VEGF 5 2.6 (1.5) 1.56 (0.89) 

BAG + BMSCs + VEGF 5 1.2 (1.2) 3.01 (2.02) 

BAG + ASCs + VEGF 5 0.4 (0.5) 0.45 (0.87) 

TCP 5 1.7 (0.7) 3.89 (1.17) 

TCP + ASCs 7 1.6 (2.2) 7.54 (4.68) 

BAG = bioactive glass, TCP = tricalcium phosphate, BMSCs = bone marrow-derived stem cells, ASCs = 

adipose-derived stem cells, BMP-2 = bone morphogenetic protein 2, BMP-7 = bone morphogenetic 

protein 7, VEGF = vascular endothelial growth factor, MTC = Masson trichrome, SD = standard deviation 

5.1 Control defect healing 

In order to ensure comparative material, the defects were grouped into negative 

controls, positive controls and experimental groups seeded with combinations of 

ASCs, BMSCs, solid scaffolds, granular scaffolds and scaffolds soaked with one 

of the three growth factors.   
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5.1.1 Negative control, empty defect healing (Studies I–IV) 

The bicortical full-thickness, standardized circular 15 mm diameter calvarial 

defects that were left empty served as negative control defects in all the studies. 

Each void defect was covered with two layers of the animal subject’s own tissues. 

On the underside of each calvarial defect, there was an intact layer of dura which 

was never breached in this study. On the top, there was periosteum and skin sutured 

tightly in two layers to cover the defect area and keep it closed. 

Healing of an empty critical-sized bone defect involves much variation 

between individual subjects. Such variation was also observed in this study. The 

analysis carried out on the basis of the MTC stain revealed that new bone formation 

varied between 0.04% and 14.84% (Mean 4.3%, (SD 6.4)), while the same 

percentages in the micro-CT analysis ranged from 1.9% to 33.6% (Mean 21.8% 

(SD 23.7)). When using the histological analysis, the percentage of connective 

tissue in the defects was detected to range from 16.5% to 40.2% (Mean 26.2% (SD 

8.6)). The bone defect areas were also filled mainly with fibrous connective tissue 

and bone islets, the total filling ranging from 24.5% to 55%, indicating that the 

healing of the empty critical-sized defects was incomplete at the time point of 

6 weeks. 

5.1.2 Positive control, granular scaffold (TCP) healing (II) 

A comparative analysis between a biomaterial and cell-seeded biomaterial requires 

a positive control. In this study, unseeded TCP granules, prepared as described in 

section 4.3.2, were implanted into cranial defects. Bone formation and connective 

tissue percentages as well as the percentage of remaining TCP after the follow-up 

period were analysed. The percentages of new bone were also scanned by using a 

micro-CT scanner, as described in section 4.4.2. 

The histological analysis showed a mean new bone formation of 1.7% (SD 

0.75) (ranging from 0.5% to 2.5%) and a mean connective tissue of 45.5% (SD 6.7) 

(ranging from 37.1% to 52.7%) in the TCP granules. The mean percentage of new 

bone in the defects, analysed by using a micro-CT device, was 3.89 (SD 1.17).  

In 3D reconstruction images, the calcified new tissue was visualized to cover 

and interconnect the graft material granules in thin layers. This pattern of 

ossification could be visualized by using x40 and x100 magnifications in normal 

HE stained slides from the same specimen.  
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In the TCP granule-filled defects, it was also notable in the histology that the 

healing of the osseous defect began from the margins of the defect directly to the 

grafted biomaterial so that the granule mass was fixed by bone bridges from the cut 

edge.   

5.1.3 Positive control, solid scaffold (BAG) healing (Study II) 

One rabbit had traumatized its cranial wound post operatively, resulting in the 

ectopic positioning of the implanted solid scaffold, which led to a lack of contact 

of the scaffold with the surrounding bone. The number of analysed defects was 

therefore reduced by one (Table 4).  

The mean percentage of new bone in the micro-CT analysis was 0.21 (SD 0.16), 

and in the MTC stain 0.53 (SD 0.35). Bone formation was minimal in the BAG 

scaffolds compared to the other filling materials examined in this study. 

An interesting characteristic of the healing pattern of BAG-solid scaffolds was 

that there was only little or no bone bridging from the defect margins to the scaffold. 

Instead, there was a tight fibrous connection to the bone margins from the fibrous 

capsule covering the scaffold (Figure 7). The fibrous band also allowed some 

mobility of the scaffold but still fixed it to the defect. 

Fig. 7.  Fibrous interconnection (dotted circle) between the bone edge and bioactive 

glass (BAG); magnification x6, scale bar 375 µm. 
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5.2 Healing using autologous bone grafts 

The visualization of new bone formation in healing rabbit calvarial defects was 

done using CBCT at the Department of Diagnostic Radiology, Oulu University 

Hospital, Finland (Study I), prior to the arrival of a Brüker micro-CT device at the 

Research Group of Medical Imaging, Physics and Technology, Faculty of Medicine, 

University of Oulu (Studies II–III). The older device did not allow for a quantitative 

analysis of bone in the defects, and the analysis was recalculated after scanning all 

the specimens with the new micro-CT device (Table 6). 

Table 6. Percentages of new bone in autologous bone-grafted defects determined using 

MTC and micro-CT at 6 weeks. 

  Evaluation method 

  MTC stain Micro-CT 

Defect fillings N Mean (SD) Mean (SD) 

Bone block 5 27.3 (18.8) 39.0 (14.2) 

Particulated bone 5 21.0 (11.9) 35.1 (19.8) 

Particulated bone with tissue glue 5 12.0 (14.6) 13.2 (9.8) 

MTC = Masson trichrome stain, Micro-CT = micro-computed tomography, SD = standard deviation 

5.3 Healing using cells 

To advance accelerated bone healing by using autologous stem cells in combination 

with biomaterials was one of the main targets of this study. 

5.3.1 Healing using ASCs (Studies III–IV) 

The results from the micro-CT analysis showed significantly more bone formation 

on TCP granules when combined with ASCs than without ASCs (p=0.005). The 

differences in new bone formation between different biomaterial compositions with 

ASCs are presented in Table 7. 
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Table 7. The relationship between ASCs and solid versus granular scaffolds. 

  Micro-CT 

Defect fillings N Mean (SD) 

BAG 4 1.92 (3.83) 

BAG + ASCs 5 0.09 (0.14) 

TCP 5 3.89 (1.17) 

TCP + ASCs 7 7.54 (4.68) 

BAG = bioactive glass, TCP = tricalcium phosphate, ASCs = adipose-derived stem cells, Micro-CT = 

micro-computed tomography, SD = standard deviation 

5.3.2 Healing using BMSCs (Study III) 

In this study, BMSCs were only tested on solid BAG scaffolds. The results showed 

no significant difference between the two evaluation methods, as the mean 

percentages of new bone formation in the defects were as follows; 1.0 (SD 0.8) 

when using the MTC analysis and 1.02 (1.1) when using the micro-CT analysis at 

the 6-week time point (Table 8).  

Table 8. Percentages of new bone in BAG and BMSC-filled defects with MTC and micro-

CT at 6 weeks 

  Evaluation method 

  MTC stain Micro-CT 

Defect fillings N Mean (SD) Mean (SD) 

BAG 4 0.4 (0.4) 1.92 (3.83) 

BAG + BMSC 5 1.0 (0.8) 1.02 (1.1) 

BAG = bioactive glass, BMSC = bone marrow-derived stem cells, MTC = Masson trichrome stain, Micro-

CT = micro-computed tomography, SD = standard deviation 

5.4 Healing with growth factors (Study III) 

Adding the growth factors BMP-2, BMP-7 or VEGF alone in the biomaterial or in 

combination with ASCs and BMSCs did not enhance bone regeneration in the 

defect area in BAG-filled defects. The results are shown in Table 9. 
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Table 9. Percentages of new bone in BAG-filled defects in combination with stem cells 

and/or BMP-2, BMP-7 or VEGF. 

  Evaluation method 

  MTC stain Micro-CT 

Defect fillings N Mean (SD) Mean (SD) 

BAG + BMP-2 8 1.6 (1.0) 2.47 (3.19) 

BAG + BMP-7 8 1.8 (1.0) 2.45 (2.83) 

BAG + VEGF 5 2.6 (1.5) 1.56 (0.89) 

BAG + ASCs + BMP-2 5 0.4 (0.5) 0.10 (0.10) 

BAG + ASCs + BMP-7 5 1.7 (0.9) 0.37 (0.34) 

BAG + ASCs + VEGF 5 0.4 (0.5) 0.45 (0.87) 

BAG + BMSCs + BMP-2 5 0.1 (0.1) 1.66 (1.69) 

BAG + BMSCs + BMP-7 5 1.0 (0.7) 0.93 (0.82) 

BAG + BMSCs + VEGF 5 1.2 (1.2) 3.01 (2.02) 

BAG = bioactive glass, BMP-2 = bone morphogenetic protein 2, BMP-7 = bone morphogenetic protein 7, 

VEGF = vascular endothelial growth factor, ASCs = adipose-derived stem cells, BMSCs = bone 

marrow-derived stem cells, MTC = Masson trichrome stain, Micro-CT = micro-computed tomography, SD 

= standard deviation 

5.4.1 Healing with BMP-2, BMP-7 and VEGF (Study III) 

The growth factors BMP-2 and BMP-7 did not enhance bone defect healing as 

effectively as previously anticipated (Table 9). 

5.5 Healing using labelled stem cells (Study IV) 

SPIO-labelled ASCs, seeded on BAG scaffolds and TCP granules, were implanted 

in rabbit calvarial defects and followed up until a two-week time point. There was 

no significant difference in the numbers of Prussian blue-stained labelled cells 

found in the histological analysis. The mean of cell counts on BAG and TCP were 

99 (SD 61) v. 225 (164); p=0.156. 

The histological analysis also revealed that the localization of the SPIO-

labelled ASCs varied between the respective groups. On BAG scaffolds, the 

labelled ASCs were spread evenly all over the specimen attached onto the surfaces 

of the BAG scaffold spun-melted fibres. In contrast, in TCP granule-filled defects, 

the labelled ASCs were located near the middle of the defect close to vascular 

structures, filling the intergranular spaces with mature cells. The observation of the 

different localization of SPIO-labelled ASCs on TCP and BAG scaffolds is 

remarkable and has not been described in literature previously. 
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The analysis of vascularity by using lectin endothelial cell stain confirmed the 

physical feature of granular TCP scaffolds as a mechanical blocker of connective 

tissue ingrowth. Therefore, ingrowth of vascular structures was also reduced in TCP 

granules, showing a significant difference in vascular cross-sectional area between 

the TCP and the negative control groups at 6 weeks; 2,749 v. 4,263 pixels/field 

(p=0.001). 
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6 Discussion 

6.1 Bone healing in empty defects 

One major problem encountered by surgeons dealing with large calvarial defects is 

the difficulty of harvesting sufficient amounts of autologous bone for grafting. In 

many cases the defect area must be left ungrafted to heal, and this may result in a 

functional or cosmetic deficiency for the patient. The bone graft harvesting 

procedure itself always results in significant morbidity of the donor site. One major 

challenge associated with free autologous bone grafts is the requirement for an 

adequately vascularized soft tissue bed to maintain the blood supply and to promote 

the revascularization of the grafted bone (Muramatsu et al. 2014). 

It is commonly recognized that animal studies with highly developed species, 

such as primates, pigs, dogs or rabbits, have close relevance to human subjects 

(Noort et al. 2012). In this study, the rabbit was chosen as the experimental animal 

model due to its size and anatomy of the skull, mimicking the human calvarial 

bones and cranial sutures. The empty rabbit calvarial defect model used as a 

negative control in all the studies (I–IV) is analogous to the clinical scenario of the 

human critical-sized cranial defect. The blood supply to the defect mainly comes 

from the periosteal vascular structures. The healing pattern in the empty calvarial 

CSDs in Study I was noted to be typical of bones of intramembranous origin, 

showing only partial ossification of the defect at best (Jan et al. 2006), which results 

in an aesthetically and functionally compromised outcome. 

6.2 Autogenous bone grafting 

6.2.1 Solid bone blocks 

A solid bone flap is the most commonly used technique to cover bone defects in 

cranial surgery. The elevated flap can be replaced and fixed in its anatomical 

position if there is no tumour adjacent to the bone or any other mitigating reason 

for removing the elevated flap. In the so-called split cranial flap technique, the 

elevated bone flap is separated by chisels into two halves along the cancellous 

middle part of the cranial bone between the outer and inner diploe of the skull, 

allowing the doubling of the bone surface area. Such a split cranial bone flap is the 

equivalent of a unilayered skull flap or bone block. 
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In Study I, the solid bone blocks were observed to survive relatively well in 

accordance with the previous reports (Josan et al. 2005; Power et al.2015). These 

reports indicate that there is no noticeable difference in flap survival independent 

of whether the flap is pedicled or left free to heal without a pedicle. In Study I, all 

solid bone blocks were in fact cranial flaps or free flaps not fixated in the bone 

defect margins. The amount of bone formation with bone flaps in these rabbit 

cranial CSDs is in line with the previous reports in the literature. Thus, there was 

remarkable individual variation in bone flap resorption. Bone bridging from the 

margins of the defect could be seen both clinically and histologically in the defects. 

6.2.2 Particulated bone 

Particulated bone is widely used for bone defect reconstructions in maxillofacial 

surgery in humans (Draenert et al. 2014) and has also been used in an experimental 

calvarial surgery on the rabbit CSD model (Romanos et al.2015). Bone dust from 

drilling holes can be collected using special collectors inserted in a suction device. 

Autogenous bone grafts collected from iliac crest, rib or tibia can be milled or cut 

in smaller pieces to fill large bone defects in calvarial bones. One problem is that 

bone particles easily shift from the defect site if not fixed. Bone dust can be made 

easier to handle on site by adding blood, platelet-rich plasma or fibrin glue to the 

bone particles (Thor et al. 2007). 

In Study I, particulated bone grafts were packed into CSD sites and were 

covered and contained entirely by suturing the periostium and skin in two layers 

over the graft to keep it in position. In the histological analysis, no evidence of 

displacement of the grafted bone particles was noticed. Therefore, it is possible that 

no additional attachment materials, such as platelet rich plasma or fibrin glue, are 

indicated (Korpi et al. 2012). 

6.2.3 Use of fibrin glue 

Fibrin glue has been used for many years to glue tissue sites together by applying 

it on the surfaces (Davis & Sándor, 1998). Different versions of fibrin glue can be 

used for repairing dural tears, corneal or conjunctival lacerations or bronchial 

fistulas or for haemostasis in spleen or liver traumas. In cranial surgery, fibrin glue 

has been used by many surgeons to fix the collected small bone particles or allograft 

materials into the cranial bone defect (Sawamura et al.1997, Jo et al. 2015). As 

fibrin glue is based on the composition of lyophilized pooled human fibrinogen 
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concentrate and bovine thrombin, mixing them together in a special syringe, 

fibrinogen is converted enzymatically into fibrin monomers. 

In Study I, fibrin glue was used together with particulated bone grafts in rabbit 

calvarial CSDs and was associated with slightly delayed defect healing. This is 

contrary to the findings presented in a clinical case report of a human patient, in 

which a difficult-to-graft sub-occipital craniectomy healed completely with bone 

chips luted together with fibrin glue (Linsenmann et al. 2013). The potential 

mechanism behind the delayed ossification rate compared to the particulated bone 

not fixed with fibrin glue could be the nature of the 3-dimensional thick fibrin clot 

surrounding the particles of grafted bone. It is possible that a thick layer of fibrin 

forms a mechanical barrier for the ingrowth of neovessels needed for the 

vascularization of the defect.  Study I relied on the 6-week time point, and the 

clinical case reported by Linsenmann and colleagues was much longer-term and 

the totally healed craniectomy site was not established until almost four years after 

the fibrin glue-laden particulate graft was implemented. While this delayed healing 

noted in the rabbit CSD model was striking, it is possible that future research with 

a 12-week time point might show total healing of the defect and that the delayed 

healing may be an early phenomenon with no long-term consequence. 

6.3 Scaffolds 

Finding an ideal bone substitute to house or support a cell matrix has been the target 

of many recent biomaterial studies. The optimal biomaterial should be both 

bioresorbable and biocompatible. The scaffold should have structural and physical 

properties similar to the consecutive bone. The scaffold should have both 

osteoinductive and osteoconductive properties. There is a great interest and need 

for finding a biomaterial which would be both cost-effective and easy to use in 

clinical practice. 

Granular inorganic bone substitutes such as TCP can be used to treat defects in 

long bones resulting from a cyst or tumour removal by filling the remaining bone 

defect. Granular bone substitutes or pastes are particularly suitable for cranio-

maxillofacial bone surgery because in many areas, there is little physical stress or 

loading on the defect. Granules offer the potential of exposing a greater surface 

area to seeding with stem cells and revascularization even though they have no 

loadbearing ability whatsoever. 

In orthopaedic surgery, rigid solid scaffolds are most popular to treat large bone 

defects after resective surgery. The most important physiological attribute of solid 
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scaffolds is their loadbearing capacity, which is required in most of the long bones 

to minimize the immobilization period after surgery. It has become increasingly 

popular to use patient-specifically designed biomaterial scaffolds together with 

autologous stem cells to enhance the healing of segmental bone resections (Ng et 
al. 2014, Wolff et al. 2013).  

What still remains unknown is the optimal pore size of the grafted biomaterial 

needed for revascularization, which is thought to be the most important factor in 

terms of both stem cell survival and bone ingrowth (Kontio 2014). A comparison 

of solid BAG and granular TCP in cranial defects therefore became the aim of 

Study II. The lack of knowledge with regards to the optimal cell type, growth factor 

and biomaterial combinations was the reason Studies III and IV were considered 

necessary. 

6.3.1 Granular scaffolds 

Granular β-TCP has been widely studied and used clinically in maxillofacial 

surgery as an allogenic bone augmentation material for atrophic mandibular and 

maxillary alveolar crests as well as for sinus augmentations (Yang et al. 2015, 

Stiller et al. 2014). Ingrowth of fibroblasts is often intentionally limited by the use 

of fibrin glue, bioresorbable collagen membranes or non-resorbable 

polytetrafluoroethylene (PTFE) membranes to cover and protect the grafted site. 

In Studies II, III and IV, covering membranes were not used since the main aim 

of the studies was the natural healing process by ingrowth of cellular fibrous and 

vascular structures from the pericranial and periosteal tissues followed by calcified 

ectopic bone matrix formation. The lack of fixation allowed some granules to be 

pressed out of the calvarial defect ending between the intact calvarial bone and 

elevated periosteum. Still, there was no evidence of local irritation or adverse tissue 

reactions associated with the granules by the soft tissues. The main volume of the 

granular scaffold was primarily set up and fixed within the defect by an 

intergranular locking mechanism, allowed by the curved shape of the granular 

scaffold. Furthermore, there was no indication or perceived benefit for the use of 

fibrin glue considering the findings of Study I, where particulated autologous bone 

graft used with fibrin glue demonstrated delayed healing. It was assumed that 

particles of bone and granular scaffolds having similar physical forms might both 

be subject to delayed healing in the presence of fibrin glue. 
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6.3.2 Solid scaffolds 

Bioactive glass is well known for its osteoconductive and antibacterial properties 

and is therefore used clinically in frontal bone reconstructive surgery and 

obliterations of chronically infected frontal sinuses. According to previous studies, 

it appears to be a reliable material for cranial bone surgery (Peltola et al. 2006, San 

Miguel et al. 2010, Sándor et al. 2014). BAG is known to be slow to resorb, 

possibly even non-resorbing and this feature could be an advantage in the frontal 

sinus, for example. 

In clinical application, BAG can be used as a granular form or paste to fill bone 

cavities. Despite its mechanical strength, solid scaffold forms of BAG are very 

fragile and cannot be easily fixated with traditional surgical methods. The lack of 

fixation of the scaffold to the adjacent bone margins can be considered as a 

limitation in Studies II, III and IV, as external forces from eventual scratching 

affecting the healing area, muscular activity upon the defect, or intracranial 

pressure from the pulsating dural layer from below can lead to anatomical ectopic 

positioning of the filling material. The fibre spun-melted rigid bioglass structure 

makes the scaffold fragile, and interferes with mechanical fixation with plates or 

screws cause major limitations to the clinical use of BAG as a plate. 

Studies II, III and IV showed both clinical and histological evidence of 

encapsulation of BAG scaffolds by a thick fibrous tissue which connected to the 

adjacent bone margins. The capsule also filled the ossification zone between the 

scaffold and bone defect margin. The same type of encapsulation has been reported 

in long-term follow-up reports in orthopaedic surgery when BAG has been used as 

a bone cavity filler (Rantakokko et al. 2012). There is also evidence of late 

infections in initially successful BAG implants in humans (Posti et al. 2015). These 

observations indicate that a long-term follow-up will be needed in cranial BAG 

implants as well. 

This study illustrated the key difference between the dynamics of bony healing 

of solid BAG scaffolds versus granular TCP scaffolds. When a rabbit calvarial CSD 

is filled with a granular TCP scaffold, there remain open spaces between the 

granules themselves to permit cellular invasion and vascular ingrowth. This 

phenomenon also occurs in the pores of biomaterials. The process is different in 

solid scaffolds such as BAG since there are no intergranular spaces left for cellular 

invasion. Only the interconnecting pores of the scaffold and the outside scaffold 

surfaces are available. As we have often seen, the outside surfaces can become 

surrounded by a capsule which does not aid the creation of an osseous connection 
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as BAG is relatively non-resorbable. This lack of space for cellular invasion is also 

responsible for the poor new bone growth scores on histomorphometrics with solid 

BAG scaffolds. 

6.4 BMSCs 

In Study III, BMSCs were collected from calvarial bones by removing a calvarial 

bone block and cutting it in small particles to allow BMSCs to be collected and 

taken to the laboratory for culturing and expansion. The bone graft particulating 

protocol with a drill may have caused some overheating despite the generous 

application of the saline coolant during the drilling procedure. This may have 

reduced the number of vital stem cells. Thermal trauma could be avoided by 

choosing a different preparation method, such as piezo harvesting of bone grafts 

(Ylikontiola et al. 2016). 

There have been previous reports of immunomodulation by MSCs, which are 

known to vary between different species (Ren et al. 2009). MSCs also respond to 

inflammatory proteins from tissue-damaged sites and are mobilized in the body 

(Shi et al. 2012). This MSC reaction can cause potential bias when translating the 

results of an animal study using BMSCs to human results (see Study III). 

Traditionally, it has been recommended to avoid the clinical use of anti-

inflammatory drugs during bone surgery. A recent study has reported a medication-

induced enhancement of BMSC proliferation and bone regeneration in association 

with acetylsalicylic acid in BMSC-based therapy in an animal model (Cao et al. 

2015). In Study III with BMSCs, non-steroidal anti-inflammatory drugs were not 

used. In the future, this phenomenon of acetylsalicylic acid effect on BMSCs 

should be studied in closer detail. 

The homing and distribution of BMSCs was not evaluated in Study IV as this 

particular study focused on the biological properties of ASCs on BAG and TCP 

scaffolds. SPIO labelling of BMSCs was not used as there are reports of decreased 

migration and colonisation of labelled human BMSCs in vitro (Schäfer et al. 2009). 

6.5 ASCs 

It still remains unknown as to which stem cells, BMSCs or ASCs, are optimal for 

bone regeneration purposes. In Study III, there was no significant difference in new 

bone formation between the ASC and BMSC groups when compared to the 

negative controls. Since ASCs are easily available in humans, their growth potential 
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in the laboratory environment is better and the differentiation protocols are 

standardized, it is naturally understandable that the main focus in biomedical 

approaches is in the development of combinations of biomaterials and ASCs. The 

previous reports on the healing pattern in association with ASC and TCP transplants 

in human have proved the combination to be successful (Sándor et al. 2014). One 

advantage in using ASCs is that the graft is hybrid, as it may also produce 

angiogenic tissues instead of just bone or other mesenchymal tissues. 

The results of Studies III and IV do support the previously reported bone 

healing properties in association with the use of ASCs. The preliminary observation 

made in a micro-CT analysis of the early-stage healing in TCP- and ASC-filled 

calvarial defects show microscopically thin layers of calcifying tissue to cover the 

TCP granules and bridging between them, which is very interesting and must be 

studied further in the future. This phenomenon of ossification may explain the 

early-phase difference in new bone percentages between the BAG and TCP groups, 

as the volume of bone is bigger on TCP scaffolds compared to BAG scaffolds, 

where ossification seems to happen in smaller proportion in focal osteoid 

complexes. 

6.6 Growth factors 

6.6.1 BMP-2 and BMP-7 

Previously published studies have described accelerated bone formation in vitro 

and in vivo associated with the addition of BMP-2 or BMP-7 to the culture medium 

(Zhang et al. 2015). However, there are also reports according to which the 

osteogenic culture medium is superior to growth factors in terms of the 

differentiation of human ASCs into osteogenic cells (Tirkkonen et al. 2013). 

The growth factors BMP-2 and BMP-7 have also been used clinically in 

orthopaedic surgery to enhance bone healing in long bone defects. BMP-2 seems 

to have a superior effect on long bone healing in non-union defects both 

radiologically and clinically (Conway et al. 2014). The findings of Study III did 

not support any acceleration in bone defect healing in vivo, independent of whether 

BMP-2 or BMP-7 was used in combination with granular TCP or solid BAG 

scaffolds alone or with and without ASCs or BMSCs. Similar findings have been 

reported on clinical use of BMP-2 and BMP-7 in a human cohort study (von Rüden 

et al. 2015).  
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As both of these multi-functional growth factors play a key role in 

embryogenic development and many cellular functions, the question of safety in 

clinical use has arisen. One of the most concerning complications of the use of 

BMPs is the potential carcinogenic effect, which has still not been evaluated 

properly in any well-structured studies (Pountos et al. 2014). Since there is lacking 

evidence on the positive effects on the healing of bone defects in vivo and a risk of 

distant carcinogenesis, it may be wise to minimize clinical use of BMPs until more 

information about the dosage, application procedures and safety is acquired. 

Modifying the stem cell culture medium to stimulate osteogenic differentiation, 

which may be superior to growth factors, might be the preferred method in the 

future (Tirkkonen et al. 2013). 

6.6.2 VEGF 

Revascularization plays a key role in healing, both in soft and hard tissues, and is 

known to be essential for the vitality of evolving tissues. To enhance the 

angiogenesis to the defects, many proteins have been tested, among them the most 

commonly used VEGF. The effects of osteoblast-derived VEGF on the cellular 

mechanisms are not yet fully understood. A previous report noted the presence of 

VEGF in healing calvarial defects in rabbits receiving hyperbaric oxygen therapy 

(Fok et al. 2008). This may be a consequence of the increased osteoblastic activity 

and VEGF secretion in the calvarial CSD. Recently, it also has been demonstrated 

that VEGF does affect bone regeneration and bone defect repair by regulating the 

osteoblast differentiation (Hu & Olsen 2016). 

Enhancing vascularity in the defect area to accelerate bone healing is 

considered to be important. A reduction of vascular supply is usually associated 

with bone loss. This may partly be due to the direct effects of hypoxia, which blocks 

osteoblast function and bone formation but causes reciprocal increases in 

osteoclastogenesis and bone resorption (Marenzana & Arnett, 2013). 

Study III presents an in vivo application for the addition of VEGF on TCP and 

BAG scaffolds to a healing calvarial bone defect. On the basis of 

immunohistochemistry, the vascular cross-sectional area and number of neovessels 

were similar to all the other groups and the use of VEGF did not show any 

improvement in angiogenesis compared to the groups with no additional VEGF.   
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6.7 Labelled stem cells 

Labelling of stem cells is among the most popular methods for stem cell tracking 

in healing tissue defects, tracking cancer cells and in the evaluation of experimental 

cell therapies. SPIO labelling has been shown not to be harmful to the cells (Fan et 
al. 2013, Tefft et al. 2015). 

Although attempted, the total number of labelled cells in the defect areas could 

not be calculated due to technical signal analysis problems with MRI scans. On the 

basis of histology, there were no signs of toxic effects or pre-term cell death of stem 

cells in the SPIO-labelled groups. This finding is supported by the similar reports 

of the particular method used (Alestalo et al. 2015).  

In Study IV, the entire bodies of the animals were not scanned using MRI as 

the objective was not to evaluate the biodistribution of stem cells systematically. 

According to the cell numbers calculated prior to scaffold implantations, it is very 

likely that most of the transplanted cells have had their effect earlier than the two-

week time point and had underwent apoptotic cell death, as the Prussian blue stain 

visualized only a small number of the cells at the two-week time point. Degrading 

cells, which released stained iron particles close to vascular structures, were also 

observed. An interesting finding was the localization differences of the labelled 

cells on BAG and TCP scaffolds, the importance of which could not be determined 

as of yet. The phenomenon is very interesting and needs to be evaluated with more 

detail in the future. 

6.8 Clinical applications 

According to findings in Studies II, III and IV, TCP granular scaffolds seem to 

induce new bone formation in rabbit calvarial CSDs more effectively than solid 

BAG scaffolds, with and without additional cells or growth factors. It is likely that 

TCP could be used even in smaller proportions and in a thinner layer in the defect, 

especially if it can be proved in future experiments that TCP induces the dural stem 

cell activity and induces osteogenesis on the dura, as was found in these studies. 

A similar effect of osteoid formation underneath the scaffold near the dura was 

observed in the BAG groups. Most likely a thinner plate of rigid BAG or even a 

membrane including BAG would be sufficient in cranial defects if bone repair due 

to increased local ossification can be proved. Covering BAG or TCP with a PLA- 

or PLLA-spun net would make it easier to fix the scaffold into the defect. 
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6.9 Limitations of the study 

The present study aimed to examine early stage healing properties and differences 

in bone formation between different defect filling materials. Due to the relatively 

slow dissolution of the biomaterials used, the follow-up period of a maximum of 

six weeks was too short to yield adequate information about the maturation phase 

of the grafted defects. Preliminary healing results and differences can be reported, 

but a longer follow-up is required for the analysis of real and stable stage bone 

formation, as the scaffold materials are resorbed very slowly, BAG in particular. 

As micro-CT seemed to give more accurate data about calcified tissue in bone 

defects compared to CBCT, it would have been valuable to perform all analyses by 

using micro-CT. Unfortunately, the micro-CT scanning device did not arrive at the 

institute until Study I was completed and could therefore not be used. 

Results gained from animal studies and their correlation in human clinical 

practice is always a question of great importance. Generally, it is considered that 

an animal model, such as rabbits in this study, is comparable to human patients. 

The rabbit model used is considered especially valid as a cranial vault defect 

healing model. However, one particular difference in post-operative follow-up and 

wound care or defect care between rabbits and human paediatric cranioplasty 

patients concerns the fact that the operated area cannot be entirely protected in 

rabbits. The lack of external protection, such as a plaster helmet or limb 

immobilization can lead to the displacement of a solid scaffold. This can be 

considered as a major limitation in Studies II and III. 

6.10 Future directions 

In the future, a refinement of the surgical technique used in this study would be the 

use of a piezo-surgical handpiece in harvesting of the calvarial bone blocks instead 

of a heat-producing rotatory drill as the use of a Steiger burr resulted in a thermal 

trauma. This piezo-surgical advancement in the technique would most likely help 

to avoid the possibility of overheating of the bone edges even though generous 

coolant flow can be used in traditional drilling methods. Overheating during the 

drilling with small diameter surgical burrs is known to be lethal for cells in bone 

tissue (Watanabe et al. 1992, Flanagan 2010, Landes et al. 2014). Since the use of 

a piezo-surgical device for bone surgery generates almost no heat (Sagheb et al. 
2016), using the piezo device should increase the cell yield. This is certainly a 

welcome step forward. 
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New drug therapies are being investigated and could eventually be used in 

addition to biomaterials to enhance bone formation as well as revascularization. 

Among the most interesting recent observations is the increased vascularity and 

bone growth associated with topical administration of simvastatin in bone lesions 

(Montero et al. 2014).  

Finding the optimal amount of biomaterial, the best combination of stem cells 

and the most appropriate biomaterial carrier, most preferably in a custom-made, 

scanned and printed protocol is the main challenge in cranial reconstructions of the 

future. The future 3D printing of complex bone shapes and forms using cells, cell-

friendly inks and hydrogels is now becoming more clear and is emerging as another 

new patient-specific reconstructive technique (Kang et al. 2016). 
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7 Conclusions 

The rabbit calvarial critical-sized defect model allowed the following conclusions 

to be made from Studies I–IV: 

1. Autogenous bone grafts in various forms such as solid bone flaps or 

particulated bone treated with fibrin glue were associated with bone healing 

which was superior to the empty control defects. The control defects were only 

partially filled from the margins of the defect with thin bony islets and mostly 

covered by soft tissue, indicating that the ossification process was not 

completed in these defects. The use of fibrin glue was associated with 

decreased bone formation (Study I). 

2. Particulated bone with fibrin glue and solid bone blocks were superior to BAG 

and TCP. The micro-CT analysis also showed significantly more new bone 

formation with TCP granules than with BAG scaffolds. The micro-CT analysis 

proved to be a novel and accurate method for new bone formation analysis, 

supported by histology (Study II). 

3. The micro-CT analysis revealed significantly more bone formation with TCP 

granules than with BAG scaffolds when either ASCs or BMSCs were used. 

There was no significant difference in new bone formation when using BAG 

or TCP with ASCs and BMSCs separately. In addition, there was no significant 

effect on new bone formation with any of the growth factors used in this study 

(Study III). 

4. The distribution of labelled cells differed depending on the biomaterial onto 

which they were seeded. Labelled ASCs seemed to stay attached onto the 

surface of bioactive glass at the two-week time point, while cells seeded on 

TCP granules were located in the middle of the evolving connective tissue. 

Vascular ingrowth was intense during the first two weeks of the healing but 

proliferation of the endothelial cells in vascular structures decreased 

significantly after that (Study IV). 
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