
 

 

Onlay grafts for alveolar bone augmentation 

 

Khadijeh Al-Abedalla 

Faculty of Dentistry 

McGill University, Montreal 

 

 

 

Submitted: 15th of April, 2014. 

Submitted to McGill University in partial fulfillment of the requirements for the degree of 

Master of Sciences, Dental Sciences. 

 

 

 

1



Dedication 
 

 

 

 

Dedicated to my family for their endless support, love, and encouragement. 
Thank you all for giving me strength to chase my dreams. 

 

 

 

 

 

 

 

 

 

 

 

"Life isn't about waiting for the storm to pass; it's about learning to dance in the rain." 

Vivian Greene 

 

2



Abstract 

==============================================================================

 

Dental implants are a successful and predictable treatment for partially and fully 

edentulous patients. However, they require sufficient volume of healthy bone for stabilization 

and long-term success. Lack of bone volume prevents implant placement and it is usually due to 

many reasons such as tooth loss, trauma or diseases. A variety of surgical techniques are 

available for alveolar bone rehabilitation. However, bone onlay augmentation is the most reliable 

and commonly used one. Different bone grafts can be used for bone onlay augmentation. 

Autograft onlays are currently the gold standard onlay grafts because of their osteoinductive, 

osteoconductive, and osteogenic properties. However, due to their limitations and drawbacks, 

some of which are considered severe, alternative materials have been developed including 

allografts, xenografts, and alloplastic bone grafts. Although previous reports demonstrated high 

success rate of implants placed in bone augmented with allograft onlays, evidence based articles 

are still needed to prove these results. On the other hand, due to some concerns about the 

antigenicity of allografts and xenografts onlays, synthetic materials such as monetite onlays have 

been developed for bone augmentation in vivo. Nonetheless, these synthetic onlays were still 

inferior to autograft onlays. Therefore, this thesis has two main objectives. Firstly, to clinically 

assess the performance of freeze-dried allograft in bone augmentation and implant treatment. 

Secondly, to improve the capability of synthetic onlays in bone regeneration, then assess their 

performance in bone augmentation and implant treatment in vivo.  

By conducting two cohort studies: clinical and histological, we proved that bone 

augmented with allograft onlays is similar to native alveolar bone in terms of bone quality and 
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quantity. Moreover, we showed that implants placed in bone augmented with allograft onlays 

have rates of success and survival similar to implants placed in either bone augmented with 

autograft onlays or native alveolar bone. We also demonstrated that customizing the morphology 

of monetite synthetic onlays according to the metabolic activity of the recipient site in vivo can 

enhance bone formation, monetite resorption, bone height and implant osseointegration.  

Our results showed that allograft onlays could replace autograft onlays with similar 

clinical results. It was also observed that designing the macropore geometry according to the 

bone metabolic activity was a key parameter in increasing the volume of bone augmented within 

synthetic monetite onlays. However, further studies are needed to optimize the osteoconductivity 

of these synthetic onlays in order to be able to replace the autograft and allograft onlays in the 

future.  
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Résumé 

==============================================================================

 

Les implants dentaires sont un traitement efficace et prévisible pour les patients partiellement et 

complètement édentés. Cependant, ils nécessitent un volume suffisant de l'os sain pour la 

stabilisation et le succès à long terme. Le manque du volume osseux empêchant la pose des 

implants est généralement dû à plusieurs raisons, telles que la perte des dents, des traumatismes 

ou encore à maladies. Une variété de techniques chirurgicales sont disponibles pour la 

réhabilitation de l'os alvéolaire. Cependant, l’augmentation osseuse onlay est la technique la plus 

fiable et aussi la technique la plus utilisée. Différentes greffes osseuses peuvent être utilisées 

pour l'augmentation osseuse onlay. Les autogreffes onlays sont actuellement les greffes de choix 

en raison de leurs propriétés ostéoinductrice, ostéoconductrice et ostéogéniques. Toutefois, en 

raison de leurs limitations ainsi que de leurs inconvénients parfois graves, d’autres matériaux ont 

été développés pour des allogreffes, xénogreffes et alloplastique greffes. Bien que des rapports 

précédents ont démontré un taux de réussite élevé pour les implants placés dans l'os augmenté 

avec les allogreffes onlays, il serait encore requis de se référer à des articles basés sur des 

preuves scientifiques pour appuyer ces résultats. D'autre part, en raison de certaines 

préoccupations concernant l'antigénicité des allogreffes et des xénogreffes onlays, des matériaux 

synthétiques tels que le monétite onlay a  été développé pour l'augmentation osseuse in-vivo. 

Néanmoins, ces onlays synthétiques sont encore inférieurs à l'autogreffe onlay. Par conséquence, 

cette thèse a deux objectifs principaux. Le premier objectif est de cliniquement évaluer la 

performance de l'allogreffe lyophilisée en augmentation osseuse et en traitement implantaire. Le 

deuxième objectif est d’améliorer la capacité des onlays synthétiques dans la régénération 
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osseuse, et ensuite d’évaluer leur performance en augmentation osseuse et en traitement 

implantaire in-vivo. 

En effectuant deux études de cohortes : une étude clinique et une étude histologique, nous avons 

démontré que l'os augmenté avec allogreffe est similaire à l'os alvéolaire natif en terme de qualité 

et de quantité osseuse. De plus, nous avons démontré que les implants placés dans l'os augmenté 

par allogreffes onlays ont des taux de réussite et de survie semblables aux implants placés dans 

l'os augmenté par onlay autogreffe ou à l’os alvéolaire natif. Nous avons également démontré 

que la personnalisation de la morphologie des onlays de type monétite synthétique en fonction de 

l'activité métabolique du site récipiendaire in-vivo, peut améliorer la formation osseuse, la 

résorption du monétite, la hauteur de l'os ainsi que l'ostéointégration de l'implant. 

Nos résultats ont démontré que les onlays d'allogreffes pourraient remplacer les onlays 

autogreffes avec des résultats cliniques similaires. Il a été également noté que la conception de la 

géométrie des macropores selon l'activité métabolique des os était un paramètre clé dans 

l'augmentation du volume osseux à l'intérieur de l'onlay monétite synthétique. Cependant, 

d'autres études sont nécessaires pour optimiser l’ostéoconductivité de ces onlays synthétiques 

afin d'être en mesure de remplacer les autogreffes et les allogreffes onlays dans l'avenir. 
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Chapter one: Introduction  

==============================================================================

 

1.1 Thesis outline  

This thesis includes a literature review and 2 manuscripts, the first one entitled by “Bone 

augmented with allograft onlays is comparable to the native alveolar bone in terms of 

quality, quantity and implant success rate” is under preparation for publication, and the 

second one entitled by “Osseointegration of Dental Implants in 3D Printed Synthetic Onlay 

Grafts Customized According to Bone Metabolic Activity in Recipient Site” has been 

accepted for publication in the journal “Biomaterials”. 

 

1.2 Research Rationale  

Onlay bone augmentation is the most predictable procedure for bone reconstruction prior 

to dental implant placement [1]. Bone grafts used with this method include autografts, allografts, 

xenografts, and alloplastic bone grafts. Although autograft onlays have high implant success rate, 

they also have high complication rate involving the bone harvesting procedures [2]. For this 

reason, bone substitutes are being developed to overcome autografts’ limitations. Allograft 

onlays are commonly the second choice in situations where autografts cannot be used [3]. 

Despite the high success rate that was reported using these onlays, there is no evidence 

supporting the use of these materials as comparable substitutes to autografts [3-5].  

The disadvantage of using allograft and xenograft onlays is their possible antigenicity 

that requires extensive processing and sterilization which lowers their mechanical properties [6, 

7]. Therefore, a better alternative to autografts would be alloplastic bone grafts. Although many 
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studies have shown the efficacy of calcium phosphate based materials such as monetite in bone 

augmentation in vivo, they are still inferior to autograft onlays [8-10]. Thus, the properties of 

these bone substitutes in onlay bone augmentation need to be improved in order to replace 

autograft onlays.  
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Chapter two: Literature Review 

==============================================================================

2.1 Implant osseointegration 

Brånemark firstly described the term osseointegration as the direct structural and 

functional contact between living bone and an implant surface [11-13], after a healing period of 

3-6 months [14]. This term usually applies to dental implants that have a root form connection or 

fixture [15]. There are three main biological phases that happen during osseointegration: 

haemostasis, inflammatory phase, and remodeling phase (details underneath) [16]. These phases 

are similar to bone repair mechanism that will be described later in the bone section [17-19]. 

 

2.1.1 Haemostasis 

Haemostasis (exudative phase) begins with the surgical insertion of dental implants. The 

duration of this phase is minutes to hours. After implant placement, a layer of water molecules 

forms around the implant surface [20]. This layer facilitates protein absorption on the implant 

surface [21, 22], and continues till the implant surface is covered by a layer of extracellular 

matrix proteins. The composition of this protein layer depends upon the type of implant’s surface 

[23]. Subsequently, through protein absorption, cells are able to attach to the implant surface 

initiating cellular adhesion, migration, and differentiation. This migration is a result of the 

released bone morphogenetic proteins (BMPs) in response to the surgical placement of the dental 

implants [16]. 
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2.1.2 Inflammatory phase 

The inflammatory phase begins approximately after 10 min and lasts from few hours to 

several days [24, 25]. This stage is mainly regulated by the extracellular matrix (ECM) proteins 

and growth factors [24, 25]. Multipotent mesenchymal cells are the first cells to migrate at the 

implant surface, then they differentiate into osteoblasts depending upon local oxygen tension 

[26], availability of nutrients, and local regulatory growth factors [27]. Oxygen concentration in 

the implant site has a critical role in cell migration. Broken capillaries in the surgical site might 

affect oxygen concentration which leads to local ischemia and necrosis [28]. Following the 

resorption of necrotic bone by the neutrophils and macrophages, matrix mineralization and 

remodeling occurs [29, 30]. One week after implant placement, the osseous matrix can be 

observed on the implant surface [30]. After 4 weeks, there will be an intimate contact between 

the implant surface and bone tissue.  

 

2.1.3 Remodeling phase 

The type of bone that initially forms is woven bone, and then during this remodeling 

phase, woven bone is removed by osteoclasts and replaced by lamellar bone [29]. Osteoclasts 

start to create space for new bone formation at the expense of removing primary bone implant 

contact. This phase can last several years until most woven bone and old bone from the primary 

bone contact is replaced by the newly formed lamellar bone.  

 

2.2 Dental implants 

Teeth may be lost due to many reasons such as dental diseases, trauma, surgery, or they 

can also be absent due to congenital reasons [31, 32]. Missing teeth can cause function, speech, 
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and aesthetics problems [2, 33]. The dental rehabilitation of single or multiple missing teeth with 

dental implants is often the best treatment option to restore oral aesthetics and function with 

predictable and reliable long-term results [34-36].  

Osseointegration can retain implants placed in the alveolar bone allowing them to support 

dental prostheses. However, successful osseointegration requires implant stability [37]. Implant 

stability can be divided into two parts: primary and secondary [18]. Primary stability is mainly 

from the mechanical anchoring of the implants into the alveolar bone at the moment of surgery 

[38, 39]. Secondary stability gradually replaces the primary stability and it takes place as bone 

remodeling and osseointegration occurs during early wound healing [40, 41]. Therefore, 

Implants’ long-term success is largely determined by the sufficient volume (quality and quantity) 

and location of residual alveolar bone to be stabilized at the recipient site [42-44]. 

Dental implants are available in different diameters, lengths, platforms, and surface 

modifications [45]. The materials used to fabricate dental implants include metals, alloys, 

ceramics, carbon, and polymers [46]; however, Titanium (Ti) or Ti-aluminum-vanadium alloys 

are currently the material of choice for dental implants. 

Implant design is an important factor that can also affect their osseointegration and 

clinical performance in the oral cavity [47-50]. Implants’ anchoring part was originally 

fabricated as cylindrical screws that turned out to be inappropriate for many clinical situations 

[51]. Therefore, tapered implants were developed to resemble the root form of natural teeth; this 

renders the implants more aesthetic and facilitates their placement between natural teeth [51]. 

Implants can have different surface morphologies, which can be either rough or machined 

(smooth or polished) [52]. Different processes can be used to fabricate rough implant surfaces 

such as acid etching, sandblasting, titanium plasma spraying, and hydroxyapatite coating [53]. 
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Rough surfaces increase bone to implant contact by inducing bone growth and facilitating the 

attachment of cells on the implant’s surface [54].  

Implant success rate is described based on a combination of criteria, previously proposed by 

Albrektsson et al. in 1986, then updated by others such as Buser et al. in 1997 and Karoussis et 

al. in 2004 [34, 55, 56]. These criteria include: 

- Absence of implants mobility [57]. 

- Absence of any continuous subjective complaints, including pain, foreign body sensation 

and/or dysaesthesia [57]. 

- Absence of recurrent infection surrounding the implant with suppuration [57]. 

- Absence of a persistent radiolucency around the implant [57]. 

- Pocket depth of no more or equal to 5mm [58]. 

- No bleeding on probing [58]. 

- A 1.5mm of vertical bone resorption is accepted during the first year of function, after 

that, the annual vertical bone loss should not exceed 0.2mm mesially or distally [34]. 

Studies have shown that the cumulative success of implants placed in the native alveolar 

bone ranges from 89% to 98.9% after follow-up periods of 3 to 15 years [1]. 

 

2.3 Bone  

2.3.1 Bone structure and function 

 Bone is composed of both organic and inorganic material. The organic component 

compromises 30% of bone volume, and consists of collagen and non-collagen proteins, as well 

as bone cells [59]. The major constituent of the organic bone matrix is type I collagen, while 

remaining proteins include osteocalcin, osteonectin, fibronectin, osteopontin, and bone 
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sialoproteins [60]. All these proteins in the organic matrix have various functions in bone 

formation. The inorganic component compromises 60% of bone volume, and consist of mainly 

apatite calcium phosphate crystals [59]. Water compromises 10% of bone volume [59]. The 

inorganic phase also contains carbonate and small amounts of sodium, magnesium, and other 

trace elements [61]. The arrangement of these components provides bone with a hierarchical 

structure that contributes in making the high strength and self-repairing properties of bone [62]. 

Three major different cell types are found within bone tissue [63]:  

1) Osteoblasts, which arise from multipotent mesenchymal stem cells [64], and produce 

bone matrix and regulate the osteoclasts’ activity and differentiation [65]. 

2) Osteoclasts are large multinucleated cells (fused monocytes) that resorb bone tissue, 

and responsible of the turnover bone cycles [66].  

3) Osteocytes account for 90% of bone cells in the adult skeleton. They are the imbedded 

form of osteoblasts, where they create an extensive interconnecting network of cellular 

communication [67].  

The main functions of bone include support, movement, structure and protection [68]. 

Moreover, bone also plays a critical role in mineral and ion as well as in blood cell production 

[68]. Bone can be divided according to its structure into cortical bone, which is the outer dense 

part of bone, and cancellous bone (trabecular bone), which is the spongy inner part of bone. 

 

2.3.2 Bone repair 

Bone repair is a complex process where many factors contribute in its events such as 

cells, cellular signals, and extracellular matrix [69-71]. The cells that play major roles in this 

process are inflammatory cells, vascular cells, osteochondral progenitor cells, and osteoclasts 
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[72-74]. Other key players of these events include pro-inflammatory cytokines, growth factors, 

pro-osteogenic factors, and angiogenic factors [75]. In endochondral bone formation, bone repair 

consists of overlapped four histological stages: Inflammation, soft callus formation, hard callus 

formation, and bone remodeling. In intramembranous bone formation, there is no need for a 

cartilaginous tissue before bone formation, so the hard callus formation stage follows the 

inflammation stage directly. 

 

2.3.2.1 Inflammation 

 The disruption of local tissues and normal vascular function leads to bleeding and the 

development of a hematoma. Following the production of a blood clot, inflammatory cells 

including macrophages, platelets, lymphocytes, and monocytes infiltrate the hematoma and start 

to fight against any infection by secreting cytokines and growth factors, [70, 71]. These factors 

and cytokines help in recruiting mesenchymal stem cells stimulating cells’ growth and/or 

differentiation. 

 

2.3.2.2 Soft callus (fibrocartilage) formation 

Most healing sites are preceded by cartilaginous formation [71]. Fibroblasts and 

chondrocytes are mostly seen in this stage; where they build a soft callus tissue to primary 

stabilize the healing site.  Growth factors stimulate chondrocytes to form ECM proteins 

particularly collagen type II. Consequently, the site is infiltrated by vascular endothelial cells 

forming large blood vessels.  
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2.3.2.3 Hard callus formation 

This stage is also known as the primary bone formation stage [71], because it’s the phase 

in which active osteogenesis occurs. This stage depends mostly on the vascular tissue that 

increases the level of oxygen allowing osteoblastic differentiation [76, 77]. Osteoblasts start the 

formation of mineralized bone matrix at the peripheral sites of the soft callus resulting in the 

formation of a hard callus that substitutes the degrading soft callus gradually.  

 

2.3.2.4 Bone remodeling 

This stage can also be termed as the secondary bone formation [71], and it involves 

converting the irregular woven bone callus into lamellar bone. Osteoclasts play a major role in 

this stage by resorbing the old woven bone [66, 78]. Eventually, the original geometry and 

function of the damaged tissue is restored. 

 

2.3.3 Alveolar bone loss 

Various reasons might lead to the loss or atrophy of alveolar bone as a result of trauma, 

surgical resection, denture-induced atrophy, tooth loss, congenital alveolar defects, or infectious 

diseases such as advanced periodontitis [79, 80]. The resorption pattern in the maxilla is usually 

different from the mandible [81], where in the maxilla, the buccal plate of the alveolar ridge 

tends to resorb faster than the labial wall, causing the atrophic residual ridge to be significantly 

palatal to the prosthetic tooth position. However, in the mandible, the lingual plate resorbs prior 

to the buccal one. In both situations, the horizontal dimension of the alveolar bone ridge is 

compromised earlier than its vertical one [82].  
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Alveolar bone loss results in inadequate alveolar ridge dimensions that might hinder 

dental implant placement or cause an unfavorable inter-arch relationship, which might affect the 

aesthetic and function of the dental treatment [34, 83]. Therefore, bone regeneration is often 

needed in order to restore the esthetics and function of the jaws.  

 

2.3.4 Bone repair techniques 

Numerous bone repair procedures have been described in the literature to reconstruct 

both the height and width of the alveolar ridge in order to achieve sufficient ridge volume for 

adequate implant placement and prosthodontic rehabilitation [84]. These techniques include 

distraction osteogenesis (DO), guided bone regeneration (GBR), bone block grafts, ridge 

splitting or expansion, osteotomies of the ridge or the jaws, or a combination of the above [85, 

86]. Every surgical procedure has its advantages and disadvantages.  

The choice of a particular technique should depend on the anatomical situation, the need 

for horizontal or vertical augmentation, the expected outcome and complication rate, the 

clinician or patient preference, and the type of prosthesis [87]. However, it is still not clear yet 

which procedure offers a better outcome for each particular clinical situation [85]. 

Bone repair techniques can be used to restore the alveolar ridge horizontally, vertically, 

or both. Vertical augmentation techniques were reported to have higher complication rates that 

ranges between 20 and 60% compared to horizontal augmentation methods [88, 89]. Several 

materials may be used in the aforementioned procedures, including autografts, allografts, 

xenografts, and alloplasts, as well as different barrier membranes, osteosynthesis materials or a 

combination of the above [84].  
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2.3.4.1 Distraction osteogenesis (DO) 

Distraction osteogenesis is a technique that was developed by Llizarov and has been 

recently introduced to oral surgery and implantology [90, 91]. During this procedure, the bone is 

fractured into two bony segments.  The two segments then gradually are moved apart during the 

distraction phase, allowing new bone to form in the gap.[90]. During the displacement of the 

fractured bony parts, a gap is filled with non-calcified immature bone tissue that matures later 

after a subsequent fixation period.  

Implants placed in bone augmented with DO are associated with high implant survival 

rate (up to 100%) [88]. However, bone stability overtime is controversial and the rate of often 

severe complications might reach up to 75% [42, 92]. These complications vary from infection 

of the distraction chamber, fractures of the distractor, premature or delayed consolidation, 

fibrous non-union, resorption of the transported fragment, neurological alterations, deviations 

from the correct distraction vector, soft tissue dehiscence, and fractures of transported or basal 

[93, 94]. For these reasons, the use of intra-oral distraction osteogenesis is limited.  

Although the highest vertical bone increase was documented using this method [95], 

sometimes it is impossible to use due to anatomical limitations such as the nasal cavity, the 

maxillary sinus, and the mandibular inferior alveolar nerve that may need bone grafting instead 

[96].  

 

2.3.4.2 Guided bone regeneration (GBR)  

In this technique that was first applied in dentistry early in the 1990s, membranes with or 

without bone grafts are used to protect defects from the ingrowth of soft tissue that can disturb or 

prevent bone healing [97]. The wide variety of membranes used in this technique is classified 
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into resorbable and non-resorbable [98]. Although, survival rate of implants placed along with 

this procedure is usually high, with an average of 92% in implants placed after horizontal bone 

augmentation and 98.9% in those placed after vertical bone augmentation, the complication rate 

can reach up to 45.5% [92, 99]. 

 

2.3.4.3 Inlay bone augmentation 

Inlay bone augmentation (osteotomy) is a technique where a part of the jawbone is 

surgically separated into two bony sections then a bone graft material is placed (sandwiched) 

between the separated bony sections [100, 101]. This technique has high implant survival and 

success rate with low resorption rate [100, 102]. However, this technique cannot be applied for 

thin ridges and when the alveolar ridge height is less than 5 mm from the inferior mandibular 

nerve [103]. In addition this technique is associated with complications such as bone fracture and 

dissection of inferior alveolar never which the surgeon should consider before using this method 

for bone augmentation [103, 104]. 

 

2.3.4.4 Onlay bone augmentation 

Onlay bone grafting is a reliable technique that can be used for the correction of both 

vertical and horizontal (less than 4 mm) alveolar bone defects with bone blocks to allow the 

placement of dental implants [82, 105]. In this procedure, after the surgical exposure of the 

defective area, the host bed is usually perforated with a small bur to improve the integration 

between the graft and recipient bed and to enhance the vascularization of the bone graft [106]. 

Subsequently, the onlay is fixed with screws (titanium or resorbable), plates, or dental implants 

[106]. Afterwards a barrier membrane can be used to reduce the resorption of block bone grafts 
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and improve graft integration, although the benefit of these barriers remains questionable [107]. 

Different studies have found that membranes could improve the graft healing while others 

showed that there is no difference in graft resorption whether covered by a membrane or not 

[108].  

One unique advantage of onlay bone augmentation is that in some clinical situations it 

can be carried out simultaneously with implant insertion (one-stage procedure), whereas in the 

other techniques, a healing period of the alveolar ridge is often needed (two-stage procedure) 

[87]. Nonetheless, the two-stage procedure is usually preferred because the healing period 

ensures the stability of the augmented bone and the surrounding soft tissues, resulting in a higher 

implant survival rate [109, 110].  

In addition, onlay bone augmentation is commonly used when there are anatomical 

limitations including the nasal and paranasal cavities (maxillary sinuses) in the maxilla and the 

inferior alveolar nerve in the mandible that contradict the use of other techniques [111]. 

Therefore, this technique can provide a safer option to place dental implants.  

 In the literature, it has been reported that high implant survival rate can be achieved using 

onlay bone grafting techniques ranging from 76% to 100%, and implant success rate that reaches 

100% at 12 months and 89.5% at 5 years [112, 113]. On the other hand, complications seem to 

be substantially less frequent than with previously mentioned techniques, with a complication 

rate of 6%- 32% [114, 115]. Unfortunately, these studies have limited sample size are still and do 

not provide extensive information on the success rate of dental implants placed in bone 

augmented with onlay grafts and the associated risk factors.  
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2.4 Bone grafts 

A bone graft is defined as any implanted biomaterial that promotes or facilitates bone healing 

[116]. Bone grafts can be incorporated in the modeling process of bone growth. These graft 

materials can promote bone healing through three different mechanisms: osteoconduction, 

osteoinduction, and osteogenesis [117].  

- Osteoconduction: Osteoconduction means directing bone forming activity to a particular 

site or surface serving as scaffold for bone cells to attach and grow. In other words, these 

materials act as supporting scaffolds that facilitate bony ingrowth from the existing bone, 

but cannot induce bone formation. However, osteoconductive materials require the 

presence of bone or differentiated mesenchymal cells [118-120] and cannot produce bone 

if placed in soft tissues.  

- Osteoinduction: osteoinduction involves the recruitment of mesenchymal stem cells to 

differentiate into mature bone cells. Osteoinductive materials are materials that can 

induce mesenchymal cells differentiation into osteoblasts or chondroblasts, thus, 

enhancing bone growth. This mechanism is dependent on some specific proteins such as 

bone morphogenic proteins (BMPs) [121]. 

- Osteogenesis: osteogenesis refers to the stimulation of osteoprogenitor cell proliferation 

and osteoblast biosynthetic activity. In other words, it refers to the ability of the graft to 

produce new bone. This process is dependent on the presence of living bone cells; 

therefore, osteogenic grafts are grafts that contain osteogenic cells such as osteoblasts or 

progenitor cells, thus, they are capable of forming bone directly from osteoblasts [121]. 

Grafts that have osteogenic potential can also be considered osteoinductive and 

osteoconductive. 
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2.5 Implant placement in bone grafts 

Placement of dental implants can be performed either in combination with graft fixation 

(one-stage surgery) or in a later surgical stage after the healing period of the bone graft (two-

stage surgery) [109, 110]. Although enough time should elapse for graft incorporation, implants 

should be inserted early enough to stimulate and maintain the regenerated bone. The implant site 

is often at the junction between the block and host bone; therefore, the surgeon should be careful 

not to displace the block from the ridge during implant placement [87].  

 

2.6 Types of bone grafts onlays 

2.6.1 Autograft onlays 

Autograft bone onlays are bone grafts obtained from one anatomic site that are 

transferred to another site within the same subject [116], and they were first introduced to 

dentistry by Davis et al. to augment the alveolar ridge [122]. Similar to alveolar bone, autografts 

are composed of organic and inorganic structures that provide good mechanical properties. 

Autografts are osteoinductive, osteoconductive and have osteogenic potential because they 

contain osteoblastic and predecessor cells that are capable of forming new bone; therefore, they 

are considered the gold standard of bone grafts [123]. 

Bone augmented with autografts heals during three overlapping phases [121]. The first 

phase one lasts for 4 weeks, and includes the formation of osteoid tissue by the surviving cells in 

the graft (osteogenesis) [121]. The second phase is the osteoinduction phase that starts 2 weeks 

after the surgical grafting. At this stage blood vessels and host tissues invade the bone graft, 

leading to new bone formation and graft resorption [68, 118]. The BMPs, released from the bone 

graft as it resorbs, mediate this second phase [121]. The third phase is similar to osteoconduction 
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mechanism, where inorganic component of the graft acts as a source of minerals for bone 

formation [121].  

Onlay bone augmentation using autogenous bone grafts is a predictable, reliable, and 

commonly used technique that allows implant placement in atrophied alveolar ridges [2]. 

Success rate of implants placed in bone augmented with autogenous onlays ranges between 73 to 

97% for follow-up periods of up to 10 years [1]. The most frequent complications with autograft 

onlays are soft tissue dehiscence and graft resorption with an overall complication rate that 

ranges between 9-21% [2]. The resorption rate is higher during the first three years after function 

and might reach up to 40%, but becomes stable afterwards [124]. 

Autograft onlays can be either harvested from extraoral (the calvaria, iliac crest, tibia, 

ulna and radius bones) or intraoral (the symphysis and ramus of the mandible) sites. Intraoral 

donor sites can be used in situations where small-sized grafts are required, and extraoral sites, 

such as the iliac bone, are used when larger sized grafts are required. Since the harvesting 

procedure from the donor sites requires an additional surgery, this causes many complications 

that limit the use of autogenous bone grafts [87]. These drawbacks include limited availability of 

bone to harvest and donor site morbidity [87]. The complications that should be considered when 

using this type of bone graft include injury to local nerves, pain, pulpal injury, wound healing 

problems, blood loss, altered facial contour, and bone fracture [87]. Therefore, patients often 

prefer other bone substitute to the autograft onlays [2].  

 

2.6.2 Allograft onlays 

Allogeneic bone grafts are homografts harvested from cadaveric sources, and are 

successively processed and stored in different ways. Their main advantage as alternatives to 
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autografts is that they eliminate the need of the harvesting surgery, and the drawbacks that come 

with it. Allografts are available as cortical, cancellous, or corticocancellous grafts [125], and 

according to their processing techniques, there are three main types of allografts: frozen, freeze-

dried (lyophilized), and demineralized freeze-dried bone grafts [126, 127]. Besides the above-

mentioned techniques allografts can also undergo additional processing in order to reduce their 

antigenicity such as gamma radiation, ethylene oxide, or hydrogen peroxide. Although these 

processing techniques can ensure the safety of allograft usage, they still affect the mechanical 

and structural properties of these materials. Despite all these procedures to reduce the allograft 

antigenicity, they still raise some concerns regarding their risk of disease transmission, especially 

with the fresh type of these grafts [128, 129]. 

Allografts are mainly osteoconductive. They provide structural support and allow bone 

ingrowth within their scaffolds, and consequently they achieve good integration with the host 

recipient bone [130]. However, depending on their processing methods they can also be 

osteoinductive as well [131, 132]. Indeed, bone augmented with allograft onlays can undergo 

regeneration through both intramembranous ossification and de novo apposition, indicating their 

osteoinductivity [133]. Complications with allograft similar to autografts [4] and include graft 

fracture, lack of integration with surrounding peripheral bone, and infection [134, 135], although 

the main complication is usually soft tissue dehiscence [4]. Below we describe in details the 

main types of allografts: 

 

2.6.2.1 Fresh frozen onlays 

Frozen allografts are homografts prepared by immediate freezing to -80C° [136]. The use 

of fresh-frozen bone allograft has been accounted for about one third of the bone grafts used in 
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dentistry and orthopedics in the United States [137]. Fresh frozen allografts can achieve good 

integration and vascularization throughout the onlays [7, 138]. The use of fresh-frozen onlays 

provides an adequate treatment method for atrophied alveolar ridges [7, 138]. Nonetheless, even 

with the development of bone banks, harvesting guidelines, and screening methods, the 

antigenicity of this material is still debatable and more long-term and histological studies are 

needed to confirm their safety in bone augmentation procedures [138-140].  

 

2.6.2.2 Demineralized freeze-dried bone allografts 

Demineralization of allografts was performed to allow the BMPs to stimulate bone 

growth [141]. In vivo studies have shown that demineralized freeze-dried bone allografts have 

osteogenic potential [142, 143]. Bone formation in demineralized freeze-dried bone allografts 

appears to be age dependent, since it is higher in younger animals compared to older ones [144, 

145]. This type of allografts has been used clinically for bone augmentation; however, similar to 

fresh frozen allograft, these onlays also present some histological evidence of inflammatory 

infiltration [146].  

 

2.6.2.3Freeze-dried onlays 

Freeze-dried allografts are prepared by freezing, and then dehydrating bone allografts to 

approximately 5% of water content. Although freeze-dried forms of allografts are prone to 

microfracture and are weak after rehydration, the use of these materials has recently increased 

[147]. This is the material of interest in our clinical study, because compared to other allografts, 

freeze-dried allografts have several advantages such as longer shelf life and less antigenicity 

[148, 149]. 
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Currently freeze-dried allograft blocks or onlays are widely used in the orthopedic 

surgery, and have recently been introduced for maxillofacial surgery [4, 150]. High implant 

success rate can be achieved in bone augmented with allograft onlays[151-155]. However, the 

quality of bone augmented with these onlays, as well as the long-term success rates of 

subsequently inserted implants is not well known [4]. Therefore, the clinical performance of 

these onlays compared to autografts is still questionable. 

 

2.6.3 Xenografts 

Xenografts are grafts derived from a different species (animals). Currently, the two main 

sources of xenografts are bovine or porcine [156]. Xenografts can be either used alone or with 

other types of bone grafts [157, 158]. They are only osteoconductive; therefore, they act only as 

a scaffold allowing the ingrowth of osteoblasts [159, 160]. Xenografts present a slow resorption 

rate compared to other grafting materials that might reach up to 4 years [161, 162].  

Although these materials have reported a successful clinical performance in bone 

regeneration and sinus left procedures [163, 164], there is still a controversy in the literature 

about their osteoconductivity. This might be because of their low resorption rate that causes the 

graft material to be encapsulated by connective tissue and achieve low bone volume [165]. In 

addition to the before-mentioned limitations, there have been concerns regarding their 

histocompatibility mismatch and disease transmission between human’s native alveolar bone and 

xenografts [166, 167]. However, long-term studies are needed for further investigation regarding 

their performance and safety [165]. 
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2.6.4 Alloplastic onlays 

These are osteoconductive synthetic materials that allow bone formation by providing a 

physical framework for bone ingrowth [130, 168]. In addition, depending on the type of the 

synthetic material and its chemical composition, they can also be osteoinductive [130, 168]. 

They come in a variety of shapes, sizes, and texture, and vary greatly in their resorption 

properties [130, 168]. 

Patients prefer synthetic bone replacement materials to autologous bone grafts, because 

they can be pre-fabricated to fit the defect areas of the alveolar ridges and provide reproducible 

results. Underneath we describe the most relevant alloplastic materials:  

 

2.6.4.1 Polymers:  

A polymer is a large molecule, or macromolecule, composed of many repeated subunits, 

known as monomers. Several natural or synthetic polymers have been used in medicine and 

dentistry [169, 170]. Synthetic polymers can be used in form of scaffolds for bone and cartilage 

regeneration [169, 171, 172]. There are various types of synthetic polymers that can be either 

resorbable or non-resorbable materials.  

Resorbable polymers have been used clinically as growth factors for delivering scaffolds 

or they can be manufactured into various forms to fit deficient or fractured bones, such as poly 

(lactide-co-glycolide) (PLGA) [169, 173, 174]. PLGA is the most popular biodegradable 

polymer, because it has higher mechanical properties and adjustable degradation rates compared 

to other polymers [175-178]. However, there are many disadvantages that limit their usage in 

bone augmentation including their rapid resorption rate that affects their mechanical properties 
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[116]; therefore, they cannot be utilized for load bearing applications [179, 180]. In addition, 

they can induce foreign body reactions due to their degradation products [181, 182]. 

The clinical use of non-resorbable synthetically produced polymers started in the 1960s 

as disposable equipments, such as syringes and catheters [183]. Compared to metallic or ceramic 

materials, the advantages of non-resorbable polymers are their reasonable cost and their 

availability in a wide range of physical and mechanical properties [183]. Non-resorbable 

synthetic polymers such as polymethylmethacrylate (PMMA) can also be used as acrylic bone 

cements for implant fixation and as a filling material [183]. However, their exothermic 

polymerization reaction might damage the adjacent tissues [183]. 

 

2.6.4.2 Bioactive glasses 

Bioactive glasses are made from calcium salts, phosphate, sodium salts, and silicon. They 

are a unique graft material because they actually bind to the host bone tissue through the 

development of a surface layer of carbonated apatite [184-186]. After their exposure to body 

fluids, a double layer formed of calcium phosphate-rich and silica gel covers the bioactive glass 

materials and promotes the adsorption of proteins [187]. These proteins are utilized by 

osteoblasts to form a mineralized extracellular matrix [187]. Although these materials might 

promote osteogenesis, and rapid bone formation [188], in some clinical situations they showed 

low performance in bone healing, due to connective tissue encapsulation of the graft material 

[189, 190]. 
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2.6.4.3 Calcium Sulfate 

Generally known as Plaster of Paris, or gypsum. Calcium sulfate was firstly used for bone 

regeneration by Dreesman [191], and has been used for more than 100 years as a filling material 

for osseous defects [3, 192]. Calcium sulfates are osteoconductive materials that present good 

clinical performance in bone regeneration [193, 194], and are commercially available either 

alone or mixed with other materials. However, they have a high resorption rate, which may cause 

an imbalance between the material resorption and bone formation. In addition, they have low 

mechanical properties compared to other calcium phosphate compounds [3].  

 

2.6.4.4 Apatites 

There are many types of apatite materials that differ by their chemical and physical 

characteristics. One of the commonly used apatite in bone regeneration is hydroxyapatite 

(Ca10(PO4)6(OH)2) , which is a calcium phosphate mineral with a calcium-to-phosphorus ratio of 

10:6 [195, 196]. Hydroxyapatite is osteoconductive, but not osteogenic nor osteoinductive [195, 

196]. Synthetic apatites do not induce any foreign body response and have been successfully 

used clinically for bone augmentation [157, 197-202]. However, depending on the manufacturing 

process, apatites can be either nonresorbable [203, 204] or resorbable with a low resorption rate 

[118, 195, 196], which limits their clinical applications.  

 

2.6.4.5 Tricalcium phosphate (TCP) 

Tricalcium phosphate (Ca3(PO4)2) is a bioceramic that has a calcium to phosphorus ratio 

of 3:2 which is similar to cancellous bone [205]. TCP materials are very sensitive to heat and 

sterilization, because these processes affect their chemical structure and change their properties 
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[206]. There are three types of TCP, -TCP, -TCP, and Amorphous–TCP. They can be either 

osteoinductive or osteoconductive. Although TCP have also shown their efficacy in bone 

augmentation without inducing immunological reactions [157, 197, 198], their clinical results are 

not always predictable [207-211]. A portion of TCP converts to HA in vivo; however, it still 

resorbs faster than synthetic HA, which makes it more suitable as a scaffold for bone formation 

[212] .  

 

2.6.4.6 Brushite 

Dicalcium phosphate dihydrate (brushite) is an osteoconductive and partially resorbable 

bioceramic material that has been used as filler for bone augmentation [213]. It is highly soluble; 

however, after a period of time its resorbability slows down, and brushite starts to precipitate into 

unresorbable HA crystals [214]. Therefore, its usage is limited in onlay bone augmentation 

[215]. 

 

2.6.4.7 Monetite 

Dicalcium phosphate anhydrous (CaHPO) is a biocompatible and biodegradable 

bioceramic material that is produced by the hydrothermal conversion or dehydration of Brushite 

[216]. Although Monetite is slightly less soluble than brushite, its structure in general contains 

high microporosity; therefore, it dissolves faster compared to brushite, without transforming into 

HA crystals [214].  

This is the material of interest in our in vivo study, because it has been recently shown 

that it is an osteoconductive and osteoinductive bone graft material [8, 217]. In addition, clinical 

and in vivo studies showed that these bone grafts cab achieve high yield of bone augmentation 
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volume [9, 10, 218, 219]. Monetite can be produced as blocks using 3D-printing techniques for 

vertical bone augmentation [9, 10, 218]. 3D-printed monetite blocks have a compressive strength 

that is lower than cortical bone (22 MPa), but is similar to that of spongy bone (9.4–25.2 MPa) 

[9, 214].  
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Chapter three: Hypothesis and objectives 

==============================================================================

3.1 Hypothesis 

 The general hypothesis of this thesis is that bone substitutes can replace autografts in 

onlay bone augmentation procedure. This global hypothesis involves two implications: 

1) Bone augmented with allograft onlays can be comparable to native alveolar bone in terms 

of quality and quantity. In addition, the success rate of implants placed in bone 

augmented with allograft onlays can be comparable to the ones inserted in bone 

augmented with autograft onlays and native alveolar bone. 

2) Modifying the geometry of synthetic onlays according to the metabolic activity of the 

recipient site would enhance bone augmentation within the onlays and implant 

osseointegration.  

 

3.2 Objectives 

In order to test our hypothesis, the overall objectives of the thesis were to assess the 

capability of allografts onlays in achieving comparable results to autograft onlays, and to 

improve the osteoconductivity of the synthetic bone grafts in order to overcome their limitations. 

The specific objectives were: 

1) Histological and histomorphometric comparison between bone augmented with allograft 

onlays and native alveolar bone. 

2) And compare the clinical success rate of implants placed in bone augmented with 

allograft and autograft onlays, as well as native alveolar bone. 
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3) To assess the metabolic activity of the calvarial bone as a recipient site for monetite 

onlays in vivo. 

4) Develop new onlay designed with different morphological features according to the first 

objective and test these onlays in vivo.  

5) Histological, histomorphometric, and XRD assessment of bone augmented with the 

customized monetite onlays in vivo. 

 

This thesis includes a literature review and two manuscripts, providing a thorough clinical 

and histological assessment of the behavior of allograft onlays in alveolar bone augmentation. 

The thesis provides new insight to the metabolic activity of the calvarial bone in vivo, and the 

capability of customized monetite onlays in bone augmentation in vivo. This work was 

accomplished by the candidate between January 2012 and March 2014 under the supervision of 

Dr. Faleh Tamimi in the Faculty of Dentistry, McGill University.  
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Chapter Four: Allograft Onlays 

==============================================================================

4.1 Bone augmented with allograft onlays is comparable to native alveolar bone in 

terms of quality and implant success rate. 

 

4.2 Abstract 

Bone allograft onlays have great potential for bone augmentation of deficient alveolar 

ridges. However, the quality of bone augmented with these materials and the success rate of the 

implants placed in it have not been thoroughly assessed. This study had two objectives. Firstly, 

to analyze the quality and quantity of bone augmented with allograft onlays in comparison to 

native alveolar bone. Secondly, to assess the success rate of Ti dental implants placed in bone 

augmented with allograft onlays in comparison with autografts onlays and the host native bone.  

Two cohort studies were performed: a bone histological and histomorphometric study on 46 

patients and a clinical study on 369 patients. In the first study, 21 patients with insufficient 

alveolar bone volume received 68 allograft onlays prior to implant placement, while 25 patients 

with sufficient bone volume had their implants placed without bone grafts. Upon implant 

placement, bone samples were retrieved using trephine burs and submitted for undecalcified 

histological analysis. For the second study, 345 patients received dental implants without bone 

augmentation, 43 patients received autograft onlays and 16 patients received allograft onlays. 

Onlay and implant success rates were assessed at the end of the follow-up period.  

The histological study revealed that there were no significant differences (P=0.33) 

between the volume of the newly formed bone in the allograft onlay group (61.0±13.3%) and the 

native bone group (65.5±17.9%). The clinical study revealed that the implant success rate in the 
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control group (95.7%), autograft group (96.4%), and in the allograft group (96.8%) were similar 

to each other. The quantity and quality of bone augmented with allograft onlays is similar to the 

host native alveolar bone. Success rate of implants placed in bone augmented with allograft 

onlays are comparable to those placed in either the autograft onlays or native alveolar bone. 

4.3 Introduction 

Dental implants have become an essential treatment modality with a high success rate 

upon rehabilitation of lost dentition [31, 220]. However, inadequate bone volume to support 

dental implants can compromise the functional and esthetic outcome of the treatment [221-228]. 

A variety of surgical techniques for improving bone volume have been presented in the literature 

to facilitate implant placement [229, 230]. Among these techniques, alveolar bone augmentation 

can be used to increase the length, diameter, and number of implants that can be placed in 

deficient alveolar ridges [85, 231, 232], with a highly predictable clinical performance [92, 233].  

Autograft onlays are the most predictable and successful bone graft material used for 

alveolar bone augmentation [108, 234-236]. However, these grafts have many drawbacks, which 

might limit patient’s acceptance to these onlays in clinical practice, including their limited 

availability, high resorption rate, as well as the need for a harvesting surgery that is associated 

with bleeding, morbidity, and possible nerve injury [229, 237]. Therefore, other materials have 

been used to overcome the above limitations, such as xenograft, synthetic bone grafts, allograft, 

or a combination of more than one material [229]. Among these various bone grafts, allograft is 

highly biocompatible with lower complication rate compared to other grafting materials [151, 

152]. 

Bone allografts were introduced in the 1970s [238], but only recently they have been 
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used as onlays for alveolar augmentation [153, 239-241]. These grafts include mainly fresh-

frozen, freeze-dried, or demineralized freeze-dried bones that are all harvested from cadaveric 

sources, processed and stored with different techniques [242, 243]. Allografts are 

osteoconductive, and even osteoinductive depending on the type of material and the processing 

technique [244, 245].  

Although some studies reported immunological reactions using some types of allografts 

[246, 247], freeze-dried allografts are unlikely to induce sensitization response in the host tissue 

[248]. Freeze-dried allografts are the most commonly used grafting material for inter-body 

fusion of the cervical, thoracic, and lumbar spines [150, 249]. Among these graft cortico-

cancellous blocks was that these types of block grafts are the most frequently used [250-252], 

because they combine the properties of both the cancellous bone that allows vascular infiltration, 

and the cortical bone that provides rigid fixation and resistance to resorption [151, 152, 251, 

253]. 

Clinical studies suggested that predictable results could be obtained with implants placed 

in bone augmented with allograft onlays, achieving a success rate of 90% after at least 1 year 

follow-up [147, 254-256]. However, these studies were limited to maxilla and cancellous type of 

allografts with different treatment modalities [246]. In addition, the quality of bone augmented 

with these materials, and the success rate of implants placed in the augmented bone have not 

been thoroughly assessed.  

We hypothesize that the quality of bone augmented with allograft onlays is sufficient to 

allow high implant success rate. Therefore, the objective of this study was to analyze the quality 

and quantity of bone augmented with allograft onlays, as well as the success rate of Ti dental 

implants in it.  
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4.4 Materials and Methods 

To achieve our objective we performed two cohort studies, one to assess the quality of 

bone augmented with allograft onlays, and the second one to investigate the success rate of 

implants placed in allograft-augmented bone. 

 

4.4.1 Quality of bone augmented with allograft onlays 

4.4.1.1 Study design 

The first cohort study was performed to assess bone histological and histomorphometric 

features of bone augmented with allograft group and compare it to the native alveolar bone. 

Ethical approval from the Committee for Clinical Trials of “San Carlos” University Hospital [no. 

(P-07/151), Madrid, Spain] following the Spanish legislation for clinical research was obtained. 

All patients received an informed written consent explaining the study objectives, surgical 

techniques and possible side effects. 

Partial-edentulous patients who came seeking dental implant treatment from January, 

2009 to September, 2013 were enrolled in the first cohort study. These patients were divided into 

two groups according to the bone volume of pre-implanted sites. Patients with sufficient bone 

volume had their implants placed in native alveolar bone without any bone grafting procedure 

(control group). On the other hand, patients with insufficient alveolar bone volume (< 5mm 

vertically and/or <4 mm horizontally) [257-259] preventing the placement of a regular size 

implant received cortico-cancellous allograft onlays (Tutogen Medical GmbH, Neunkirchen am 

Brand; Germany), prior to dental implant placement.  
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Patients with severe systemic disease (American Society of Anaesthesiology III or IV) 

were excluded from the study. In addition, patients who were pregnant, or patients with diseases 

affecting bone, such as Paget’s disease, osteomalacia, vitamin D deficiency, alcoholism, 

hyperthyroidism cancer (excluding non-melanoma skin cancer), or osteoporosis as well as those 

on medications that might affect bone metabolism, such as bisphosphonates, corticosteroids or 

antiepileptic medicaments were also excluded [107].  

 

4.4.1.2 Intervention 

4.4.1.2.1 Surgical procedures 

4.4.1.2.1.1 Bone augmentation 

All patients were assessed clinically and radiographically with CT-scans and periapical 

radiographs. Patients with sufficient alveolar ridge volume went through implant placement 

directly as described underneath, and patients with insufficient alveolar bone went through a 

bone augmentation procedure before implant placement. Prior to the surgery, all patients rinsed 

their mouth with 15 ml 0.12% chlorhexidine digluconate for 1 minute, and then povidone- iodine 

10% solution was applied to the peri-oral skin. During the surgery, 4 mg of Dexamethasone was 

given to the patients intramuscularly. A full thickness flap was raised to provide a full 

visualization of the alveolar ridge. In the allograft group, the cortico-cancellous bone blocks 

were rehydrated in saline solution before fixation, allowing their temperature to decrease 

gradually (Fig 4.1.A). Bone blocks were trimmed in length and height to fit the defects under 

abundant sterile saline solution irrigation and blocks were fixed with the cancellous bone side 

facing the host bone using osteosynthesis screws (AO/ASIF 4.0 self-drilling screws; Synthes, 

Synthes GmbH&Co, Umkirch, Germany) (2 mm Ø, 12 mm length). Then, the flaps were 
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repositioned to cover the bone grafts completely, and were closed with 4–0 nylon sutures (Fig 

4.1.B). The onlays were left to heal and evaluated 6 months after placement. Patients were then 

again assessed clinically and radiographically with CT-scans and periapical radiographs. Both 

onlay bone augmentation and implant placement procedures were performed by the same 

surgeon. 

 

4.4.1.2.1.2 Implant placement 

Implants were placed following the manufacturer instructions (Fig 4.1. C&D). During 

implant installation surgery, bone samples were taken perpendicular to the superior surface of the 

alveolar bone ridge or allograft onlay, using a trephine burr (internal Ø = 2.0, and length of 10.0 

mm). Bone biopsies were then submitted for histological and histomorphometric analysis.  

 

 

Figure 4.1. Photographs showing: A) the allograft blocks prior to surgical implantation; B) 

surgical placement of allograft onlays (first surgery); C) Reopening of the onlay augmented 

surgical sites for retrievement of bone samples and implants placement (second surgery) (D). 
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4.4.1.2.2 Post-operative  

Postoperatively, Amoxicillin 750mg t.d.s was prescribed for 7 days, Ibuprofen 600mg 

t.d.s. for 4 days, and Chlorhexidine 0.20% mouth rinse t.d.s. for 10 days. Prosthetic restorations 

were delivered and patients were regularly followed-up. CT-scans and periapical radiographs 

were taken again after the final treatment. Implant failure was defined as implants that are 

characterized or associated with one or more of the followings: pain on function, mobility, 

radiographic bone loss (1/2 length of the implant), uncontrolled exudates, no longer available in 

the patient’s mouth [260]. 

 

4.4.1.3 Histological and histomorphometric procedures 

Using the undecalcified histological technique, bone samples were fixed in 10% 

formaldehyde, and then dehydrated in ascending concentrations of alcohol (70–100%).  After 

dehydration, samples were embedded in 2-hidroxyethyl-methacrylate (resin monomer) 

(Technovit; Leica Microsystems GMBH; Wetzlar, Germany), and then polymerized into 

cylindrical blocks. Longitudinal histological sections crossing the center of the polymerized 

cylindrical biopsies were taken using a micro-saw (SP1600 Leica Microsystems GmbH, Wetzlar; 

Germany), and stained with methylene blue/basic fuchsine for histological and 

histomorphometric analysis. Pictures of histological sections were taken by Zen 2012 software 

(Carl Zeiss, Oberkochen, Germany) using a Zeiss Imager.M2 colored camera (Carl Zeiss, 

Oberkochen, Germany) installed on a light microscope (Axio Imager.M2; Carl Zeiss 

Microscopy, S.L., Oberkochen; Germany). In each histological section, the percentage of newly 

formed bone was calculated by dividing the area occupied by the newly formed bone over the 

total area of the biopsy using Image J software (ImageJ 1.46r; Wayne Rasband, National 
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Institutes of Health, Maryland). In addition, Image J was also used to measure the thickness of 

cortical bone of both native alveolar bone and allograft-augmented bone.  

 

4.4.2 Success rate of implants placed in allograft-augmented bone 

A second cohort study was performed to assess the success rate of implants placed in 

bone augmented with allograft onlays and compare it to implants placed in bone augmented with 

autograft onlays, as well as native alveolar bone. The ethical approval (12-321 GEN) to conduct 

this part of the study in the private dental clinic “East Coast Oral Surgery” (Moncton, New 

Brunswick, Canada) was obtained from the Ethical Committee for Clinical Trials of McGill 

University following the legislation for clinical research in private clinics. 

Partial-edentulous patients who came seeking dental implant treatment from January, 

2009 to September, 2013 were enrolled in the second cohort study. Based on the clinical 

screening and X-ray examination, patients who needed implant placement were divided into 

three groups according to the amount of bone volume available to support implant placement. 

First group consisted of patients who had sufficient alveolar bone and went through dental 

implant treatment without bone augmentation procedure (control group). Patients with 

insufficient bone volume (< 5mm vertically and/or <4 mm horizontally [257-259]) received bone 

augmentation treatment prior to implant placement with either allograft onlays (second group) or 

autograft onlays (third group). The second and third groups were divided depending on patients’ 

preference. In the autograft group, cortico-cancellous bone blocks of adequate size according to 

defect dimensions were harvested from the either the patients’ iliac crest or chin. Allograft bone 

augmentation, implant placement, and post-operative interventions were done as described in the 

above-mentioned first cohort study.  
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4.4.3 Statistical analysis 

In the histological cohort study, the volume of living bone was compared between the 

two groups (allograft and control) using student t-test, and the statistical significance was set at P 

< 0.05 (two-sided). In addition, the patient and implant-based demographic differences between 

the implants placed in the native alveolar bone and those placed in the allograft augmented bone 

were assessed. T-test was used for normally distributed-continuous variables, Mann-Whiteny U 

test for abnormally distributed-continuous variables, and Chi2 test for binary variables (Table 

4.1).  

In the success rate assessment cohort study, Cohen’s ƒ2 test sample size indicated that a 

minimum of 543 implants was required to detect a difference of failure rate of 9.9% between the 

groups, with a power of 0.8 at an effect size (ƒ2) of 0.02, 3 predictors and a probability level of 

0.05 [261]. Relative risk with 95% confidence intervals (CIs) was performed to investigate the 

effect of the confounders on implant success in each group. Multiple logistic regression, 

generalized estimating equation (GEE), and Cox regression were adjusted for possible 

confounders, and were used to assess if there is a significant difference in implant success rate 

between the three groups. Adjusted confounders included gender, age, implant length, implant 

torque, and implant loading time (Table 4.3). Kaplan-Meier and Cox regression analyses were 

used to assess for significant differences in implant success rate between the three groups 

through the whole follow-up period. Post-hoc power calculation was done using Cohen’s ƒ2. All 

statistical analyses were performed using the software SPSS 17.0 (SPSS Inc., Chicago, IL, USA) 

and Origin 7.0 (Origin 7.0, Origin Lab Co.; Northampton; MA).  
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4.5 Results:  

4.5.1 Quality of bone augmented with allograft onlays 

4.5.1.1 Clinical outcome 

A total of 46 patients met both our inclusion and exclusion criteria, twenty-five patients 

(13 females and 12 males; 60.0±11.4 years old) with sufficient bone volume had their implants 

placed without any type of bone graft (Table 4.1), and twenty-one patients (18 females and 3 

males; 54.7±12.8 years old) with insufficient alveolar bone volume received 68 cortico-

cancellous allograft onlays (Table 4.1), prior to implant placement Clinical observations revealed 

that all allograft onlays were successfully integrated to the alveolar bone except one that was lost 

because of soft tissue dehiscence, yielding a success rate of 98.5%. Each patient received 1 to 6 

onlay blocks and 1-8 implants. A total of 79 dental implants were inserted in bone augmented 

with allograft onlays, and 31 implants were placed in the control group (Table 4.1). All implants 

remained clinically osseointegrated and stable and none was lost, reflecting a 100% success rate 

at the end of the follow-up examination. Table 4.1 demonstrates the comparison between patients 

and implants in both the allograft and native alveolar bone groups in terms of dental and 

demographic conditions. Only the gender, implant length, and cortical thickness were 

significantly different between the two groups. There were significantly more female patients in 

the autograft group than in both the native alveolar bone (P = 0.03), and implants placed in the 

allograft group were longer than those placed in both the native alveolar bone group (P=0.001). 

The cortical bone of the native alveolar bone was significantly thicker than that of the allograft-

augmented bone (P=0.01). Other factors were similar and showed no significant differences 

between the two groups. 
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Table 4.1. Comparison of patient-related and implant-related factors between the allograft and native alveolar bone 
groups for the histological and histomorphometric cohort study. 
  Allograft  Native bone  P-value  

Patients  21  25  -  
Implants  86  31  -  
Age (years)  54.7± 12.8  60.0 ± 11.4  0.14a  
Gender     

Male  3  12  0.03*b  Female  18  13  
Implant Diameter (mm) 4.04 ± 0.18  4.1 0.27c  
Implant length (mm) 10.57 ± 1.3  10.0 0.001*c  
Follow-up (months) 22.9 ± 9.8  21.9 ± 10.4  0.64a 
Bone volume (%)  61.0 ± 13.3  65.5 ± 17.9  0.33a 
Cortical bone thickness (mm) 0.45±0.1 0.8±0.7 0.01* a 

 
 
 
 
 
 
 
 
 
 
 
*Statistically significant (P<0.05). 
a Indicates that a student t-test has been used for this variable to assess the difference between the two groups. 
b Indicates that odds ratio risk analysis (CI 95%) has been used for this variable to assess the difference between the 
two groups. Odds ratio = 5.5 (CI = 1.3-23.7) 
c Indicates that Mann-Whitney non-parametric test has been used for this variable to assess the difference between 
the two groups. 
 

4.5.1.2 Histological and histomorphometric results 

Histological analysis of the bone specimens from the allograft group demonstrated a 

mixture of newly formed bone and residual bone graft in all biopsies (Fig. 4.2.). Both groups 

(control and allograft) showed similar characteristic of mature and vital bone osseous tissue. A 

clear lamellar pattern and multiple appositions of newly formed bone were noticed in both the 

allograft and control groups (Fig. 4.2. C&F). However, analysis showed that the cortical bone 

thickness was different between the two groups, the cortical bone of the native alveolar bone was 

significantly thicker than that of the allograft augmented. The residual non-vital allograft bone 

was identified by the empty osteocyte lacunae (red arrows); however, there was no evidence of 

inflammatory infiltrations within or around the specimens (Fig. 4.2. C). The vital bone was 

characterized by the presence of vital osteocytes in the bone lacunae (Fig. 4.2. C).  

Histomorphometric analysis showed that the mean average of vital bone volume was 

65.0±17.9% in the sections taken from the control group, and 61.0±13.3% in the allograft group. 
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The remaining volume of the specimens was occupied by the residual bone graft and connective 

tissue. No statistically significant differences were found between the two groups (P = 0.33).  

 

  

Figure 4.2. A) Histological section from the allograft group, original magnification x2.5. B) A 

magnified section of Figure 4.A showing newly formed bone within the allograft material, 

original magnification x10. C) A magnified section of Figure 4.B showing the lamellar pattern of 

the newly formed bone, the living osteoblasts, and the empty lacuna of the graft’s cells (red 

arrows), original magnification x20. D) Histological section from the control group, original 

magnification x2.5. E and F) Magnified sections of Figure 4.D showing the lamellar pattern of 

the original alveolar bone and the living osteoblasts, original magnification x10 and x20 

respectively.  

 

4.5.2 Success rate of implants placed in allograft-augmented bone 

Out of 578 patients screened for this study only 369 met our inclusion and exclusion 

criteria (Fig. 4.3). Three hundred and ten patients (117 male and 171 female patients) with an 

average age of 56.8±14.6 years received a total of 575 implants (Torque 35.4±10.7 Ncm) without 
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bone graft. These implants had an average length of 11.9±2.2 mm and diameter of 4.2±0.5 mm, 

and were loaded 4.8±1.5 months after placement. On the other hand, 43 patients received 

autograft onlays (7 male and 36 female patients, 48.3±12.5 years old), and 16 patients received 

allograft onlays (9 male and 7 female patients, 58.6±9 years old). 

In the group where bone was augmented with autograft onlays, 83 implants were placed 

with an average length and diameter of 11.3±2.1 mm and 4.2±0.5 mm respectively (Torque 

30.0±10.2 Ncm), and loaded after 5.5±0.9 months. In the group where bone was augmented with 

allograft onlays, 63 implants were placed with an average length and diameter of 11.4±1.4 mm 

and 4.2±0.4 mm respectively (Torque 25.1±8.7 Ncm), and loaded after 5.7±0.7 months. The 

mean follow-up periods were 33.7±26.4 months in the allograft group, 40.4±23.4 months in the 

autograft group, and 30.0±11.3 months in the native alveolar bone group, respectively. Twenty-

four implants failed in the control group (4.2%), 3 in the autograft onlays group (4.1%), and 2 in 

the allograft onlays group (3.2%) yielding a success rate of 95.8%, 96.4%, 96.8%, for each group 

respectively. The rest of the implants remained clinically osseointegrated at the end of the 

follow-up examination (30.3±26.4 months) and received prosthetic rehabilitation.  

 

 

 

57



 

 

Figure 4.3. Flow diagram of the number of participants and implants those were included in the 

second part of the study.  

 

4.5.2.1 Risk analysis 

Tables 4.2.A and B present the results of risk analysis of both implant-related and patient-

related factors on the implant success rate in each group. Risk analysis of the groups treated with 

allograft or autograft onlays could not identify any risk factor associated with higher risk of 

implant failure. In the native alveolar bone group, only smoking (P < 0.001) showed a negative 

association with implant success rate. 

Table 4.3 demonstrates the comparison between the three groups in terms of implant-

related and patient-related factors. There were significantly more female patients in the autograft 

group than in both the native alveolar bone (P = 0.001) and allograft groups (P = 0.01). Patients 

in the autograft group were younger than in both native alveolar bone (P = 0.001) and allograft 

groups (P = 0.03). Implants placed in the allograft group were longer than those placed in both 

the autograft (P = 0.01) and native alveolar bone groups (P = 0.02). Higher torque was needed to 
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place dental implants in native alveolar bone compared to autograft (P = 0.001) and allograft 

groups (P < 0.001). In addition, implants needed lower torque to be placed in the allograft group 

compared to the autograft group (P < 0.001). Implant loading was delayed significantly more in 

the allograft and autograft groups, compared to the native alveolar bone group (P < 0.001). No 

significant differences were found between the three groups in terms of smoking and alcohol 

habits, follow-up period, as well as their systemic health conditions.  

 

4.5.2.2 Implant success rate assessment 

Table 4.4 shows the results of multiple logistic regression, GEE, and Cox survival model 

analyses for comparisons between the native alveolar bone, autograft, and allograft groups in 

terms of implant success rate. After adjusting these models to the possible confounders that were 

identified in Table 4.3, no significant differences between the three groups were observed, and 

the post-hoc power analysis revealed that there is sufficient statistical power to support our 

results. Power analysis for multiple regression showed that the post-hoc power was 0.91 between 

native alveolar group and autograft group, 0.98 between native alveolar group and allograft 

group, and 0.89 between the autograft and allograft groups. In addition, the Kaplan-Meier 

algorithm (Fig. 4.4) and Cox survival analyses confirmed that the survival functions in the three 

groups are similar throughout the whole follow-up period.  
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Table 4.3. Comparison of patient-related and implant-related factors between the three groups. Raw 
numbers are in Table 4.2 A&B.  

*Statistically significant (P<0.05) 

 Native Alveolar Bone Autograft Allograft  
Factor OR (CI) OR (CI) P-value OR (CI) P-value 
Gender      

Male/ Female 1 0.28 (0.12-0.64)  0.001* 1.83 (0.66-5.04) 0.30 
 - 1 - 0.53 (0.29-12.61) 0.01* 

Age      
< 60/  60 1 0.24 (0.1-0.58) 0.001* 1.14 (0.41-3.13) 0.80 

 - 1 - 0.40 (0.39-17.56) 0.03* 
Smoking      

No/ Yes 1 0.68 (0.20-2.31) 0.78 0.60 (0.77-4.70) 1.00 
 - 1 - 0.9 (0.11-11.68) 1.00 

Alcohol      
No/ Yes 1 1.00 (0.52-1.88) 1.00 0.62 (0.22-1.76) 0.45 

 - 1 - 0.96 (0.16-5.96) 0.56 
Implant Diameter      

 4 mm/< 4 mm 1 1.24 (0.57-2.68) 0.71 2.6 (0.8-8.6) 0.13 
 - 1 - 0.47 (0.12-1.84) 0.35 

Implant Length      
 10 mm/ < 10 mm 1 0.72 (0.38-1.34) 0.30 4.4 (1.1-18.56) 0.02* 

 - 1 - 6.3 (1.4-25.1) 0.01* 
Torque      

 35 Ncm/ < 35 Ncm 1 0.43 (0.26-0.71) 0.001* 0.1 (0.05-0.20) <0.001* 
 - 1 - 0.23 (0.10-0.51) <0.001* 

Loading Time      
4 months/ >4 months 1 0.25 (0.15-0.43) <0.001* 0.14 (0.07-0.28) <0.001* 

 - 1 - 0.56 (0.24-1.30) 0.22 
Follow-up      

 12 months/ < 12 
months 1 0.63 (0.32-1.23) 0.18 0.71 (0.42-1.20) 0.22 

 - 1 - 0.76 (0.34-1.66) 0.56 
Hypertension -     

No/ Yes 1 0.64 (0.26-1.57) 0.41 1.31 (0.41-4.19) 0.75 
 - 1 - 0.49 (0.12-2.02) 0.44 

Asthma 1     
No/ Yes - 0.30 (0.04-2.3) 0.33 0.83 (0.11-6.58) 1.00 

 1 1 - 0.36 (0.02-6.08) 0.47 
Allergies or hives -     

No/ Yes 1 0.81 (0.32-2.0) 0.83 1.15 (0.32-4.16) 0.74 
 - 1 - 0.70 (0.15-3.22) 0.69 

Thyroid disease 1     
No/ Yes - 1.08 (0.31-3.81) 0.75 3.34 (0.88-12.7) 0.09 

 1 1 - 0.33 (0.06-1.81) 0.33 
Depression -     

No/ Yes 1 1.7 (0.62-4.82) 0.35 0.87 (0.11-6.92) 1.00 
 - 1 - 0.51 (0.21-18.33) 1.00 

Nervous Anxiety 1     
No/ Yes - 0.86 (0.25-2.96) 1.00 1.63 (0.35-7.57) 0.63 

 1 1 - 0.53 (0.08-3.48) 0.61 
Allergic to Medication -     

No/ Yes 1 0.73 (0.32-1.64) 0.56 1.45 (0.49-4.31) 0.55 
 - 1 - 0.50 (0.14-1.86) 0.31 

OR: Odds ratio 
CI: Confidence interval 
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Table 4.4. Comparison between the three groups in terms of adjusted odds ratio, Cox regression, and 
generalized estimating equation 
 

 Groups 

Type of Analysis Native alveolar 
bone Autograft Allograft 

AOR (CI; p-value; 
power) 1 1.40a (0.30-6.52; 0.67; 

0.91) 
1.72b (0.20-14.81; 0.62; 

0.98) 
 - 1 2.63c (0.15-46.53;0.51; 

0.89) 
Cox (CI; p-value) 1 2.49a (0.50-12.41; 0.27) 2.30b (0.28-18.95; 0.44) 

 - 1 2.84c (0.17-46.99; 0.47) 
GEE p-value 1 0.68a 0.60b 
 - - 0.43c 

a Covariets: gender, age, implant torque, implant loading time. 
b Covariets: implant length, implant torque, implant loading time. 
c Covariets: gender, age, implant length, implant torque. 
AOR: Adjusted odds ratio. 
GEE: Generalized Estimating Equation. 
CI: Confidence interval
 
 
 

 

Figure 4.4. Kaplan – Meiers charts representing the survival function (success rate 

through the follow-up period) of the three groups: native alveolar bone, autograft, and 

allograft groups. 
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4.6 Discussion  

This study confirmed our hypothesis by demonstrating for the first time that the 

vital bone augmented with allograft onlays was similar to the native alveolar bone 

regarding the histological architecture and bone volume. In addition, we were able to 

demonstrate that the success and success rates of implants placed in bone-augmented 

allograft onlays were similar to the ones placed in either bone augmented with autograft 

onlays or native alveolar bone. Underneath we discuss each of our specific finding in 

details. 

 

4.6.1 Volume and architecture of bone augmented with allograft onlays 

The histological and histomorphometric results demonstrated that bone 

augmented with allograft onlays was comparable to the native alveolar bone in terms of 

quality and quantity. Both patient and implant-related factors of the allograft and native 

alveolar bone groups were also similar in terms of age, gender, implant dimension, and 

follow-up period.  

Bone quality and quantity had been assessed both in native and allograft 

separately in different studies [147, 254-256]. However, this is the first study to perform 

a direct comparison between allograft onlays and native alveolar bone. The results of this 

study revealed that 6 months after onlay bone augmentation using cortico-cancellous 

allograft bone blocks, 61.0±13.3% of the biopsies volume was vital bone, which is almost 

similar to previous reports [256]. On the other hand, the percentage of bone volume in the 

biopsies from the native alveolar group reached 65.0±17.9%, and there were no 

significant differences between the allograft and native alveolar bone groups. These 
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histological and histomorphometrical results allow us to expect similar success rate of 

implants placed in either bone augmented with allograft onlays or native alveolar bone.  

Although histological studies showed that fresh frozen allograft could induce 

inflammatory reaction in patients [139, 140, 262, 263], in our study we did not register 

any clinical or histological signs of inflammatory reaction within freeze-dried allograft 

onlays. This is probably because these types of allografts undergo rapid resorprtion 

compared to the other types leaving behind small remains of the graft material [264, 265].  

 

4.6.2 Implant success rate 

Different factors might affect the success rate of implants placed in both native 

alveolar bone and augmented bone [266]. Among these various factors, it is believed that 

the strongest predictor of the implant success outcome especially in the augmented area is 

bone quality [266]. The histological part of this study has demonstrated that bone 

augmented with allograft onlays was similar quantitatively and qualitatively to the native 

alveolar bone. Other factors that might affect implant success rate include implant-related 

and patient-related factors [267], which have not been addressed thoroughly in the 

previous literature on onlay bone grafts.  

This is the first study that assesses the implant success rate between allograft 

onlays, autograft onlays and native alveolar bone in the same study. Our results 

demonstrated that the success rate of implants placed in bone augmented with allograft 

onlays was similar to those placed in either bone augmented with autograft onlays or 

native alveolar bone (95.8% in the native alveolar bone, 96.4% and 96.8% in bone 

augmented with autograft and allograft onlays respectively). For multiple regression, Cox 
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survival, and GEE analyses, possible confounders were adjusted to overcome the cohort 

limitation “confounding by indication” since these confounders were significantly 

different between the three groups including gender, age, implant length, implant torque, 

implant loading time. These analyses were done to assess implant success rate between 

the native alveolar bone, autograft, and allograft groups, and they all showed no 

significant differences between each other, with a high post-hoc power. 

Survival function was used to measure the success rate of implants throughout the 

follow-up period. Kaplan-Meiers algorithm analysis confirmed that the success rate of 

implants placed in bone augmented with allograft onlays was similar to the success rate 

of implants placed in bone augmented with autograft onlays and native alveolar bone 

through the whole follow-up period that reached more than 40 months. 

The findings of our study showed that the success rate of implants placed in bone 

augmented with allograft onlays can reach up to 96.8% for an average follow-up of 

33.7±26.4, which was similar to previous studies [154, 246]. Although, our findings 

might represent a lower success rate than those with shorter follow-up periods, our results 

are still within the criteria established by the National Institute of Health [268]. On the 

other hand, implant success rates in the autograft and native alveolar bone groups were 

also similar to the ones that have been previously documented in the literature [223, 269-

271].  

 

4.6.3 Smoking  

 Our results indicated that smoking had a negative effect on the success rate of 

implants placed in native alveolar bone. This was expected because it has been proven in 
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the literature that smoking affects the healing of both bone and mucosa, thus affecting the 

success rate of implants placed in both native alveolar bone and augmented bone [31, 

220, 223]. This negative association was not seen in the other groups (autograft and 

allograft), which is probably because the number of smokers were lower in these two 

groups compared to native alveolar bone group. 

 

4.6.4 Patients’ age and gender  

Risk analysis showed that patients’ age and gender had no association with 

implant success rate in native alveolar bone, autograft, or allograft groups, respectively. 

This was also seen in previous studies with implants placed in native alveolar bone [223]. 

However, our results in the clinical cohort study showed that patients treated with 

autograft onlays were predominantly females compared to patients treated with allograft 

onlays as well as those who did not require bone augmentation.   

On the other hand, patients treated with autograft onlays were mainly young 

patients (<60 years old), where as patients treated with allograft onlays as well as those 

who did not require bone augmentation were mainly older patients (>60 years old).This 

female and young age predominance in patients receiving autologous bone grafts has 

been reported previously [222]. The reason behind it is probably because females and 

younger patients can tolerate the graft harvesting procedure and the associated morbidity, 

whereas older patients might be frail and have limited availability of bone for harvesting 

[222]. Therefore, they were treated with allograft onlays instead.  
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4.6.5 Implant length  

 Our study showed that implant length was not associated with the success rate of 

implants placed in each of the three groups (native alveolar bone, autograft, and allograft 

groups). In the literature, there is a controversy about the effect of implant length on 

success rate of dental implants [272]. Studies have shown that shorter implants might be 

associated with higher risk than longer implants, and others showed that there is no 

association at all [272]. However, implant length should not be considered as a solely risk 

factor, because other factors which are related to implant length should be considered as 

well, such as the implant surface, quality of the patient’s bone, the practitioner’s surgical 

capabilities, anatomical limitations, and implant primary stability [272]. In addition, this 

study considered short implants those that had <9 mm implant length, while previous 

studies had different parameters, where they considered implants that are <8 mm or <13 

mm as short implants [272]. Therefore, further studies are needed to investigate implant’s 

length as solely risk factor for implant success rate in bone augmented with allograft 

onlays.  

On the other hand, those two cohort studies showed that implants placed in bone 

augmented with either autograft or allograft onlays were longer compared to the ones 

placed in native alveolar bone.  This was expected since onlay bone augmentation allows 

the placement of longer and wider implants in deficient alveolar ridges [85, 231, 232]. In 

addition, our analysis showed that implants placed in bone augmented with allograft 

onlays were even longer than those placed in bone augmented in autograft onlays. This is 

probably because of the vertical bone resorption that occurs in autograft onlays during the 
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first year of onlays placement [273], although further clinical studies are needed to 

investigate the difference of onlay graft resorption between autograft and allograft onlays. 

 

4.6.7 Implant loading time 

In the autograft and allograft groups, implants loading was delayed for a longer 

period of time from the time of implant placement (>4 months) compared to the native 

alveolar bone. This might be because a longer period of time is needed to allow for 

sufficient osseointegration of implants placed in bone augmented with onlay bone grafts 

[12, 274-276]. However, implant loading time had no significant effect on implant 

success rate in bone augmented with either autograft or allograft onlays. Loading time of 

implants placed in bone augmented with onlay grafts is still controversial in the literature, 

and systemic reviews showed that implants are usually loaded three months after surgical 

placement of implants in bone augmented with autograft onlays [277, 278]. In addition, 

loading time did not affect the success rate of dental implants placed in native alveolar 

bone, which is in agreement to what was reported in the previous literature [279, 280].  

 

4.6.8 Implant torque 

Implants placed in native alveolar bone required higher torque compared to 

implants placed in the augmented bone. Previous studies showed similar results, 

indicating that the cutting torque values revealed an inverse linear relation to the 

Lekholm and Zarb bone quality index [281]. Therefore, significantly lower cutting torque 

values were seen in grafted bone than in native alveolar bone [281]. Although our 

histological and histomorphometrical part of this study showed that bone augmented with 
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allograft onlays was similar to the native alveolar bone in quantity and quality, the 

thickness of the cortical bone is different between the two groups (Figure 4.3). In the 

literature, it was shown that higher torque values are needed in thicker cortical bone to 

ensure implant stability [282, 283]. Despite all that, our results showed no association 

between the torque value and implant success rate in any of the groups, which is similar 

to other previous studies that have found no differences in the success of implants placed 

at both high and low torques [282, 284].  

 

4.7 Limitations 

In order to achieve our objectives, this study included two cohort studies. Cohort 

study design has its own advantages and disadvantages; one of the limitations that cohort 

studies might be subjected to is “confounding by indication”. However, in this study we 

adjusted our statistical analysis for possible confounders to overcome these limitations, 

and the power analysis showed that we have enough power to support these data. 

Nonetheless, randomized clinical trials will be needed to confirm the above-mentioned 

results and overcome the limitations of observational studies.  

 

4.8 Conclusion 

Within the limits of our study, we can conclude that bone augmented with 

allograft onlays is comparable to the host native alveolar bone in terms of histological 

features and bone volume. For this reason, the success rate of implants placed in bone 

augmented with allograft onlays is comparable to the success rate of implants placed in 

either bone augmented with autograft onlays or even native alveolar bone. 
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Chapter Five: Synthetic Onlays. 

========================================================================

5.1 Osseointegration of Dental Implants in 3D Printed Synthetic Onlay Grafts 

Customized According to Bone Metabolic Activity in Recipient Site. 

 

5.2 Abstract 

Onlay grafts made of monolithic microporous monetite bioresorbable bioceramics 

have the capacity to conduct bone augmentation.  However, there is heterogeneity in the 

graft behaviour in vivo that seems to correlate with the host anatomy. In this study, we 

sought to investigate the metabolic activity of the regenerated bone in monolithic 

monetite onlays by using positron emission tomography–computed tomography (PET-

CT) in rats. This information was used to optimize the design of monetite onlays with 

different macroporous architecture that were then fabricated using a 3D-printing 

technique. In vivo, bone augmentation was attempted with these customized onlays in 

rabbits. PET-CT findings demonstrated that bone metabolism in the calvarial bone 

showed higher activity in the inferior and lateral areas of the onlays. Histological 

observations revealed higher bone volume (up to 47%), less heterogeneity and more 

implant osseointegration (up to 38%) in the augmented bone with the customized 

monetite onlays. Our results demonstrated that it is possible to achieve osseointegration 

of dental implants in bone augmented with 3D-printed synthetic onlays. It was also 

observed that designing the macropore geometry according to the bone metabolic activity 

was a key parameter in increasing the volume of bone augmented within monetite onlays.  
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5.3 Introduction 

Dental implants are currently the preferred treatment option for replacement of 

teeth lost due to disease, trauma, surgery or congenital problems, because they are highly 

successful and maintain the integrity of the surrounding tissues [31, 32]. Successful 

implant placement requires sufficient alveolar bone volume in order to ensure implant 

stability and osseointegration [31, 92]. In severe cases of disease or trauma, alveolar bone 

must be restored before or in combination with implant placement. Although established 

procedures are highly successful for horizontal bone, vertical bone augmentation remains 

a major challenge due to anatomical limitations and technical difficulties [92, 229].   

There are three major surgical approaches for alveolar ridge restoration: guided 

bone regeneration, bone augmentation and distraction osteogenesis [229]; however, each 

of these techniques has its own limitations when used in cases with severe alveolar bone 

loss [285]. Bone augmentation using onlay bone grafts, harvested from either intraoral or 

extraoral sites is currently the most reliable technique with the highest success rate [105, 

286]. However, the use of autografts as onlays has many drawbacks such as the high 

morbidity and blood loss at the donor site, the need for multiple surgical sites, high 

resorption rate of the graft, and limited bone availability [103, 286, 287]. Not 

surprisingly, previous studies have reported that patients prefer a bone substitute block 

over an autograft block harvested from the iliac crest [285]. 

Synthetic bone substitutes, such as calcium phosphates, are being developed to 

eliminate the need of autologous grafts and to overcome their limitations [8]. Among 

these materials, dicalcium phosphate anhydrous (monetite) is of special interest because it 
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is a resorbable, osteoconductive and osteoinductive biomaterial [8, 217]. Moreover, 

monetite onlays could be suitable for vertical bone augmentation, and can be produced in 

customized designs using 3D-printing [10, 218].  

The in vivo osteoconductivity of synthetic bone substitutes is dependent on 

several properties including morphology, chemical composition and geometry at both the 

macro- and micro-scale. Biomaterials pore size, distribution and interconnectivity can 

significantly influence the exchange of fluids and hence the delivery of ions, nutrients 

and cells within and through the bone substitute [288-293]. On the other hand, porosity 

can increase the biodegradation of the implant material by increasing the surface area in 

contact with body fluids, which may enhance the osteoinductive potential of the material 

[290], but may also mechanically weaken the material, so a fine balance must be found.  

Dental implants can be successfully placed in onlays when the newly formed bone 

occupies 30-40% of the total volume of the onlay [157]. Previously we have shown that 

monetite onlays used for vertical bone augmentation could be infiltrated by new bone in 

vivo, occupying up to 43% of the graft volume after 8 weeks implantation [9]. However, 

these onlays were still inferior to autologous grafts and featured heterogeneous bone 

growth distribution across their medial-lateral and inferior-superior axes, where higher 

bone volume was observed in the lateral and inferior areas of the onlays, which matches 

the distribution of blood vessels in the recipient site.  

Therefore, we hypothesized that the anatomy of the recipient site could influence 

the bone metabolism within monetite onlays, and therefore accordingly, modifying the 

design of the synthetic onlays using 3D-printing technique by adding geometrical 
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features that would facilitate and enhance the blood perfusion within the onlays could 

improve the bone growth in these onlays in vivo.  

Previous studies proved that PET analysis could be used as a tool to assess bone 

viability in autogenous and allogeneic bone grafts [294, 295]. Compared to other 

techniques, PET can detect early-mineralized bone formation and provide insight into the 

bone metabolic activity that occurs at specific sites of the skeleton [296, 297].  

Accordingly, the first aim of this study was to evaluate bone metabolic activity 

within monolithic monetite onlays in vivo using positron emission tomography-computed 

tomography (PET-CT). The second aim was to assess to what extent the customization of 

the onlay designed according to the anatomy and metabolic activity of the recipient site 

could affect the amount of bone formed in monetite onlays and its ability to 

osseointegrate with Ti dental implants. 

 

5.4 Materials and Methods  

5.4.1 Ethical Approval 

In vivo experiments were approved by the ethical committee for animal experiments of 

the Rey Juan Carlos University of Madrid, Spain. Experiments were performed according 

to the guidelines described by the European Community Council Directive of 24 

November 1986 (86/609/EEC), and adequate measures were taken to minimize pain and 

discomfort to the animals. 

 

5.4.2 Assessment of bone metabolic activity in onlays 

The aim of this part was to evaluate the metabolic activity within monolithic 
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monetite onlays using PET analysis.  

 

5.4.2.1 Onlays fabrication and Three Dimensional-printing (3D-printing) 

A previously described 3D-printing technique (Z-Corporation, Rock Hill, SC) was 

used to prepare dicalcium phosphate dihydrate (DCPD) onlays [214]. Briefly, a 2:1 molar 

ratio mixture of dicalcium phosphate anhydrous (CaHPO4, monetite) (Merck, Darmstadt, 

Germany) and calcium carbonate (CaCO3, calcite) (Merck, Darmstadt, Germany) was 

heated at 1400 °C for 7 h to synthesize / -tricalcium phosphate ( / -TCP). After 

quenching to room temperature, the sintered mixture was crushed using a pestle and 

mortar, and then passed through a 160 m sieve. Finally, a planetary ball mill (PM400, 

Retsch, Germany) was used for milling -TCP for 10 min. Brushite onlays were printed 

with a 3D-powder printing system (Z-Corporation, Rock Hill, S.C) using 20% of diluted 

phosphoric acid (H3PO4) and -TCP powder  (Merck, Darmstadt, Germany).  

After being printed, the samples were retrieved from the powder bed, and cleaned 

from residual unreacted -TCP powder. To increase the degree of reaction to DCPD, the 

samples were stored in 20% H3PO4 for 3 × 60 s, and the onlays were then concurrently 

dehydrated into monetite and sterilized by autoclaving (121 °C; humidity 100%; 30 min). 

The final onlays were composed of the samples was approximately 63% monetite and 

37% unreacted -TCP with a total porosity of 44% [10, 21]. Monetite monolithic blocks 

were prepared without any geometrical modifications using CAD software (Alibre design 

Xpress 10.0, Alibre Inc., Rock Hill, S.C). These blocks were cylindrical in shape (Ø 5.0 

mm, 5.0 mm thick), and had a central hole (Ø 1.0 mm) for fixation with osteosynthesis 

screws (Mozo Gar, Valladolid; Spain). 
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5.4.2.2 Surgical procedure 

Six monolithic onlays were placed on the calvarial bone of 6 female Wistar rats 

(0.2 – 0.4 kg weight). The rats were anaesthetized and the head was shaved. The 

cutaneous surface was disinfected with povidone iodine solution prior to the operation. A 

~2cm long full depth incision was made on the linea media of the calvaria and the 

periosteum was separated from the bone surface with a periosteal elevator. The 

monolithic monetite blocks were secured with osseosynthesis titanium screws. The 

incision was closed with a silk 4-o suture and the animals were left to heal for 8weeks 

before being sacrificed with an overdose of sodium pentobarbital (Dolethal;Vetoquinol, 

France). 

 

5.4.2.3 Computed tomography (CT) and Positron emission tomography (PET) 

Computed tomography (CT) and positron emission tomography (PET) scanning 

were performed after 8 weeks of healing period using PET-CT Albira Ars machine 

(Oncovision, Valencia; Spain). The live animals were anesthetized and placed in a supine 

position. Consequently, they received an injection of 18F-NaF tracer (the dose was 

15MSv per rat), and simultaneously they were introduced into the PET-CT scanning 

machine for 20 minutes. PET and CT images were taken in three sections (coronal, 

sagittal and horizontal) and processed by using the software PMOD 2.95 (PMOD 

technologies, Zurich University, Zurich; Switzerland) (Figure 5.1. a-i).  
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Figure 5.1: (a-c) CT scans of the onlays fixed with screws on the rats’ calvaria bone in 

coronal, sagittal and horizontal sections respectively. (d-f) PET images, taken in a 

coronal, sagittal and horizontal sections respectively, demonstrating the low and high (red 

arrows) regions of bone metabolic activity. (g-i) Superimposed images of PET and CT 

scans, demonstrating that the high bone metabolic activity was in the lateral region of the 

onlays (red arrows) compared to the medial region. 
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5.4.3 Customizing onlays with different designs 

5.4.3.1 Designs Fabrication 

According to the findings of PET analysis for bone metabolic activity, onlays 

were designed to allow blood flow and bone formation from areas of high metabolic rate 

to areas of low metabolic rate. Therefore, different designs were created using CAD 

software (Alibre design Xpress 10.0, Alibre Inc., Rock Hill, S.C). All designs were 

cylindrical in shape (Ø 9.0 mm, 4.0 mm thick), and had a central hole (Ø 0.5 mm) for 

fixation with osteosynthesis screws (AO/ASIF 4.0 self-drilling screws, Synthes 

GmbH&Co, Umkirch, Germany) (Figure 5.2.a-c). The onlays were then printed as 

described earlier. 

 

 

Figure 5.2: (a-c) CAD images of the onlay designs (top) compared with photographs of 

the 3D-printed monetite bioceramics (bottom): (a) Design A, monolithic without any 

surface modifications; (b) Designs B and C had a C-shaped groove either on the superior 
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surface of the onlay facing the periosteum (Design B) or on the inferior surface of the 

onlay facing the bone (Design C); (c) Design D had 8 interconnected channels (4 vertical 

and 4 horizontal) opened into all the surfaces of the onlay. All designs possessed a central 

hole to allow placement of osteosynthesis screws.  (d-h) Photographs depicting the 

surgical procedure: (d) onlay placement fixation with osteosynthesis screws; (e) Opening 

of the surgical sites after 4 weeks, (f) and removal of the osteosynthesis screws; (g) 

Implant placement in the holes left be the removed screws; (h) Suturing of the surgical 

site. (i,j) CT scan and cone beam in a lateral view of the skull showing the Ti implants 

(arrows) in the monetite onlays following placement on the rabbit calvaria respectively. 

  

5.4.3.2 Surgical Procedure 

Sixteen New Zealand rabbits (3.5–4.0 kg) were used to test the customized onlays 

in vivo. The animals were anesthetized and their heads were shaved before disinfecting 

the cutaneous surface with povidone iodine solution prior to the surgery. A full depth 

incision (~5 cm) was made on the linea media of the calvaria, and then the periosteum 

was separated from the bone using a periosteal elevator. Onlays were placed on the 

calvarial bone and fixed with osteosynthesis titanium screws. After a healing period of 8 

weeks, a second surgery was performed to expose the onlays and place the Ti dental 

implants after four weeks from the initial placement of the onlays (3.35 mm Ø, 8.5mm 

length; NobelBiocare, Kloten, Switzerland) (Figure 5.2.e-h) and then the incisions were 

closed with a silk 3-0 suture. Computed tomography (CT scan) and Cone beam images 

were taken in a lateral view of the rabbits’ skull 4 weeks after Ti-implant placement, 
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followed by sacrificing the rabbits. After that, implant samples from surgical sites were 

collected for histological analysis (Figure 5.2. i and j). 

 

5.4.3.3 Histological preparation 

Histological examinations were performed on dehydrated and resin embedded 

sections as described previously [9, 10]. Shortly, the explants were fixed in 2.5% 

glutaraldehyde solution followed by dehydration in ascending concentrations of ethanol. 

The samples were then infiltrated and embedded in resin for 24 h before final 

polymerization (Technovit, Leica Microsystems GmbH, Wetzlar, Germany). Coronal 

histological sections crossing the centre of the onlays were taken using a micro saw 

(SP1600 Leica Microsystems GmbH, Wetzlar, Germany), and the samples were stained 

with methylene blue (MB) and basic fuchsine (BF).  

Pictures of histological sections were taken by Bioquant Nova Prime software 

(BIOQUANT Image Analysis Corporation, Nashville, TN) using a ProgRes C14 digital 

camera (Jenoptik, Jena, Germany) installed on a Leica DMR light and fluorescence 

microscope (Leica DMR microscope type 020-525.024, Leica Microsystems, Wetzlar, 

Germany). Prior to analysis, the individual pictures were stitched using the software 

PTGui (New House Internet Services B.V., Rotterdam; The Netherlands) (Figure 5.3). 

 

5.4.3.4 Histomorphometrical analysis 

Images of the histological coronal sections crossing the centre of the blocks were 

used to perform the histomorphometrical analysis of the implanted area [9, 10]. For each 

histological section, the area occupied by the remaining unresorbed graft material, as well 
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as the bone growing around and within the onlays was identified and measured. These 

values were used to calculate the percentage of bone volume, and remaining material 

within the onlay, as well as the bone height and Ti implant osseointegration (Figure 5.4).  

In each image section, the augmented bone area was divided into 24 smaller 

squares (1mm x 1mm) using a 6 column x 4 row computer generated grid which was 

adjusted to cover the entire onlay in the image, and localized histomorphometrical 

analysis was performed for each square (supplementary) [9, 10]. The localized 

histomorphometrical values of each square were interpolated in order to generate a 

statistical map of the distribution of bone and remaining monetite within the onlays using 

the Renka-Kline model [298] (Origin 7.0; Origin Lab Co., Northampton, MA) (Figure 

5.5). The monetite resorption was quantified by subtracting the area of remaining 

monetite in the histological sections (after 8 weeks) from the original cross-sectional area 

of each onlay divided by the original cross-sectional area of each onlay adjusted to the 

original microporosity (44%).   

To evaluate the bone height gained within the onlays during implantation, 

histological sections crossing through the dental implants at the centre of the onlays were 

evaluated. Vertical bone height was measured by calculating the distance between the 

original calvarial surface and the maximum bone height gained in the onlays. To assess 

the maximum bone height distribution within the onlays, the augmented bone area was 

divided into 8 smaller columns (1mm x 4mm) using the same computer generated grid 

described above, and maximum bone height in each column was measured (Figure 5.8). 

The software Image J (ImageJ 1.46r; Wayne Rasband, National Institutes of Health, 

Maryland) was used to assess the percentage of bone-to-implant contact ratio. 
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Kruskal-Wallis one-way analysis was used to evaluate any significant differences 

among the four designs, and Mann-Whitney test was used to evaluate head-to-head 

differences between the designs (SPSS 19, IBM Corp.; New York; USA). The statistical 

significance was set at a value of P < 0.05. 

 

5.4.3.5 X-Ray Diffraction analysis (XRD) 

X-ray diffraction (XRD) was used to analyze the crystallographic composition of 

the implanted onlays in the polymerized blocks using the X-ray diffraction spectroscopic 

machine (D8 DISCOVER/GADDS, Bruker, Karlsruhe, Germany) with a two-

dimensional detector (50mm, HI-STAR, Bruker, Karlsruhe, Germany). XRD patterns 

were collected at 40kV and 40mA Cu K  monochromatic radiation, and from 2 = 20°-

45° scanning angle with a step size of 0.02° and a normalized count time of 1s/step. The 

International Center for Diffraction Data references were used to check for -TCP (PDF 

Ref. 09- 0348), -TCP (PDF Ref. 09-0169), monetite (PDF Ref. 09-0080), brushite (PDF 

Ref. 09-0077) and hydroxyapatite (PDF Ref. 09-0432) using a DIFFRACplus EVA 

software (AXS, Bruker, Karlsruhe, Germany) that analyzes the data obtained from each 

XRD spectrum (Figure 5.9. a and b). To demonstrate the distribution of the HA and 

monetite crystals within the onlays, multi-target scan was run to record patterns of 

different points across the onlay. This multi-target scan was used to generate interpolated 

maps of the XRD patterns by using Origin program (Origin 7.0; Origin Lab Co., 

Northampton, MA).  
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5.5. Results 

5.5.1 Bone metabolic activity 

5.5.1.1 PET-CT analysis 

None of the monolithic onlays grafted on rats calvaria were lost or showed any 

signs of inflammation. CT and PET imaging were performed 8 weeks after the grafting 

procedures, and CT images of the onlay in different sections showed that the onlays were 

well integrated to the calvarial bone (Figure 5.1. a-c). PET analyses showed that the bone 

metabolism was significantly higher in the lateral and inferior areas of the onlay 

compared to other areas (Figure 5.1. d-f). PET and CT scan were superimposed on each 

other to display the increase of bone metabolic activity that is shown in the PET images 

on the anatomical structure that could be seen in the CT images (Figure 5.1. g-i).  

These results were used to construct the second objective of the study, where 

onlays with different geometry were designed to facilitate an equal distribution of the 

bone metabolic activity across the onlay. 

 

5.5.1.2 Monetite onlays with different designs 

The geometrical modification of the onlays was aimed to increase bone formation 

and blood flow in the medial and superior areas, hence they showed low bone metabolic 

activity according to the PET-CT analysis. Therefore, four designs were fabricated: 

Design A, monolithic without any modifications as a control group (Figure 5.2.a). Design 

B included a C-shaped groove with a hill-like depth profile on the superior surface of the 

onlay facing the overlain periosteum. The length of the groove equals half the 

circumference of the cylinder’s surface, where the groove sloped inside the onlay (Figure 
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5.2.b). When implanted, the deepest part of the groove is the most inferior surface of the 

slope facing the midline suture of the calvarial bone, and the shallowest part is at the ends 

of the groove (Figure 5.2.d). 

Design C was the same as Design B, but the C-shaped groove was placed on the 

inferior surface of the onlay facing the periosteally stripped bone, where the deepest part 

of the groove would be the most superior surface of the slope (Figure 5.2.b). Designs B 

and C were fabricated to assess the influence of adding macroporosity in different regions 

of the onlay. 

Design D included 8 interconnected channels open at all the surfaces of the onlay. 

Four vertical channels open on the superior and inferior surfaces of the cylinder, and four 

horizontal channels open on the sides of the cylinder (Figure 5.2.c) to allow blood 

diffusion from the high metabolic areas (lateral and inferior) to low metabolic areas 

(medial and superior). The final phase composition of the samples was approximately 

63% monetite and 37% unreacted -TCP. All design features were discernable at the 

resolution of printing with a total microporosity of 44% and a micropore diameter of 10–

20 m [8].  

 

5.5.2 Bone augmentation with customized onlays 

5.5.2.1 Surgical observation 

During the two surgical procedures and the post-operative phase, no 

complications were noticed. Upon implant retrieval, no signs of rejection were observed 

in all the onlays and they all appeared to be integrated and vascularised. Moreover, no 

loosening of the Ti implants or onlays was observed (Figure 5.2. i and j). 
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5.5.2.2 Histological observation 

Histological observations revealed that the onlays were well integrated with the 

calvarial bone (Figure 5.3). In addition, no inflammatory cell infiltration was found 

around or within the onlays (Figure 5.3). Bone infiltration and blood vessels formation 

occurred throughout the monetite onlays of all designs (Figure 5.3), although it was more 

pronounced inside the holes of Design D and grooves of Design C (Figure 5.3.d and c). 

Abundant soft tissue formation and scarce bone infiltration was observed on the 

superior areas of the groove in Design B; however, the inferior part of the groove showed 

more bone formation in comparison to the other parts of the same groove (Figure 5.3.c). 

The Ti implants appeared to be osseointegrated with the new bone formed in the onlays, 

as it can be inferred from the close contact observed between the infiltrated bone and the 

surface of the Ti implants (Figure 5.3).  
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Figure 5.3: Histological micrograph sections taken from: Design A (a), Design B (b), 

Design C (c), and Design D (d) showing bone infiltration within the monetite onlays (‡) 

grafted on the calvarial bone in rabbits (+), and Ti dental implant (arrow). Original 

magnification x2.5. Inserts show magnified sections of images (a, b, c and d) showing the 

osseointegration interface between the newly formed bone (*) in the onlays and the Ti 

implants (arrow), and the integrated area between the calvarial bone (+) and the bone 

infiltrated in the onlays (*), original magnification x20. 

 

5.5.2.3 Histomorphometrical analysis 

5.5.2.3.1 Bone augmentation within onlays 

Histomorphometric analysis revealed that the percentage of new bone formed in 

the onlays ranged between 35.7 ± 9.8 % (Design A) to 46.9 ± 5.7 % (Design D) of the 
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total onlay area (Figure 5.4.a). Although Kruskal-Wallis test did not show any significant 

differences among the designs, Mann-Whitney test showed that there was a significant 

head-to-head difference between designs A and D (P=0.047), as well as between designs 

B and D (P=0.028) (Figure 5.4.a).  The interpolated maps of the histomorphometrical 

analysis for the distribution of augmented bone within the onlays revealed that more bone 

formed in the lateral and inferior areas of all the onlays as well as inside the holes and 

grooves, and less bone formed in the superior and medial areas (Figure 5.5, Figure 5.6, 

and Figure 5.7.a).  

In the areas close to the calvarial bone (inferiorly), designs A and C showed more 

bone formation in the lateral side compared to the medial side. However, designs B and 

D showed almost equal amount of bone infiltration in both sides (Figure 5.5, Figure 5.6, 

and Figure 5.7.a). In the superior areas close to the periosteum, all designs showed more 

bone formation in the lateral areas than the medial areas (Figure 5.5, Figure 5.6, and 

Figure 5.7.a).  

The groove in both designs B and C showed more bone formation in the inferior 

and lateral areas compared to the superior and medial ones (Figure 5.5, Figure 5.6, and 

Figure 5.7.a). In addition, Design D showed more bone formation inside the holes 

compared to the other areas (Figure 5.5, Figure 5.6, and Figure 5.7.a), and more bone 

formation was observed in the inferior areas of the holes compared to the superior areas 

(Figure 5.5, Figure 5.6, and Figure 5.7.a). 
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5.5.2.3.2 Effect of customized macroporous geometry on bone formation  

Although the heterogeneity of bone distribution was noticeable in Design A, the 

other designs showed more uniformly bone distribution along the medial-lateral and 

superior-inferior axes. In areas close to the periosteum, designs C and D showed higher 

bone formation in the lateral side compared to designs A and B (Figure 5.5, Figure 5.6, 

and Figure 5.7.a). However, all designs showed little or no bone formation in the most 

superior-medial area.  

The groove in Design C showed more bone formation and no soft tissue 

infiltration compared to Design B (Figure 5.5, Figure 5.6, and Figure 5.7.a). In addition, 

designs B and C showed high bone formation in the area around the implant compared to 

designs A and D, where Design D showed more bone formation in the sides of the onlay 

compared to the centre area (Figure 5.5, Figure 5.6, and Figure 5.7.a).  
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Figure 5.4: Graphs of the histomorphometrical analysis representing: (a) Bone volume 

percentages and (b) monetite percentage in the different onlay designs.  (c) Ti implant 

osseointegration, (d) bone height gained in the different onlay designs (*) Indicates that 

there is significant difference between the designs (P value < 0.05). 
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Figure 5.5: Coronal histological cross sections of Design A (the control design), Design 

B (the design with upper groove), Design C (the design with lower groove), and Design 

D (the design with 8 interconnected holes). The area occupied by the onlay in the 

micrograph was divided into 24 squares (1mm x 1mm) using a 6 column x 4 row grid to 

fit the onlay site for local histomorphometrical analysis. (e) Results of the local 

histomorphometrical analysis of bone volume in each square in the grid. (*) Indicates that 

there is significant difference among the designs (p value < 0.05)
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Figure 5.7: Interpolated maps of the histomorphometrical results in (Figure 5.5): (a) the 

averaged distribution of the newly formed bone in the onlays of the four designs. Red and 

orange colours show intense bone growth. Yellow and greens colours indicate moderate 

new bone formation, while blue and black indicate low bone formation in the onlays. (b) 

Distribution of the remained material within the onlays of the different designs. Red and 

orange colours show concentrated remaining material. Yellow and greens colours 

indicate moderate material, while blue and black indicate low material left in the onlays. 
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5.5.2.3.3 Bone height gained 

The average bone height gained in the monetite onlays ranged from 3.1±0.2 mm 

in Design A to 3.7±0.1 mm in Design D. The Mann-Whitney test showed that there were 

significant differences between the designs A and D (P=0.021), B and D (P=0.021), C 

and D (P=0.021) (Figure 5.4.c). All onlays gained more bone height in the lateral area 

compared to the medial area (Figure 5.8). According to the Kruskal Wallis test, there 

were no significant differences between the medial areas of the designs. However, the 

Mann-Whitney test showed that designs C and D gained significantly more bone height 

in comparison to the other designs.  

In the medial area close to the implant, a significant difference in bone height was 

found between designs D and B (P=0.021), as well as designs D and C (P=0.021) 

(supplementary). In the centre of the medial area, there were significant differences 

between designs D and A (P=0.021), designs D and B (P=0.021), designs D and C 

(P=0.043), as well as between designs A and C (P=0.021), and designs B and C 

(P=0.021) (Figure 5.8). In addition, the most medial side of the onlay showed a 

significant difference between designs A and C (P=0.043), as well as designs A and D 

(P=0.021). 
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Figure 5.8: Local histomorphometrical measurements of the coronal histological cross 

sections in (Figure 5.5), using 8 x 1 computer generated grid adjusted to divide the area 

of the onlays into 8 smaller areas (1mm x 4mm), showing the average maximum height 

of bone growth within the onlays 

 

 

5.5.2.3.4 Monetite resorption 

The percentage of remaining unresorbed monetite ranged between 43.1 ± 5.7 % 

(in Design D) and 57.7 ± 8.5 % (in Design A) of the total onlay area, with significant 

differences between designs A and D (P =0.037), as well as between designs B and D 

(P=0.037) (Figure 5.4.b). The interpolated maps of the remaining monetite distribution 

showed that a scarce amount of monetite remained in the inferior areas of all the onlays, 

and a greater amount remained in the medial and upper areas of designs A and B 

compared to designs C and D (Figure 5.7.b.). The monetite resorption in Design A 

reached 42.2 ± 8.9%, and reached 47.9 ± 6.9% and 51.0 ± 8.1% in designs B and C 

respectively, and 56.5 ± 7.4% in Design D. The monetite resorption in Design D was 
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significantly higher than in Design A, with a significant difference between Design A and 

D (P=0.047). 

  XRD pattern analysis confirmed the histological observations and demonstrated 

that the crystals of the remaining material were composed of monetite and -TCP only 

(Figure 5.9. c and d). XRD interpolated maps of Design B demonstrated that bone 

(apatite crystals) was more concentrated in the lateral and inferior regions of the onlay 

compared to the medial and superior ones where monetite crystals were more 

concentrated (Figure 5.9. a and b).  

 

Figure 5.9: Interpolated maps of the XRD phase analysis demonstrating the distribution 

of (a) apatite crystals (bone) and (b) monetite crystals across the onlays. The red and blue 

colours indicate high concentrations of material crystals, while the white colour indicates 

low concentration of both materials. (c,d) XRD patterns of the remaining material 

(apatite (bone) and monetite) within the onlay, demonstrating the materials intensity 

according to the diffraction angle 2 . 
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5.5.2.3.5 Implant osseointegration 

The surface of the Ti-implants placed in the onlays was partially osseointegrated (20.9 ± 

9.7% - 37.8 ± 9.9%). According to Kruskal Wallis test, there was no significant 

differences among the four designs; however, the Mann-Whitney test revealed that there 

was a significant difference in osseointegration between designs C and A (P=0.021) 

(Figure 5.4.d), where the highest bone to implant contact ratio was achieved in Design C 

and the lowest ratio in Design A. Onlays in Design A showed more osseointegration 

between the infiltrated bone and the lateral surface of the implant compared to the medial 

surface; however, Design B showed more osseointegration in the medial side where the 

groove was located. On the other hand, onlays from designs C and D showed almost 

equal bone to contact ratio in both sides of the implant.  

 

5.6 Discussion 

5.6.1 Bone metabolic activity 

The bone formation process was monitored by positron emission tomography–

computed tomography (PET-CT) (8 weeks) after placement of the onlays. This fused 

PET-CT method allowed the detection of the activity of mineralized bone formation in a 

3D bony architecture reconstructed by the CT scan. Bone metabolism showed a higher 

activity in the lateral and inferior regions of the onlay compared to the medial region, and 

showed no activity in the superior region in the early detection of bone formation. These 

findings were in agreement with our previous studies, where similar heterogeneous bone 

growth distribution across the onlay was noticed; however, the reason behind it was not 

clear [9]. Previous studies demonstrated that bone metabolic activity is directly related to 
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the host bone formation and blood flow [299, 300]; therefore, using PET-CT findings 

enabled us to provide an accurate picture of bone metabolic activity, bone formation and 

blood flow in monetite onlays augmented on the calvarial bone. Here we showed that the 

PET-CT can be a very useful method for surveying the viability of the newly formed 

bone in synthetic bone grafts. 

 

5.6.2 Bone augmentation with customized onlays 

5.6.2.1 Bone augmentation within onlays  

All onlay designs shared the same microporosity throughout the materials (pore 

size <20 m [300]) with a total porosity of 44% [8]. However, the different macroporosity 

(i.e. pore size >100 m [300]) of each design effected the augmented bone volume, bone 

height gained, and Ti implant osseointegration within the onlays. 

According to the literature, the minimum pore size required to regenerate 

mineralized bone is considered to be <100 m [299]. Smaller pores (75–100 m) resulted 

in the ingrowth of un-mineralized osteoid tissue, and pores of 10–44 and 44–75 m were 

penetrated only by fibrous tissue [299]. However, larger pore sizes of 300–400 m 

showed new bone and capillary formation [299]. Therefore, the 1 mm holes and grooves 

in designs D, B and C were expected to promote the growth of bone and capillaries. 

The effect of microporosity and macroporosity in synthetic blocks was already 

confirmed in the previous studies by increasing or decreasing the micro- or/and the 

macroporosity in these blocks [8, 301]. However, in this study, macroporosity was 

designed to facilitate the blood diffusion from areas with higher metabolic rate to areas 

with lower rate as mentioned earlier in the results section. Therefore, our results 
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demonstrate that introducing customized macroporous geometry can significantly 

increase the amount of new bone that is formed within synthetic onlay grafts.  The mean 

average of augmented bone volume gained ranged between 36% (Design A – no 

macropores) and 47% (Design D – most macropores) of the total onlay area.  These 

results agree with previous studies showing that adding large holes and increasing 

macroporosity leads to an improvement of bone formation in synthetic biomaterials [302, 

303]. 

Regardless of the design, bone was always more abundant in the lateral and 

inferior areas of the onlays.  This spatially dependant effect was also seen in a previous 

study in which monolithic monetite onlays were used [304] and was expected to be seen 

in the  PET analysis, indicating that the bone metabolic activity was higher in the lateral 

and inferior regions of the calvaria probably due to the anatomy of the blood vessels in 

the calvarial bone.  

On the other hand, the distribution of bone formed within the medial and superior 

areas seemed to be influenced by the onlay design. Our results indicate that the 

macroporosity seem to have influenced the bone distribution by directing the bone 

growth from high metabolic areas to the rest of the graft through the holes and grooves. 

The superior areas of the onlays showed higher bone formation in designs C and D 

compared to designs A and B. In addition, the medial side showed higher bone formation 

in designs B, C and D compared to Design A.  

Although Design D showed more overall bone formation (47%) compared to 

Design A (36%), the bone volume achieved in Design D was still lower than the one 

reported for autologous onlays (55-60%) [9]. However, the bone volume in the 
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customized monetite onlays reached over 35% of the total graft volume, which could 

certainly be considered as a successful grafting procedure [305].  

Designs B and C had a groove around the implant, on the upper surface facing the 

periosteum or the lower surface facing the calvarial bone respectively. These two designs 

were produced to assess the influence of adding macroporosity in different regions of the 

onlay as mentioned earlier in the results section. The design with a groove facing the 

calvarial bone (Design C) had higher percentage of bone formation in comparison to the 

design with the groove facing the periosteum (Design B). These results seem to indicate 

that bone regeneration might be originating from the calvarial bone but not from the 

periosteum. This is in agreement with previous studies on bone augmentation in rabbit 

calvaria [219, 306]. During bone regeneration, stem cells are produced from either the 

periosteum or the cancellous bone to assist in bone growth [307]. Although the 

periosteum plays an important role in long bone regeneration [308], previous studies have 

demonstrated that the periosteum covering the calvarial bone has a minor role in 

osteogenesis and only enhances bone formation in the areas close to it [219, 306].  

 

5.6.2.2 Bone height gained 

 The overall bone height gained was significantly higher in Design D compared to 

the other designs, which was probably due to the presence of high macroporosity in 

Design D that lead to the increase in bone formation and therefore the increase in bone 

height. In addition, increasing macroporosity significantly enhanced the distribution of 

bone height gained in the medial areas for Design D in comparison to the other designs 

(Figure 5.8).  
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In this study, customized monetite onlays were able to provide an additional bone 

height of almost 4 mm when placed on the calvarial bone (2mm). This indicates that 

augmenting a severely resorbed mandible (< 7.0 mm, Cawood type IV[82]) with these 

onlays can provide sufficient bone height for the placement of dental implants [82, 103, 

309]. Although future studies will have to be done to prove that this is possible in human 

subjects. 

 

5.6.2.3 Monetite resorption 

After 8 weeks of implantation, the percentage of the remaining monetite material 

in the onlays ranged from 43% to 57% of the total original area of the onlays. This is 

similar to previous studies in which it was shown that after in vivo implantation of the 

onlays, only 50-66% of monetite remained after a period of 8 weeks [9, 214]. 

According to the Hixon and Crowell equation, two factors affect the dissolution 

rate of a given material in vivo, the properties of the material itself such as geometry 

(porosity and surface area) and solubility, and the properties of the dissolving medium 

such as the volume and temperature [310]. Rabbits have a stable temperature and 

concentration of ions in serum, in addition to the high rate of water exchange because of 

their low body mass [219, 305]. Therefore, the resorption rate of the monetite that is 

mainly due to either passive dissolution or the cellular activity would depend mostly on 

its solubility and geometry [311]. This explains the significantly lower amount of 

remaining monetite in Design D compared to the other designs. Since this design had 

more macroporosity that increased the surface area that is in contact with the body fluids 

facilitating monetite resorption in these onlays.   
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The size of the holes and grooves in designs B, C and D were large enough for 

cells to go through and increase the monetite resorption by cellular activity. However, 

resorption of monetite in designs B (47.9%), C (51.0%) and D (56.5%) was very similar 

to Design A (42.2%). This seems to indicate that macropores allowing cellular infiltration 

had a minor effect on monetite resorption and passive diffusion was the main mechanism 

affecting the resorption of these onlays.  

The volume of macroporosity (including holes and grooves) in each design was 

0.31% in Design A, 5.86% in designs B and C, and 14.71% in Design D. Although there 

was a difference between the ratios of the macroporosity in each design, monetite 

resorption factor was almost identical among all the designs. This means that the high 

microporosity in all designs (44%) played a major role in monetite resorption, and the 

macroporosity only played a minor role. 

 XRD analysis at the end of the two surgical procedures showed that the 

crystalline pattern of the onlay consists of three materials, monetite, -TCP and apatite, 

confirming our previous observations [9]. The interpolated maps of the XRD analysis 

demonstrated that monetite was the main constituent of the medial and superior regions 

of the onlay, and poorly crystalline apatite was found in the inferior and the lateral region 

of the onlay. Both XRD and histological findings seem to agree in indicating that bone 

was present in the areas where there was no monetite. In addition, there was no evidence 

of monetite conversion to hydroxyapatite throughout the onlay.  
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5.6.2.4 Dental implant osseointegration 

In this study, we demonstrated for that bone augmented with synthetic onlays can 

osseointegrate with Ti dental implants. Four weeks after placing the Ti implants, 21-38% 

of their surface was osseointegrated with the newly formed bone within the monetite 

onlays. A previous study stated that 50% of bone to implant contact ratio is needed to 

provide a stable implant restoration [312]; however, placement of dental implants can be 

considered successful when the newly formed bone volume reaches 30-40% of the total 

graft volume [157]. Therefore, the volume of bone infiltration reached in our monetite 

onlays (36-47%) demonstrates that monetite onlays are probably suitable for a successful 

Ti dental placement, although future studies should be done to improve the bone to 

implant contact ratio in monetite onlays.  

In addition, the local bone metabolic activity and anatomy affected the bone-

implant contact ratio of each side of the dental implant, whereupon the ratio was higher in 

the lateral side of the implant in the Design A compared to the medial side. On the other 

hand, the ratio was higher in the medial side of the implant in Design B due to the 

presence of the groove in that area leading to more bone formation in the medial side and 

therefore higher osseointegration ratio was achieved. Design C and D, showed almost 

equal bone to implant contact ratios in both sides, hence the bone infiltration was 

distributed homogenously in the medial and lateral areas of these designs.  Although 

Design D had higher bone formation percentage among all the designs, Design C had the 

highest bone to implant contact ratio than all the other designs including Design D. This 

was probably because the holes in Design D directed bone formation to the sides of the 

onlays and away from the implant and had less influence over implant osseointegration, 
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while the groove in Design C was close to the implant, which facilitated the direction of 

bone growth towards the implant (Figure 5.3.c).  Therefore, increasing the complexity of 

onlay design can compensate for differences due to anatomical features. 

 

5.7 Limitations and future studies  

This study was not designed to assess the biodegradation rate of monetite onlays, 

since the complex geometry of the onlays hindered the calculation of the original onlay 

volume. Therefore, future studies are needed in order to explore the effects of geometry 

on onlay resorption. Moreover, this study did not include any mechanical tests for the 

osseointegrated implants, which should be considered in the future. Even though both the 

calvarial bone and the mandible form intramembranously, vertical bone augmentation is 

mostly relevant in the posterior atrophic mandible. Accordingly, future studies should be 

done for clinical applications in the mandible. Onlays could be designed to direct bone 

growth toward the implants in future studies, because this will increase the 

osseointegration in synthetic onlays.  

 

5.8 Conclusion 

Our results demonstrate that bone metabolic activity in onlays is anatomy-

dependant and correlated with the ability of bone augmentation. In addition, the results 

demonstrate that it is possible to achieve osseointegration of dental implants in bone 

augmented with synthetic monetite onlays. Macroporous geometry can enhance bone 

growth, bone height gained and Ti implant osseointegration within the monetite onlays. 

Onlays geometry should be designed to facilitate the diffusion of cells and nutrients from 
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high bone metabolic to low bone metabolic areas. More bone formation was found in 

onlays with increased porosity facing the calvarial surface compared to onlays with 

porosity facing the periosteum.  
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Chapter Six: Conclusion 

=================================================================

From the results of this thesis we can conclude the following: 
 

 Bone augmented with allograft onlays is comparable to the host native alveolar 
bone in terms of histological features and bone volume. 

 The success rate of implants placed in bone augmented with allograft onlays is 
comparable to the success rate of implants placed in either bone augmented with 
autograft onlays or even native alveolar bone. 

 Bone metabolic activity in onlays is anatomy-dependant and correlated with the 
ability of bone augmentation. 

 It is possible to achieve osseointegration of dental implants in bone augmented 
with synthetic monetite onlays. 

 Macroporous geometry can enhance bone growth, bone height gained and Ti 
implant osseointegration within the monetite onlays.  

 Onlays geometry should be designed to facilitate the diffusion of cells and 
nutrients from high bone metabolic to low bone metabolic areas.  

 More bone formation was found in onlays with increased porosity facing the 
calvarial surface compared to onlays with porosity facing the periosteum. 
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a b s t r a c t

Onlay grafts made of monolithic microporous monetite bioresorbable bioceramics have the capacity to
conduct bone augmentation. However, there is heterogeneity in the graft behaviour in vivo that seems to
correlate with the host anatomy. In this study, we sought to investigate the metabolic activity of the
regenerated bone in monolithic monetite onlays by using positron emission tomographyecomputed
tomography (PET-CT) in rats. This information was used to optimize the design of monetite onlays with
different macroporous architecture that were then fabricated using a 3D-printing technique. In vivo, bone
augmentation was attempted with these customized onlays in rabbits. PET-CT findings demonstrated
that bone metabolism in the calvarial bone showed higher activity in the inferior and lateral areas of the
onlays. Histological observations revealed higher bone volume (up to 47%), less heterogeneity and more
implant osseointegration (up to 38%) in the augmented bone with the customized monetite onlays. Our
results demonstrated for the first time that it is possible to achieve osseointegration of dental implants in
bone augmented with 3D-printed synthetic onlays. It was also observed that designing the macropore
geometry according to the bone metabolic activity was a key parameter in increasing the volume of bone
augmented within monetite onlays.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Dental implants are currently the preferred treatment option for
replacement of teeth lost due to disease, trauma, surgery or
congenital problems, because they are highly successful and
maintain the integrity of the surrounding tissues [1,2]. Successful
implant placement requires sufficient alveolar bone volume in or-
der to ensure implant stability and osseointegration [1,3]. In severe
cases of disease or trauma, alveolar bonemust be restored before or
in combination with implant placement. Although established
procedures are highly successful for horizontal bone, vertical bone

augmentation remains a major challenge due to anatomical limi-
tations and technical difficulties [3,4].

There are three major surgical approaches for alveolar ridge
restoration: guided bone regeneration, bone augmentation and
distraction osteogenesis [4]; however, each of these techniques has
its own limitations when used in cases with severe alveolar bone
loss [5]. Bone augmentation using onlay bone grafts, harvested
from either intraoral or extraoral sites is currently the most reliable
technique with the highest success rate [6,7]. However, the use of
autografts as onlays has many drawbacks such as the high
morbidity and blood loss at the donor site, the need for multiple
surgical sites, high resorption rate of the graft, and limited bone
availability [6,8,9]. Not surprisingly, previous studies have reported
that patients prefer a bone substitute block over an autograft block
harvested from the iliac crest [5].

Synthetic bone substitutes, such as calcium phosphates, are
being developed to eliminate the need of autologous grafts and to
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overcome their limitations [10]. Among these materials, dicalcium
phosphate anhydrous (monetite) is of special interest because it is a
resorbable, osteoconductive and osteoinductive biomaterial [10,11].
Moreover, monetite onlays could be suitable for vertical bone
augmentation, and can be produced in customized designs using
3D-printing [12,13].

The in vivo osteoconductivity of synthetic bone substitutes is
dependent on several properties including morphology, chemical
composition and geometry at both the macro- and micro-scale.
Biomaterials pore size, distribution and interconnectivity can
significantly influence the exchange of fluids and hence the de-
livery of ions, nutrients and cells within and through the bone
substitute [14e19]. On the other hand, porosity can increase the
biodegradation of the implant material by increasing the surface
area in contact with body fluids, which may enhance the osteoin-
ductive potential of the material [16], but may also mechanically
weaken the material, so a fine balance must be found.

Dental implants can be successfully placed in onlays when the
newly formed bone occupies 30e40% of the total volume of the
onlay [20]. Previously we have shown that monetite onlays used for
vertical bone augmentation could be infiltrated by new bone
in vivo, occupying up to 43% of the graft volume after 8 weeks
implantation [21]. However, these onlays were still inferior to
autologous grafts and featured heterogeneous bone growth distri-
bution across their medial-lateral and inferioresuperior axes,
where higher bone volume was observed in the lateral and inferior
areas of the onlays, which matches the distribution of blood vessels
in the recipient site.

Therefore, we hypothesized that the anatomy of the recipient
site could influence the bone metabolism within moneite onlays,
and therefore accordingly, modifying the design of the synthetic
onlays using 3D-printing technique by adding geometrical features
that would facilitate and enhance the blood perfusion within the
onlays could improve the bone growth in these onlays in vivo.

Previous studies proved that PET analysis could be used as a tool
to assess bone viability in autogenous and allogeneic bone grafts
[22,23]. Compared to other techniques, PET can detect early-
mineralized bone formation and provide insight into the bone
metabolic activity that occurs at specific sites of the skeleton
[24,25].

Accordingly, the first aim of this study was to evaluate bone
metabolic activity within monolithic monetite onlays in vivo using
positron emission tomography-computed tomography (PET-CT).
The second aim was to assess to what extent the customization of
the onlay designed according to the anatomy andmetabolic activity
of the recipient site could affect the amount of bone formed in
monetite onlays and its ability to osseointegrate with Ti dental
implants.

2. Materials and methods

2.1. Ethical approval

In vivo experiments were approved by the ethical committee for animal ex-
periments of the Rey Juan Carlos University of Madrid, Spain. Experiments were
performed according to the guidelines described by the European Community
Council Directive of 24 November 1986 (86/609/EEC), and adequate measures were
taken to minimize pain and discomfort to the animals.

2.2. Assessment of bone metabolic activity in onlays

The aim of this part was to evaluate the metabolic activity within monolithic
monetite onlays using PET analysis.

2.2.1. Onlays fabrication and three dimensional-printing (3D-printing)
A previously described 3D-printing technique (Z-Corporation, Rock Hill, SC) was

used to prepare dicalcium phosphate dihydrate (DCPD) onlays [26]. Briefly, a 2:1 M

ratio mixture of dicalcium phosphate anhydrous (CaHPO4, monetite) (Merck,
Darmstadt, Germany) and calcium carbonate (CaCO3, calcite) (Merck, Darmstadt,
Germany) was heated at 1400 �C for 7 h to synthesize a/b-tricalcium phosphate (a/

b-TCP). After quenching to room temperature, the sintered mixture was crushed
using a pestle and mortar, and then passed through a 160 mm sieve. Finally, a
planetary ball mill (PM400, Retsch, Germany) was used for milling b-TCP for 10 min.
Brushite onlays were printed with a 3D-powder printing system (Z-Corporation,
Rock Hill, S.C) using 20% of diluted phosphoric acid (H3PO4) and b-TCP powder
(Merck, Darmstadt, Germany).

After being printed, the samples were retrieved from the powder bed, and
cleaned from residual unreacted b-TCP powder. To increase the degree of reaction to
DCPD, the samples were stored in 20% H3PO4 for 3 � 60 s, and the onlays were then
concurrently dehydrated into monetite and sterilized by autoclaving (121 �C; hu-
midity 100%; 30 min). The final onlays were composed of the samples was approx-
imately 63% monetite and 37% unreacted b-TCP with a total porosity of 44% [10,21].
Monetite monolithic blocks were prepared without any geometrical modifications
using CAD software (Alibre design Xpress 10.0, Alibre Inc., Rock Hill, S.C). These
blocks were cylindrical in shape (Ø 5.0 mm, 5.0 mm thick), and had a central hole (Ø
1.0 mm) for fixation with osteosynthesis screws (Mozo Gar, Valladolid; Spain).

2.2.2. Surgical procedure
Six monolithic onlays were placed on the calvarial bone of 6 female Wistar rats

(0.2e0.4 kg weight). The rats were anaesthetized and the head was shaved. The
cutaneous surface was disinfected with povidone iodine solution prior to the
operation. A w2 cm long full depth incision was made on the linea media of the
calvaria and the periosteum was separated from the bone surface with a periosteal
elevator. The monolithic monetite blocks were secured with osseosynthesis tita-
nium screws. The incisionwas closedwith a silk 4-o suture and the animals were left
to heal for 8 weeks before being sacrificed with an overdose of sodium pentobarbital
(Dolethal; Vetoquinol, France).

2.2.3. Computed tomography (CT) and positron emission tomography (PET)
Computed tomography (CT) and positron emission tomography (PET) scanning

were performed after 8 weeks of healing period using PET-CT Albira Ars machine
(Oncovision, Valencia; Spain). The live animals were anesthetized and placed in a
supine position. Consequently, they received an injection of 18FeNaF tracer (the
dose was 15MSv per rat), and simultaneously they were introduced into the PET-CT
scanning machine for 20 min. PET and CT images were taken in three sections
(coronal, sagittal and horizontal) and processed by using the software PMOD 2.95
(PMOD technologies, Zurich University, Zurich; Switzerland) (Fig. 1aei).

2.3. Customizing onlays with different designs

2.3.1. Designs fabrication
According to the findings of PETanalysis for bonemetabolic activity, onlays were

designed to allow blood flow and bone formation from areas of high metabolic rate
to areas of low metabolic rate. Therefore, different designs were created using CAD
software (Alibre design Xpress 10.0, Alibre Inc., Rock Hill, S.C). All designs were
cylindrical in shape (Ø 9.0 mm, 4.0 mm thick), and had a central hole (Ø 0.5 mm) for
fixation with osteosynthesis screws (AO/ASIF 4.0 self-drilling screws, Synthes
GmbH&Co, Umkirch, Germany) (Fig. 2aec). The onlays were then printed as
described earlier.

2.3.2. Surgical procedure
Sixteen New Zealand rabbits (3.5e4.0 kg) were used to test the customized

onlays in vivo. The animals were anesthetized and their heads were shaved before
disinfecting the cutaneous surface with povidone iodine solution prior to the sur-
gery. A full depth incision (w5 cm) was made on the linea media of the calvaria, and
then the periosteumwas separated from the bone using a periosteal elevator. Onlays
were placed on the calvarial bone and fixed with osteosynthesis titanium screws.
After a healing period of 8 weeks, a second surgery was performed to expose the
onlays and place the Ti dental implants after four weeks from the initial placement
of the onlays (3.35 mm Ø, 8.5 mm length; NobelBiocare, Kloten, Switzerland)
(Fig. 2eeh) and then the incisions were closed with a silk 3-0 suture. Computed
tomography (CT scan) and Cone beam images were taken in a lateral view of the
rabbits’ skull 4 weeks after Ti-implant placement, followed by sacrificing the rabbits.
After that, implant samples from surgical sites were collected for histological anal-
ysis (Fig. 2i and j).

2.3.3. Histological preparation
Histological examinations were performed on dehydrated and resin embedded

sections as described previously [12,21]. Shortly, the explants were fixed in 2.5%
glutaraldehyde solution followed by dehydration in ascending concentrations of
ethanol. The samples were then infiltrated and embedded in resin for 24 h before
final polymerization (Technovit, Leica Microsystems GmbH, Wetzlar, Germany).
Coronal histological sections crossing the centre of the onlays were taken using a
micro saw (SP1600 Leica Microsystems GmbH, Wetzlar, Germany), and the samples
were stained with methylene blue (MB) and basic fuchsine (BF).

Pictures of histological sections were taken by Bioquant Nova Prime software
(BIOQUANT Image Analysis Corporation, Nashville, TN) using a ProgRes C14 digital
camera (Jenoptik, Jena, Germany) installed on a Leica DMR light and fluorescence
microscope (Leica DMR microscope type 020-525.024, Leica Microsystems, Wetzlar,
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Germany). Prior to analysis, the individual pictures were stitched using the software
PTGui (New House Internet Services B.V., Rotterdam; The Netherlands) (Fig. 3).

2.3.4. Histomorphometrical analysis
Images of the histological coronal sections crossing the centre of the blocks were

used to perform the histomorphometrical analysis of the implanted area [12,21]. For
each histological section, the area occupied by the remaining unresorbed graft
material, as well as the bone growing around and within the onlays was identified
and measured. These values were used to calculate the percentage of bone volume,
and remaining material within the onlay, as well as the bone height and Ti implant
osseointegration (Fig. 4).

In each image section, the augmented bone area was divided into 24 smaller
squares (1 mm � 1 mm) using a 6 column � 4 row computer generated grid which
was adjusted to cover the entire onlay in the image, and localized histomorpho-
metrical analysis was performed for each square (Supplementary) [12,21]. The
localized histomorphometrical values of each square were interpolated in order to
generate a statistical map of the distribution of bone and remainingmonetitewithin
the onlays using the Renka-Kline model [27] (Origin 7.0; Origin Lab Co., North-
ampton, MA) (Fig. 5). Themonetite resorptionwas quantified by subtracting the area
of remaining monetite in the histological sections (after 8 weeks) from the original
cross-sectional area of each onlay divided by the original cross-sectional area of each
onlay adjusted to the original microporosity (44%).

To evaluate the bone height gained within the onlays during implantation,
histological sections crossing through the dental implants at the centre of the onlays
were evaluated. Vertical bone height was measured by calculating the distance
between the original calvarial surface and the maximum bone height gained in the
onlays. To assess the maximum bone height distribution within the onlays, the
augmented bone areawas divided into 8 smaller columns (1 mm� 4 mm) using the
same computer generated grid described above, and maximum bone height in each
columnwasmeasured (Supplementary). The software Image J (ImageJ 1.46r; Wayne
Rasband, National Institutes of Health, Maryland) was used to assess the percentage
of bone-to-implant contact ratio.

KruskaleWallis one-way analysis was used to evaluate any significant differ-
ences among the four designs, and ManneWhitney test was used to evaluate head-
to-head differences between the designs (SPSS 19, IBM Corp.; New York; USA). The
statistical significance was set at a value of P < 0.05.

2.3.5. X-ray diffraction analysis
X-ray diffraction (XRD) was used to analyze the crystallographic composition of

the implanted onlays in the polymerized blocks using the X-ray diffraction spec-
troscopic machine (D8 DISCOVER/GADDS, Bruker, Karlsruhe, Germany) with a two-
dimensional detector (50 mm, HIeSTAR, Bruker, Karlsruhe, Germany). XRD patterns
were collected at 40 kV and 40 mA Cu Ka monochromatic radiation, and from
2q ¼ 20�e45� scanning angle with a step size of 0.02� and a normalized count time
of 1s/step. The International Centre for Diffraction Data references were used to
check for a-TCP (PDF Ref. 09e0348), b-TCP (PDF Ref. 09e0169), monetite (PDF
Ref. 09e0080), brushite (PDF Ref. 09e0077) and hydroxyapatite (PDF Ref. 09e0432)
using a DIFFRACplus EVA software (AXS, Bruker, Karlsruhe, Germany) that analyzes
the data obtained from each XRD spectrum (Fig. 6a and b). To demonstrate the
distribution of the HA andmonetite crystals within the onlays, multi-target scanwas
run to record patterns of different points across the onlay. This multi-target scanwas
used to generate interpolated maps of the XRD patterns by using Origin program
(Origin 7.0; Origin Lab Co., Northampton, MA).

3. Results

3.1. Bone metabolic activity

3.1.1. PET-CT Analysis
None of the monolithic onlays grafted on rats calvaria were lost

or showed any signs of inflammation. CT and PET imaging were
performed 8 weeks after the grafting procedures, and CT images of

Fig. 1. (aec) CT scans of the onlays fixed with screws on the rats’ calvaria bone in a coronal, sagittal and horizontal sections respectively. (def) PET images, taken in a coronal,
sagittal and horizontal sections respectively, demonstrating the low and high (red arrows) regions of bone metabolic activity. (gei) Superimposed images of PET and CT scans,
demonstrating that the high bone metabolic activity was in the lateral region of the onlays (red arrows) compared to the medial region. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

F. Tamimi et al. / Biomaterials xxx (2014) 1e10 3

Please cite this article in press as: Tamimi F, et al., Osseointegration of dental implants in 3D-printed synthetic onlay grafts customized according
to bone metabolic activity in recipient site, Biomaterials (2014), http://dx.doi.org/10.1016/j.biomaterials.2014.03.050



the onlay in different sections showed that the onlays were well
integrated to the calvarial bone (Fig. 1aec). PET analyses showed
that the bonemetabolismwas significantly higher in the lateral and
inferior areas of the onlay compared to other areas (Fig. 1def). PET
and CT scan were superimposed on each other to display the in-
crease of bonemetabolic activity that is shown in the PET images on

the anatomical structure that could be seen in the CT images
(Fig. 1gei).

These results were used to construct the second objective of the
study, where onlays with different geometry were designed to
facilitate an equal distribution of the bone metabolic activity across
the onlay.

Fig. 3. Histological micrograph sections taken from: Design A (a), Design B (b), Design C (c), and Design D (d) showing bone infiltration within the monetite onlays (z) grafted on the
calvarial bone in rabbits (þ), and Ti dental implant (arrow). Original magnification �2.5. Inserts show magnified sections of images (a, b, c and d) showing the osseointegration
interface between the newly formed bone (*) in the onlays and the Ti implants (arrow), and the integrated area between the calvarial bone (þ) and the bone infiltrated in the onlays
(*), original magnification �20.

Fig. 2. (aec) CAD images of the onlay designs (top) compared with photographs of the 3D-printed monetite bioceramics (bottom): (a) Design A, monolithic without any surface
modifications; (b) Designs B and C had a C-shaped groove either on the superior surface of the onlay facing the periosteum (Design B) or on the inferior surface of the onlay facing
the bone (Design C); (c) Design D had 8 interconnected channels (4 vertical and 4 horizontal) opened into all the surfaces of the onlay. All designs possessed a central hole to allow
placement of osteosynthesis screws. (deh) Photographs depicting the surgical procedure: (d) onlay placement fixation with osteosynthesis screws; (e) Opening of the surgical sites
after 4 weeks, (f) and removal of the osteosynthesis screws; (g) Implant placement in the holes left be the removed screws; (h) Suturing of the surgical site. (i,j) CT scan and cone
beam in a lateral view of the skull showing the Ti implants (arrows) in the monetite onlays following placement on the rabbit calvaria respectively.
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3.1.2. Monetite onlays with different designs
The geometrical modification of the onlays was aimed to in-

crease bone formation and blood flow in the medial and superior
areas, hence they showed low bone metabolic activity according to
the PET-CT analysis. Therefore, four designs were fabricated: Design
A, monolithic without any modifications as a control group
(Fig. 2a). Design B included a C-shaped groovewith a hill-like depth
profile on the superior surface of the onlay facing the overlain
periosteum. The length of the groove equals half the circumference
of the cylinder’s surface, where the groove sloped inside the onlay
(Fig. 2b). When implanted, the deepest part of the groove is the
most inferior surface of the slope facing the midline suture of the
calvarial bone, and the shallowest part is at the ends of the groove
(Fig. 2d).

Design Cwas the same as Design B, but the C-shaped groovewas
placed on the inferior surface of the onlay facing the periosteally
stripped bone, where the deepest part of the groove would be the
most superior surface of the slope (Fig. 2b). Designs B and C were
fabricated to assess the influence of adding macroporosity in
different regions of the onlay.

Design D included 8 interconnected channels open at all the
surfaces of the onlay. Four vertical channels open on the superior
and inferior surfaces of the cylinder, and four horizontal channels
open on the sides of the cylinder (Fig. 2c) to allow blood diffusion
from the high metabolic areas (lateral and inferior) to low meta-
bolic areas (medial and superior). The final phase composition of
the samples was approximately 63%monetite and 37% unreacted b-
TCP. All design features were discernable at the resolution of
printing with a total microporosity of 44% and a micropore diam-
eter of 10e20 mm [10].

3.2. Bone augmentation with customized onlays

3.2.1. Surgical observation
During the two surgical procedures and the post-operative

phase, no complications were noticed. Upon implant retrieval, no

signs of rejection were observed in all the onlays and they all
appeared to be integrated and vascularized. Moreover, no loosening
of the Ti implants or onlays was observed (Fig. 2i and j).

3.2.2. Histological observation
Histological observations revealed that the onlays were well

integrated with the calvarial bone (Fig. 3). In addition, no inflam-
matory cell infiltration was found around or within the onlays
(Fig. 3). Bone infiltration and blood vessels formation occurred
throughout the monetite onlays of all designs (Fig. 3), although it
was more pronounced inside the holes of Design D and grooves of
Design C (Fig. 3c and d).

Abundant soft tissue formation and scarce bone infiltration was
observed on the superior areas of the groove in Design B; however,
the inferior part of the groove showed more bone formation in
comparison to the other parts of the same groove (Fig. 3c). The Ti
implants appeared to be osseointegrated with the new bone
formed in the onlays, as it can be inferred from the close contact
observed between the infiltrated bone and the surface of the Ti
implants (Fig. 3).

3.2.3. Histomorphometrical analysis

3.2.3.1. Bone augmentation within onlays. Histomorphometric
analysis revealed that the percentage of new bone formed in the
onlays ranged between 35.7 � 9.8% (Design A) to 46.9 � 5.7%
(Design D) of the total onlay area (Fig. 4a). Although KruskaleWallis
test did not show any significant differences among the designs,
ManneWhitney test showed that there was a significant head-to-
head difference between designs A and D (P ¼ 0.047), as well as
between designs B and D (P ¼ 0.028) (Fig. 4a). The interpolated
maps of the histomorphometrical analysis for the distribution of
augmented bone within the onlays revealed that more bone
formed in the lateral and inferior areas of all the onlays as well as
inside the holes and grooves, and less bone formed in the superior
and medial areas (Fig. 5a and Supplementary).

Fig. 4. Graphs of the histomorphometrical analysis representing: (a) Bone volume percentages and (b) monetite percentage in the different onlay designs. (c) Ti implant
osseointegration, (d) bone height gained in the different onlay designs (*) Indicates that there is significant difference between the designs (P value < 0.05).
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In the areas close to the calvarial bone (inferiorly), designs A and
C showed more bone formation in the lateral side compared to the
medial side. However, designs B and D showed almost equal
amount of bone infiltration in both sides (Fig. 5a and
Supplementary). In the superior areas close to the periosteum, all
designs showed more bone formation in the lateral areas than the
medial areas (Fig. 5a and Supplementary).

The groove in both designs B and C showed more bone forma-
tion in the inferior and lateral areas compared to the superior and
medial ones (Fig. 5a and Supplementary). In addition, Design D
showed more bone formation inside the holes compared to the
other areas (Fig. 5a and Supplementary), and more bone formation
was observed in the inferior areas of the holes compared to the
superior areas (Fig. 5a and Supplementary).

3.2.3.2. Effect of customized macroporous geometry on bone forma-
tion. Although the heterogeneity of bone distribution was notice-
able in Design A, the other designs showed more uniformly bone
distribution along the medial-lateral and superioreinferior axes. In

areas close to the periosteum, designs C and D showed higher bone
formation in the lateral side compared to designs A and B (Fig. 5a
and Supplementary). However, all designs showed little or no bone
formation in the most superior-medial area.

The groove in Design C showed more bone formation and no
soft tissue infiltration compared to Design B (Fig. 5a and
Supplementary). In addition, designs B and C showed high bone
formation in the area around the implant compared to designs A
and D, where Design D showedmore bone formation in the sides of
the onlay compared to the centre area (Fig. 5a and Supplementary).

3.2.3.3. Bone height gained. The average bone height gained in the
monetite onlays ranged from 3.1 � 0.2 mm in Design A to
3.7 � 0.1 mm in Design D. The ManneWhitney test showed that
there were significant differences between the designs A and D
(P ¼ 0.021), B and D (P ¼ 0.021), C and D (P ¼ 0.021) (Fig. 4c). All
onlays gained more bone height in the lateral area compared to the
medial area (Supplementary). According to the Kruskal Wallis test,
there were no significant differences between the medial areas of

Fig. 5. Interpolated maps of the histomorphometrical results in (Fig. 1 Supplementary): (a) the averaged distribution of the newly formed bone in the onlays of the four designs. Red
and orange colours show intense bone growth. Yellow and greens colours indicate moderate new bone formation, while blue and black indicate low bone formation in the onlays.
(b) Distribution of the remained material within the onlays of the different designs. Red and orange colours show concentrated remaining material. Yellow and greens colours
indicate moderate material, while blue and black indicate low material left in the onlays. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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the designs. However, the ManneWhitney test showed that de-
signs C and D gained significantly more bone height in comparison
to the other designs.

In themedial area close to the implant, a significant difference in
bone height was found between designs D and B (P¼ 0.021), as well
as designs D and C (P¼ 0.021) (Supplementary). In the centre of the
medial area, there were significant differences between designs D
and A (P ¼ 0.021), designs D and B (P ¼ 0.021), designs D and C
(P ¼ 0.043), as well as between designs A and C (P ¼ 0.021), and
designs B and C (P ¼ 0.021) (Supplementary). In addition, the most
medial side of the onlay showed a significant difference between
designs A and C (P ¼ 0.043), as well as designs A and D (P ¼ 0.021).

3.2.3.4. Monetite resorption. The percentage of remaining unre-
sorbed monetite ranged between 43.1 � 5.7% (in Design D) and
57.7 � 8.5% (in Design A) of the total onlay area, with significant
differences between designs A and D (P ¼ 0.037), as well as be-
tween designs B and D (P ¼ 0.037) (Fig. 4b). The interpolated maps
of the remaining monetite distribution showed that a scarce
amount of monetite remained in the inferior areas of all the onlays,
and a greater amount remained in the medial and upper areas of
designs A and B compared to designs C and D (Fig. 5b. and
Supplementary). The monetite resorption in Design A reached
42.2 � 8.9%, and reached 47.9 � 6.9% and 51.0 � 8.1% in designs B
and C respectively, and 56.5 � 7.4% in Design D. The monetite
resorption in Design D was significantly higher than in Design A,
with a significant difference between Design A and D (P ¼ 0.047).

XRD pattern analysis confirmed the histological observations
and demonstrated that the crystals of the remaining material were
composed of monetite and b-TCP only (Fig. 6c and d). XRD inter-
polated maps of Design B demonstrated that bone (apatite crystals)

was more concentrated in the lateral and inferior regions of the
onlay compared to the medial and superior ones where monetite
crystals were more concentrated (Fig. 6a and b).

3.2.3.5. Implant osseointegration. The surface of the Ti-implants
placed in the onlays was partially osseointegrated (20.9 � 9.7% e

37.8 � 9.9%). According to Kruskal Wallis test, there was no sig-
nificant differences among the four designs; however, the Manne
Whitney test revealed that there was a significant difference in
osseointegration between designs C and A (P ¼ 0.021) (Fig. 4d),
where the highest bone to implant contact ratio was achieved in
Design C and the lowest ratio in Design A. Onlays in Design A
showed more osseointegration between the infiltrated bone and
the lateral surface of the implant compared to the medial surface;
however, Design B showed more osseointegration in the medial
side where the groove was located. On the other hand, onlays from
designs C and D showed almost equal bone to contact ratio in both
sides of the implant.

4. Discussion

4.1. Bone metabolic activity

The bone formation process was monitored by positron
emission tomographyecomputed tomography (PET-CT) (8 weeks)
after placement of the onlays. This fused PET-CT method allowed
the detection of the activity of mineralized bone formation in a 3D
bony architecture reconstructed by the CT scan. Bone metabolism
showed a higher activity in the lateral and inferior regions of the
onlay compared to the medial region, and showed no activity in
the superior region in the early detection of bone formation.

Fig. 6. Interpolated maps of the XRD phase analysis demonstrating the distribution of (a) apatite crystals (bone) and (b) monetite crystals across the onlays. The red and blue
colours indicate high concentrations of material crystals, while the white colour indicates low concentration of both materials. (c,d) XRD patterns of the remaining material (apatite
(bone) and monetite) within the onlay, demonstrating the materials intensity according to the diffraction angle 2q. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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These findings were in agreement with our previous studies,
where similar heterogeneous bone growth distribution across the
onlay was noticed; however, the reason behind it was not clear
[21]. Previous studies demonstrated that bone metabolic activity
is directly related to the host bone formation and blood flow
[28,29]; therefore, using PET-CT findings enabled us to provide an
accurate picture of bone metabolic activity, bone formation and
blood flow in monetite onlays augmented on the calvarial bone.
Here we showed that the PET-CT can be a very useful method for
surveying the viability of the newly formed bone in synthetic
bone grafts.

4.2. Bone augmentation with customized onlays

4.2.1. Bone augmentation within onlays
All onlay designs shared the samemicroporosity throughout the

materials (pore size <20 mm [29]) with a total porosity of 44% [10].
However, the different macroporosity (i.e. pore size >100 mm [29])
of each design effected the augmented bone volume, bone height
gained, and Ti implant osseointegration within the onlays.

According to the literature, the minimum pore size required to
regenerate mineralized bone is considered to be <100 mm [28].
Smaller pores (75e100 mm) resulted in the ingrowth of un-
mineralized osteoid tissue, and pores of 10e44 and 44e75 mm
were penetrated only by fibrous tissue [28]. However, larger pore
sizes of 300e400 mm showed new bone and capillary formation
[28]. Therefore, the 1 mm holes and grooves in designs D, B and C
were expected to promote the growth of bone and capillaries.

The effect of microporosity and macroporosity in synthetic
blocks was already confirmed in the previous studies by increasing
or decreasing the micro- or/and the macroporosity in these blocks
[10,30]. However, in this study, macroporosity was designed to
facilitate the blood diffusion from areas with higher metabolic rate
to areas with lower rate as mentioned earlier in the results section.
Therefore, our results demonstrate that introducing customized
macroporous geometry can significantly increase the amount of
new bone that is formed within synthetic onlay grafts. The mean
average of augmented bone volume gained ranged between 36%
(Design A e no macropores) and 47% (Design D e most macro-
pores) of the total onlay area. These results agree with previous
studies showing that adding large holes and increasing macro-
porosity leads to an improvement of bone formation in synthetic
biomaterials [31,32].

Regardless of the design, bonewas always more abundant in the
lateral and inferior areas of the onlays. This spatially dependant
effect was also seen in a previous study in which monolithic
monetite onlays were used [33] and was expected to be seen in the
PET analysis, indicating that the bone metabolic activity was higher
in the lateral and inferior regions of the calvaria probably due to the
anatomy of the blood vessels in the calvarial bone.

On the other hand, the distribution of bone formed within the
medial and superior areas seemed to be influenced by the onlay
design. Our results indicate that the macroporosity seem to have
influenced the bone distribution by directing the bone growth from
high metabolic areas to the rest of the graft through the holes and
grooves. The superior areas of the onlays showed higher bone
formation in designs C and D compared to designs A and B. In
addition, the medial side showed higher bone formation in designs
B, C and D compared to Design A.

Although Design D showed more overall bone formation (47%)
compared to Design A (36%), the bone volume achieved in Design D
was still lower than the one reported for autologous onlays (55e
60%) [21]. However, the bone volume in the customized monetite
onlays reached over 35% of the total graft volume, which could
certainly be considered as a successful grafting procedure [34].

Designs B and C had a groove around the implant, on the upper
surface facing the periosteum or the lower surface facing the cal-
varial bone respectively. These two designs were produced to
assess the influence of adding macroporosity in different regions of
the onlay as mentioned earlier in the results section. The design
with a groove facing the calvarial bone (Design C) had higher per-
centage of bone formation in comparison to the design with the
groove facing the periosteum (Design B). These results seem to
indicate that bone regeneration might be originating from the
calvarial bone but not from the periosteum. This is in agreement
with previous studies on bone augmentation in rabbit calvaria
[35,36]. During bone regeneration, stem cells are produced from
either the periosteum or the cancellous bone to assist in bone
growth [37]. Although the periosteum plays an important role in
long bone regeneration [38], previous studies have demonstrated
that the periosteum covering the calvarial bone has a minor role in
osteogenesis and only enhances bone formation in the areas close
to it [35,36].

4.2.2. Bone height gained
The overall bone height gained was significantly higher in

Design D compared to the other designs, which was probably due
to the presence of high macroporosity in Design D that lead to the
increase in bone formation and therefore the increase in bone
height. In addition, increasing macroporosity significantly
enhanced the distribution of bone height gained in the medial
areas for Design D in comparison to the other designs
(Supplementary).

In this study, customized monetite onlays were able to provide
an additional bone height of almost 4 mm when placed on the
calvarial bone (2 mm). This indicates that augmenting a severely
resorbed mandible (<7.0 mm, Cawood type IV [39]) with these
onlays can provide sufficient bone height for the placement of
dental implants [9,39,40]. Although future studies will have to be
done to prove that this is possible in human subjects.

4.2.3. Monetite resorption
After 8 weeks of implantation, the percentage of the remaining

monetite material in the onlays ranged from 43% to 57% of the total
original area of the onlays. This is similar to previous studies in
which it was shown that after in vivo implantation of the onlays,
only 50e66% of moentite remained after a period of 8 weeks
[21,26].

According to the Hixon and Crowell equation, two factors affect
the dissolution rate of a given material in vivo, the properties of the
material itself such as geometry (porosity and surface area) and
solubility, and the properties of the dissolving medium such as the
volume and temperature [41]. Rabbits have a stable temperature
and concentration of ions in serum, in addition to the high rate of
water exchange because of their low body mass [34,36]. Therefore,
the resorption rate of the monetite that is mainly due to either
passive dissolution or the cellular activity would depend mostly on
its solubility and geometry [42]. This explains the significantly
lower amount of remaining monetite in Design D compared to the
other designs. Since this design had more macroporosity that
increased the surface area that is in contact with the body fluids
facilitating monetite resorption in these onlays.

The size of the holes and grooves in designs B, C and D were
large enough for cells to go through and increase the monetite
resorption by cellular activity. However, resorption of monetite in
designs B (47.9%), C (51.0%) and D (56.5%) was very similar to Design
A (42.2%). This seems to indicate that macrospores allowing cellular
infiltration had a minor effect on monetite resorption and passive
diffusionwas themainmechanism affecting the resorption of these
onlays.
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The volume of macroporosity (including holes and grooves) in
each design was 0.31% in Design A, 5.86% in designs B and C, and
14.71% in Design D. Although there was a difference between the
ratios of the macroporosity in each design, monetite resorption
factor was almost identical among all the designs. This means that
the high microporosity in all designs (44%) played a major role in
moentite resorption, and the macroporosity only played a minor
role.

XRD analysis at the end of the two surgical procedures showed
that the crystalline pattern of the onlay consists of three materials,
monetite, b-TCP and apatite, confirming our previous observations
[21]. The interpolated maps of the XRD analysis demonstrated that
monetite was the main constituent of the medial and superior re-
gions of the onlay, and poorly crystalline apatite was found in the
inferior and the lateral region of the onlay. Both XRD and histo-
logical findings seem to agree in indicating that bonewas present in
the areas where there was no monetite. In addition, there was no
evidence of monetite conversion to hydroxyapatite throughout the
onlay.

4.2.4. Dental implant osseointegration
In this study, we demonstrated for that bone augmented with

synthetic onlays can osseointegrate with Ti dental implants. Four
weeks after placing the Ti implants, 21e38% of their surface was
osseointegrated with the newly formed bone within the monetite
onlays.

A previous study stated that 50% of bone to implant contact ratio
is needed to provide a stable implant restoration [43]; however,
placement of dental implants can be considered successful when
the newly formed bone volume reaches 30e40% of the total graft
volume [20]. Therefore, the volume of bone infiltration reached in
our monetite onlays (36e47%) demonstrates that monetite onlays
are probably suitable for a successful Ti dental placement, although
future studies should be done to improve the bone to implant
contact ratio in monetite onlays.

In addition, the local bone metabolic activity and anatomy
affected the bone-implant contact ratio of each side of the dental
implant, whereupon the ratio was higher in the lateral side of the
implant in the Design A compared to the medial side. On the other
hand, the ratio was higher in the medial side of the implant in
Design B due to the presence of the groove in that area leading to
more bone formation in the medial side and therefore higher
osseointegration ratio was achieved. Design C and D, showed
almost equal bone to implant contact ratios in both sides, hence the
bone infiltration was distributed homogenously in the medial and
lateral areas of these designs. Although Design D had higher bone
formation percentage among all the designs, Design C had the
highest bone to implant contact ratio than all the other designs
including Design D. This was probably because the holes in Design
D directed bone formation to the sides of the onlays and away from
the implant and had less influence over implant osseointegration,
while the groove in Design C was close to the implant, which
facilitated the direction of bone growth towards the implant
(Fig. 3c). Therefore, increasing the complexity of onlay design can
compensate for differences due to anatomical features.

5. Limitations and future studies

This study was not designed to assess the biodegradation rate of
monetite onlays, since the complex geometry of the onlays hin-
dered the calculation of the original onlay volume. Therefore, future
studies are needed in order to explore the effects of geometry on
onlay resorption. Moreover, this study did not include any me-
chanical tests for the osseointegrated implants, which should be
considered in the future. Even though both the calvarial bone and

the mandible form intramembranously, vertical bone augmenta-
tion is mostly relevant in the posterior atrophic mandible.
Accordingly, future studies should be done for clinical applications
in the mandible. Onlays could be designed to direct bone growth
toward the implants in future studies, because this will increase the
osseointegration in synthetic onlays.

6. Conclusion

Our results demonstrate that bonemetabolic activity in onlays is
anatomy-dependant and correlated with the ability of bone
augmentation. In addition, the results demonstrate that it is possible
to achieve osseointegration of dental implants in bone augmented
with synthetic monetite onlays. Macroporuos geometry can
enhance bone growth, bone height gained and Ti implant osseoin-
tegration within the monetite onlays. Onlays geometry should be
designed to facilitate the diffusion of cells and nutrients from high
bone metabolic to low bone metabolic areas. More bone formation
was found in onlays with increased porosity facing the calvarial
surface compared to onlays with porosity facing the periosteum.
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