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1. Introduction 

1.1 Bone grafting 

In order to understand the goals and procedures of the current Ph.D thesis, it is important 

to first define the term bone grafting and why it is done. Bone grafting can be carried out 

with different techniques and different materials, which will be explained in the following 

chapter. Further, the features of the distinct bone grafting materials will be explained in 

detail. This gives rise to the understanding why we preferred a certain bone graft material 

in our research. 

1.1.1 Goals  

Bone grafting and bone reconstruction is a surgical procedure with the goal of replacing 

missing or resected bone material. This can be indicated when a patient suffered severe 

trauma to the bone, after resection of bone material, in patients with tumors, bone defects 

stemming from developmental disorders, or after the loss of teeth, due to severe 

periodontitis for example or due to the physiological atrophy of unloaded bone [1,2]. The 

goal of bone reconstruction is to completely restore the lost bone material which would 

not heal properly unassistedly for functional and aesthetic reasons. Bone augmentation 

uses transplanted bone and bone substitute materials to repair and restore diseased or 

damaged bone. This can be done almost everywhere in the body [3,4] 

When bone is damaged due to an accident, trauma, a tumor or an infection, the natural 

healing process begins. As long as the damage to the bone is not too large, it can heal and 

restore itself naturally. The bone cells have the capacity to completely repair the damaged 

bone. On the other hand, when large portions of bone are lost due to trauma or large parts 

of the bone have been damaged by an infection or a tumor, the bone cannot restore itself 

naturally. Complete healing and restoration of the bone is, thus, not possible. In such 

cases bone grafting and bone reconstruction might be medically indicated [1-3].  

Especially in the fields of maxillofacial and oral surgery the bone grafting techniques and 

materials have been improved significantly during the past years and decades. The reason 
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for this progress in research and development is the necessity of sufficient bone when it 

comes to dental implantation. Surgical procedures like osteoplastic operations, often 

combined with bone transplants or bone substitute materials, are used where the pristine 

bone of the patient has been damaged and needs to be restored, so that the bone cells 

inside the bone graft can seal themselves to the native bone of the patient [1]. For bone 

grafting, there are several possibilities, types and techniques. This will be discussed in 

the following chapters. 

1.1.2 Bone graft materials  

To date, several types of bone graft materials have been researched, developed and used. 

Hereby, the bone graft materials can be differentiated according to their origins [1,2]:  

 

• Autologous  

• Allogenic 

• Xenogenic  

• Synthetic  

 

The materials mentioned above have different osteoinductive, osteogenic and 

osteoconductive properties [1,5,6]. The optimal bone graft material possesses osteogenic, 

osteoinductive as well as osteoconductive properties [3,7,8].  

The different properties of the bone graft materials are listed in the table below: 

 

 

Table 1. Properties of different bone graft materials. (Source: Baldwin 2019 [3]) 

  

Bone graft material Properties  

Autologous Osteogenic, osteoconductive, osteoinductive  

Allogenic Osteoconductive, in some cases also 

osteoinductive   
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Xenogenic Osteoconductive  

Synthetic Osteoconductive  

 

For a successful reconstruction of a hard tissue defect also the biomechanical stability of 

the grafting material is of great importance. Furthermore, there should be optimal 

conditions for neovascularisation and osteogenesis. Another important aspect, which 

affects the success of bone grafting is re-vascularisation [3,13]. This is a crucial factor for 

the vitality, function and regeneration of reconstructed bone [3,7,13-15]. Furthermore, 

the knowledge and skills of the surgeon are of great importance as well as the selection 

of material and the choice of the operation technique [3,7]. 

Autologous bone grafts have been considered as the gold standard to date because these 

materials provide in certain circumstances osteogenesis as well as neovascularisation 

[3,7,8]. Nevertheless, several risks with autologous bone grafts have been described [7-

9]. Advantages of autologous bone grafts are histocompatibility and possess of osteogenic 

properties. Further, there is no risk of a possible transmission of diseases [10]. 

Problematics and challenges, which are associated with autologous bone grafting can be 

the need for general anesthesia, the limited supply, the increased magnitude of surgery, 

increased time for the operational procedure as well as the amount of blood loss for the 

patient and bone resorption as an unexpected event [9-10]. To date, the greatest concern 

with autologous bone grafting is the donor site morbidity [9-11]. This can include major 

complications like infections, the need for re-operation, chronic pain, wound drainage 

and sensory loss [9-11]. Other minor complications with autologous bone grafting can 

include wound healing problems, pain at the donor- and/or acceptor site and minor wound 

infections [11]. It has been shown previously that the degree of morbidity of autologous 

bone grafts strongly depend on the harvesting site [9-11]. The morbidity of using the iliac 

crest as the harvesting site has been well documented so far [9-12].  Complications 

include fractures, bleedings, acute and chronic pain as well as possible neural injuries. 

The risk of morbidities depends on the extent of harvesting and appears to be lower if a 

smaller piece of bone is transplanted [9-11].  

The following figure shows a fractured tibia after harvesting of bone material from it:  
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Figure 1. Fractured tibia as complication after harvesting autologous bone material. 

(Source: own work) 

 

Another complication, shown in the figure below, is necrosis of the soft tissue after 

harvesting bone material for autologous bone graft from the iliac crest:  

 

 

Figure 2. Necrosis of the soft tissue at the iliac crest. (Source: own work)  
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While autologous bone graft materials originate from the same species and the same 

individual, allogenic transplants are derived from the same species but not the same 

individual [3,7,16]. So, this means for humans that the patients themselves receive the 

bone graft from another individual. Allogenic hard tissue grafts have gained popularity 

in the field of dental bone grafting, due the limited amount of donor tissue and to the 

possible complications, which can arise during or after harvesting [16,17]. The bone 

material for allogenic bone grafts is harvested during orthopaedic hip prosthesis surgery. 

The resected femur head is then cleaned and prepared for donation after having obtained 

written consent of the patient. In contrast to autologous bone material, pure allogenic 

bone is not capable of growing new bone by itself. Allogenic bone transplants are used 

as framework and the osseous tissue, which proliferates into the allogenic transplant 

derives from the patient’s natural bone, which grows around the graft [16].  

Nevertheless, allogenic bone graft materials possess several advantages over autologous 

bone [18]:  

 

1) No risk of donor site morbidity and related complications  

2) No second surgical site  

3) Less patient discomfort  

4) Reduced surgery time  

5) Unlimited supply 

 

The challenge with allogenic bone is, that it lacks osteoinductive properties. This can be 

overcome by adding growth factors like platelet-rich plasma (PRP) or gain platelet-rich 

fibrin (PRF) for example [18,66].   

The difference between allogenic and xenogenic material is, that the allogenic bone grafts 

derive from the same donor species as the receiver, while the xenogenic material stems 

from a different species. Xenogenic bone graft materials are clinically widely used. The 

allogenic material is derived from another human being if the recipient is a human, while 

the xenogenic bone graft is mostly of bovine or porcine origin. It is also possible to gain 

xenogenic transplants from corals or plants.  

By further chemical and thermic procession of xenogenic bone material, ceramic bone 

materials can be produced. The basis for these materials is mostly hydroxyapatite, which 

DOI:10.14753/SE.2023.2933



6 

 

represents also a large part of the natural bone material. Dependent on the temperature of 

the sintering procedure further materials like tricalciumphosphates can be yielded. 

Ceramic materials are mostly used as hydroxyapatite, tricalciumphosphates or mixtures 

of both. Tricalciumphosphates are quicker resorbed than hydroxyapatites. The latter are 

more stable to resorption. Nowadays, those xenogenic materials can also be produced full 

synthetically. The advantage of alloplastic materials is good biocompatibility and 

elasticity, low costs, good availability and easy storage [3]. But it is important to mention 

that if the bone graft differs significantly from the natural human bone in consistence, 

structure and porosity, it loses its biological value. Thus, a full synthetic hydroxyapatite 

possesses a lower biological value for bone reconstruction than allogenic bone material 

[3].  

Which bone graft material fits best of a certain patient, is determined by the extent of the 

bone defect as well as the damage of the surrounding soft tissue. Another important 

determining factor is the current health-state of the patient as well as the surgical method 

which is chosen. In order to make the correct decision, a precise diagnostic is required 

[3,20,21]. To date, the autologous bone graft is still often recommended as the first choice 

[3,20,21]. This is because the risk for a rejection reaction is the lowest with autologous 

bone graft material. Furthermore, autologous material has osteoinductive as well as 

osteoconductive features, as shown in table 1 [3,19-21]. 

But to date, the possibilities of treating bone defects with autologous bone graft materials 

are still limited [3]. Furthermore, for the patients, autologous bone grafting requires 

additional surgery, to harvest the bone graft material and this may be dangerous for the 

health of certain patients. The additional surgery may also pose a further health risk for 

some patients. The surgical procedure which is required to harvest the autologous bone 

can bear complications and it is important to precisely consider the advantages and the 

risks for an additional surgery [3]. The most common complications associated with the 

surgery harvesting the autologous bone are damages to the nerves in that particular area, 

risk of post-operative infections, risk of fracturs in the bone, where the autologous 

material was harvested from and risk of bleedings. It has to be also mentioned that the 

amount of autologous bone graft material which can be harvested, is limited.  

Furthermore, in children and adolescents as well as in patients with severe injuries, 

alloplastic or allogenic bone grafting are performed for the reason mentioned above 
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[3,20,22]. Even though autologous bone materials are still the gold standard, new laws 

for purification and storage of allogenic bone material in Germany, have significantly 

minimized the risk of contamination. If the osteoinductive features of the allogenic 

material can be improved once by adding growth factors, this would make allogenic bone 

material to a promising alternative to autologous bone grafts.  However, to date, treatment 

of complex bone defects, especially in the aesthetic areas, remains a challenge 

[3,7,23,24]. 

1.1.3 Medical indications 

In the body, there is a continuous cycle of bone tissue formation and resorption. These 

processes are carried out by osteoblasts, osteoclasts and osteocytes, regulated by a number 

of signal transduction pathways. Under certain circumstances this cycle is defective or 

the bone has been damaged to an extent that it cannot heal naturally to its healthy form 

[3,25,26]. In such cases bone grafting is required in order to help the bone heal back into 

its original form. Several types of bone grafting materials exist which were described in 

chapter 1.1.2. Bone graft surgery is indicated when there is too little bone substance in a 

certain bone area of the human skeleton, so that the damaged bone cannot naturally heal 

into its original form. This can be due to [3,25,26]:  

• Tumors  

• Trauma (accidents for example)  

• Periodontitis and other infections  

• After a surgical procedure, for example tumor resection 

• Bone defects due to malformations  

• Insufficient bone material due to bone atrophy  

 

Thus, a bone graft is medically indicated when an extended amount of bone material has 

been lost, so that it is impossible that the bone heals naturally into its healthy state.  
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In such cases, bone grafts are medically indicated to potentiate the bone healing process 

[3,20]. Even though autologous bone grafts have high osteoinductive potential and no 

risk of immunogenic reaction as well as minimal risk of disease transmission, they have 

restrictions in availability and donor site morbidity [3,18,25,26]. Allogenic bone material 

is available in sufficient amounts in order to treat even large and severe bone defects [18].  

The most frequent indication for dental bone grafting is due to tooth extraction [27]. In 

Germany, about 10 million tooth extractions are performed per year [27]. The most 

common medical indications of tooth extraction are [27]:  

• Caries  

• Periodontitis  

• Orthodontic treatments  

• Injuries and traumas  

 

After tooth loss or tooth extraction it is crucial to maintain the affected bone [27,28]. 

When it is not worth to keep a certain tooth or several teeth anymore, due to severe caries, 

periodontitis, other damage or aesthetic reasons, they will be extracted and the patient 

receives a prosthesis for the missing tooth or the missing teeth. For the patients, not only 

dental health, but also the aesthetic aspects play an important role [29]. Enosseal implants 

are crucial for the replacement of teeth and the fixation of the prostheses. Therefore, bone 

material sufficient in quantity and quality is the key to successful implantation. This is 

why, after tooth loss or tooth extraction it is crucial to maintain or reconstruct the affected 

bone [27,28]. 

Hereby, the horizontal- and vertical dimensions of the affected bone and the surrounding 

soft tissue are of great importance. Further, an efficient integration of the bone graft and 

the choice of the right material is hereby crucial [29]. The goal of every single bone 

grafting is to achieve 100% formation of intact bone tissue, which will surround the 

implants [30]. 
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1.2 Bone growth, repair and remodeling 

In order to understand the principles and effects of the different bone materials, it is 

important to first comprehend the basics about bone growth, remodeling and repair. Thus, 

this chapter aims to explain the fundamentals of growth and healing of natural bone. 

1.2.1 Bone cells 

The bone has remarkable regenerative properties because it is a highly dynamic organ. 

Important for the maintenance of bone homeostasis are viable bone cells: Osteoblasts, 

osteoclasts and osteocytes. Another crucial factor is perfusion and therefore, adequate 

vascularity. Growth factors are also required for bone growth and maintenance. When 

one or more of these mechanisms are inadequate, bone healing cannot occur properly. 

Thus, surgeons have to enable their patients to heal and regrow bone.  

In the figure below the bone remodeling cycle is shown:  

 

 

 

 

Figure 3. The bone remodeling cycle. (Source: Hill 1998 [67])  

 

 

A fundamental aspect of bone growth, regrowth and remodeling is its dynamic nature 

[32]. There is a delicate balance between formation and resorption of bone material, 
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between the action of osteoblasts, osteoclasts and osteocytes. In fact, the bone material of 

the human skeleton is being replaced in its entire life. Every ten years the bone material 

of the skeleton is resorbed and renewed [31,32].  

Bone consists of minerals and organic material. About 65% of bone substance is 

hydroxyapatite, in crystalline form, the remaining 35% is organic material. The latter is 

mainly composed of primarily Type-I-Collagen and non-collagenous proteins like 

osteopontin, osteocalcin and osteonectin. Those proteins form bonds between the 

collagen fibrils and play important roles in facilitating bone mineralization. Thus, the 

bone gets stability and strength through mineralization but also some flexibility by the 

collagen and the other organic material [33,34].  

Several cell types can be found in bone tissue, responsible for bone maintenance during 

the whole life span of a human being. Bone cells develop from two distinct lineages: The 

osteogenic and the monocyte-macrophage lineage [34]. There are four types of bone cells, 

which are responsible for bone growth, renewal, resorption and remodeling: Osteoblasts, 

osteoclasts, stemcells and osteocytes, shown in the figure below:  

 

 

 

 

Figure 4. The four types of bone cells. (Source: Ansari 2019 [38]) 
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On the bottom left in the figure above the osteocytes are shown: Those are matured 

osteoblasts and are derived from mesenchymal stem cells. About 95% of all bone cells 

are osteocytes. The main role of the osteoblasts is the deposition of the osteoid matrix of 

the bone material [33]. During maturation the osteoblast becomes fused with the bone 

matrix material and matures in to an osteocyte [33,34]. Osteocytes are large cells with 

multiple nuclei which stem from the fusion of multiple monocytes [33].  

The mesenchymal stem cells, shown in the figure above (bottom, second from right) are 

cells which possess multiple potencies. They can differentiate into several different cell 

types. The stem cells play a crucial role in skeleton development during childhood and 

adolescence. In adult people the stem cells are found as in the periosteum, the bone 

marrow and the endosteum [34]. Upon stimulating signal for osteogenesis by distinct 

growth factors, the stem cells start their proliferation into osteoprogenitor cells. The 

osteoprogenitor cells stem from the osteochondral lineage, mentioned above, and are only 

able to differentiate into cells of the chondrogenic or osteogenic pathways. 

Osteoprogenitor cells are regulated by growth factors which stimulate the differentiation 

of osteoprogenitors into osteoblasts and eventually into osteocytes [33,34].  

The osteoblasts, shown in figure 2, bottom, second on the left, provide the formation of 

the bone matrix and the production of bone material. They also play the key role in 

renewing bone tissue, modelling and re-modelling of the bone [33,34]. Osteoblasts 

possess a rough endoplasmatic reticulum and large Golgi apparatuses. The osteoblasts 

control, besides bone growth, modelling, remodeling and renewal also the bone 

mineralization processes [34].  

Osteoblasts and osteocytes play a crucial role in the signal transduction pathways during 

bone growth and remodeling. Both cell types secret signal proteins: Receptor activator of 

nuclear factor kappa-β ligand (RANKL) and osteoprotegerin (OPG). The signal protein 

RANKL gives the signal for the maturation of osteoblasts and stimulates the resorption 

of bone material by osteoclasts [33]. The signal transduction protein OPG represents the 

antagonist of RANKL. It binds and sequesters RANKL, so that it cannot bind to the 

receptors on osteoclasts anymore. Another signal glycol-protein, Sclerostin, which stems 

from mature osteocytes seem to play an important role in regulation of bone mass [35].  

Sclerostin is secreted when mechanical loading or an inflammation occurs. Inflammatory 

signals, such as prostaglandin or hormones such as estrogen, gonadotropin releasing 
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hormone or parathyroid hormone, stimulate the secretion of Sclerostin. The latter 

functions as negative regulator of bone mass and downregulates the activity of osteoblasts 

[36]. Thus, Sclerostin may play a crucial role in osteoporosis and its related bone 

fractures. Sclerostin may also play a role in insufficient osseointegration of implants [35].  

Finally, the osteoclasts, shown in figure 2, bottom left, are derived from the vascular 

channels of the bone, from mononuclear precursor cells. Osteoclasts are large cells which 

possess multiple nuclei. The key role of osteoclasts is to remove and resorb bone material. 

During the bone remodeling process osteoclasts can be found in temporary cavities on 

the bone surface. Those cavities are called Howship´s lacunae. Bone lining cells which 

retract from their usual location on the surface of the bone initiate the activity of the 

osteoclasts. The latter then attach to the bone matrix and start to break down bone 

material. The ions and minerals which result from bone breakdown are released by the 

osteoclasts into the extracellular matrix, hereby homeostasis can be maintained [33,34]. 

Osteoclasts, even though playing the key role in bone resorption, do not secrete signal 

proteins or ligands. They merely react to stimuli from the signal transduction pathways 

[35]. 

1.2.2 Bone growth 

The formation of new bone material and the growth of the bones occur during 

development from embryo to adult. The adaption of bone mass and remodeling occurs 

during the whole life span of an individual, depending on mechanical loadings (in sports 

for example or work). Hereby the geometry of the bone adapts to the specific loadings. 

The formation of new bone mass can take place through two different pathways: 

Intramembranous ossification or endochondral ossification. During bone grown, both 

pathways have in common that initially, organic material, osteoid or cartilage are 

deposited in the newly growing bone. By time, mineralization occurs in order to produce 

the stable bone matrix [34].  

Endochondral ossification occurs in new bone formation in the embryo. It is initiated by 

the mesenchymal stem cells (see figure 3). The stems cells differentiate into 

chondroblasts and chondrocytes, while the latter secret growth factors, initiating mineral 

deposition and promoting vascularization. Furthermore, the growth-factors activate and 
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recruit osteoblasts. The endochondral ossification takes place during childhood and 

adolescence [34].  

Another pathway of bone formation and growth during development is the 

intramembranous pathway, which leads to the formation and growth of non-long bones. 

The stem cells within an embryo proliferate and aggregate. This aggregate becomes 

surrounded by a membrane. The stem cells then proliferate into osteoprogenitor cells and 

then, into osteoblasts. The osteoblasts begin to secret an extracellular matrix material in 

which they eventually become embedded. There, they differentiate into osteocytes, 

forming the bone matrix [34]. 

1.2.3 Bone repair and remodeling  

Bone repair, renewal and remodeling occurs during the whole life span of an individual, 

from birth into late adulthood. Bone remodeling means that old bone tissue is broken 

down and replaced by new, fresh bone material. Thus, it involves bone decomposition by 

osteoclasts and the production of new bone material by osteoblasts. Bone break-down 

and renewal are regulated by several hormones and growth factors such as parathyroid 

hormone, Estrogen, calcitonin RANKL, Sclerostin or OPG [33,34]. The purpose of bone 

remodeling is the adaption to mechanical load or other stressors. The bone therefore 

becomes thicker, more stable and more resistant to potential damages [34].  

 

In the case, when damage to the bone occurred, due to an injury for example, bone repair 

mechanisms take place. Bone repair takes place in three different phases [33,37]:  

 

1) The inflammatory phase  

2) The proliferative phase  

3) The remodeling phase  

 

The regulation of the inflammatory phase is exhibited by several inflammatory mediators 

and growth factors such as insulin-like growth factor-1 (IGF-1), transforming growth 

factor-β (TGF- β) platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), 

vascular endothelial growth factor (VEGF), interleukins and bone morphogenic proteins 
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(BMPs). The secretion of these growth factors leads to the recruitment and proliferation 

of mesenchymal stem cells (figure 2) at the place of injury and aid their proliferation and 

differentiation into osteoblasts (figure 2). This leads to the formation of a primitive callus 

[33].  

In this callus the proliferative phase begins. A periosteal response occurs which leads to 

ossification of the callus. Thereby, lamellar bone is created then during the repair and 

remodeling phase by mineralization. The mineralized callus is converted into bone 

material, the bone heals to its natural shape and size and re-gains its stability [37]. 

When a bone is damaged, blood vessels can be torn. This leads to the formation of a 

hematoma. The blood clotting process starts and affected bone cells diminish, which do 

not receive enough blood because of vascular damage. Days after the damage, new blood 

capillaries grow into the place of the hematoma and immune cells remove the dead bone 

cells by phagocytosis. This builds the basics for the formation of new bone. The 

production of new bone materials starts as soon as coagulated blood which was formed 

by inflammation is substituted by fibrous tissue and soft callus [38]. The callus is replaced 

by new stable bone material; thus, the soft callus turns into hard callus. The osteoblasts 

form now new hard bone material by mineralization of the callus and the fractured bone 

returns to its normal form and stability. This process can take up to a couple of months. 

Once, the bone material is restoring, weight bearing induces the complete bone healing, 

as shown in the following figure:  
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Figure 5. Bone repair and restorage. (Source: Ansari 2019 [38]) 
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1.3 Current state of research and development in bone grafting 

As the basics of bone growth, remodeling and repair have been explained in the previous 

chapter, the current chapter focusses on the latest research and development in bone 

grafting. Currently, if complete bone healing and restoration cannot occur naturally in a 

patient, bone grafting is an accepted treatment [38]. The preferred bone graft materials 

are either xenografts, allografts or autografts. In modern dentistry, bone grafting 

represents a standard procedure with dental implants.  

Studies have shown that up to 50 % of dental implant placements are associated with 

procedures which aim to improve the status and health of the bone, like bone grafting 

[58-60]. In our private practice we counted 7587 patients who needed implantation 

between 2012 and 2022. In 3392 (44,7 %) of them, also bone grafting was medically 

indicated, whereby 4195 (55,3 %) implants could be inserted without bone grafting.  

To date, treating complex and severe bone defects of the alveolar bone remains a 

demanding topic for dentists. There is a double challenge for the dentist: Not only the 

functional aspect has to be considered, but also the aesthetic one. Restoration of the 

alveolar bone in the aesthetic zone requires both. With autologous bone graft material this 

topic remains still a great challenge or is not even possible due to the drawbacks and 

limitation of the autologous bone grafting procedure which have been described in the 

previous chapters. Thus, the clinicians options to treat such complex alveolar bone defects 

are still limited [23,45,46].  

For alveolar ridge reconstruction and -preservation autologous bone is still seen as the 

gold standard because it possesses osteoinductive, osteoconductive as well as osteogenic 

properties [3,7,8]. The autologous bone is harvested from either intra- or extraoral parts 

of the body [40].  

Nevertheless, autologous bone grafts bear disadvantages, limitations and drawbacks (see 

chapter 1.1.2) like donor site morbidity, increased operation time, increased costs and 

complications as well as unpredictable resorption [17,23].  

Allogenic bone grafting represents a suitable alternative to autologous bone. In Germany 

the material is mostly obtained from living human donors. This bypasses the problems of 

donor site morbidity and the limited amount of bone material available in autologous 

bone grafts. Allogenic bone is available as micellized and cancellous chips, demineralized 
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bone matrix, corticocancellous- or cortical graft materials. Furthermore, osteochondral 

and whole bone segments and blocks are available [4]. Allogenic bone may have various 

biological characteristics, some of the bone materials possess reduced osteoinductive 

properties. There are no cellular components. 

Allogenic bone grafts have recently become more popular in modern dentistry, when it 

comes to the indication of alveolar ridge preservation [41,42]. Allogenic bone graft 

materials are often discussed as possible and suitable alternatives to autologous bone. 

Despite the finding of organic tissue remains in allogenic bone graft materials, studies 

could not find any clinical consequences of the utilization of allogenic bone graft 

materials, examined by validated purification methods and techniques [41,42].   

The goal of the review study of Nkenke & Stelze (2009) [49] was to analyze the state of 

the literature concerning autologous- and allogenic bone grafting. The authors researched 

the literature that was available on the possible advantages and disadvantages of 

autologous bone graftings over bone substitutes in sinus floor augmentation in edentulous 

or partially dentate patients. Main outcomes were patient morbidity, sinusitis, implant 

survival, costs, risk of infections and transmission of diseases as well as graft loss. The 

literature analysis of the authors was limited to titanium implants with modified surfaces 

placed in sites with 6 mm of residual bone height and a lateral wall approach to the sinus. 

The literature research was focused only on human studies with sinus floor augmentation.  

Nkenke & Stelzer (2009) reviewed 21 publications, which matched their inclusion 

criteria. The highest level of evidence was found in prospective cohort studies. They 

found out that the type of bone graft material was not associated with success of the 

procedure. Nor were the complications and the duration of implant survival associated 

with the type of bone graft material used. Furthermore, the authors detected three studies 

showing that autologous bone grafts were associated with donor site morbidities. They 

found no significant effect of the bone graft material on the overall clinical outcome. This 

means that allogenic bone grafts seem non-inferior to autologous bone graft materials. 

Thus, Nkenke & Stelzer (2009) concluded that there may be no specific reasons to prefer 

autologous bone graft materials over other types of materials [49].  

Allografts can be categorized into fresh frozen bone (FFBA), freeze-dried bone (FDBA) 

and demineralized bone (DFDBA) [39,55]. Especially freeze-dried bone allografts 

(FDBA) have been found to be well tolerated in previous studies [43, 44]. Low block 
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graft failure rates as well as minimal resorption and high survival rates of the implant 

could be showed with the FDBA [43,44,47]. Therefore, allogenic bone substitutes 

represent a valuable alternative to the autologous ones [49]. Studies have shown new 

solutions from the field of regenerative medicine in alveolar crest osteoplasty and bone 

grafting in general [43-49,58,60]. Research with allogenic bone grafting, adding growth 

factors like bone morphogenic protein 2 (BMP2) or platelet rich plasma (PRP) has been 

going on for the recent years [47-49]. Despite intense research in alternatives to 

autologous bone grafts, especially in the aesthetic areas, not much change has been going 

on in the treatment protocols [48], even though the idea of allogenic bone grafting with 

the addition of growth factors is not completely new. Further, allogenic bone graft 

materials are often used after the failure of the autologous bone graft [50].  

Altogether, the application of allogenic bone blocks is becoming a popular alternative 

method to conventional augmentation procedures known to date.  

A significant advantage of allogenic bone blocks over autologous bone material is the 

possibility of CAD/CAM technology. The allogenic bone blocks can be designed and 

fitted for each patient individually. The bone blocks are patient customized and are 

suitable for complex alveolar ridge augmentation. But still, there is limited research and 

limited literature on alveolar bone grafting with patient customized allogenic bone blocks. 

Thus, the current work aims to introduce its use in Guided Bone Regeneration for severely 

deficient bones. Additionally, a newly developed remote incision technique is presented. 

This technique is meant to avoid wound dehiscence. Established histological and histo-

morphometrical analyses of the tissue reactions and the integration pattern of the material 

are included to show its remodeling capacities. Furthermore, the current work aims to 

introduce volume rendering programs which can monitor the healing procedure after bone 

block grafting and are also able to measure the changes in volume of the bone during the 

healing process. A follow-up examination after the healing process was carried out.  

1.4 Guided bone regeneration using customized allogenic bone blocks  

The functional- and aesthetic advantages of computer-aided- and design-computer-aided 

manufactured (CAD/CAM) allogenic bone graft blocks lies in the precise fit of complex 

bone defects [48,51]. The space between the residual bone and the bone graft can be 
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reduced to a minimum by CAD/CAM. Thus, the physical contact between the residual 

bone and the graft material can be enhanced. This leads to easier revascularization and 

integration at the recipient site [53]. The direct contact with adjacent bone tissue allows 

a fast nutrition of the bone. Studies have shown that the application of the CAD/CAM 

allogenic bone blocks may reduce surgery time significantly. This is because the allogenic 

bone block does not have to be shaped anymore [48, 51-53, 59]. Previous studies could 

show that this significantly reduced time for surgery resulted in low complication rates. 

Risk of infection of the recipient site, which represents a major complication of allografts, 

could also be reduced with CAD/CAM [48,53,54].  

 

The objective of one our previous studies was to introduce CAD/CAM customized bone 

blocks for guided bone regeneration in patients with severely deficient maxillary bones 

[51]. It was one of our case reports in order to introduce guided bone regeneration with 

the help of CAD/CAM customized allogenic bone blocks in severe deficient bones. 

Furthermore, we introduced a newly developed remote incision technique. This new 

incision design was designed like a ”semi-pillar” [51]. Therefore, we did not perform the 

incision over the alveolar ridge, but 20 mm horizontally in the flexible mucosa. This was 

accompanied by a lateral relief incision. A mucoperiosteal flap was elevated from the 

maxillary bone. This left the mucosa still covering the defect intact. 

With this new flap design the incision can be relocated into the vestibulum. This leads, 

therefore, to the preservation of the intact keratinized mucosa on the alveolar ridge. The 

wound area is not in the region of maximal tension, instead, we could achieve tension-

free wound closure. The wound healing is taking place in an area with maximal perfusion, 

thus, visible scars can be avoided which represents a crucial aesthetic aspect for many of 

our patients [52].   

By utilizing a remote ’semi-pillar incision’ technique we achieve a complete tension-free 

primary closure. This is because of the inability to obtain tension-free closure of the 

advanced flap can encourage incision line opening and membrane exposure. Those are 

common complications following augmentations with cancellous block allografts [54]. 

We describe the following advantages of this new technique:  

 

1) Keratinized mucosa on the alveolar ridge as well as the papillae stay intact  
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2) Rarely visible scars from the surgery are left  

3) The incision is positioned far away from the graft  

 

This technique was also designed and developed in order to avoid wound dehiscence.  

We could show optimal integration of the allogenic bone blocks after six months. We 

observed new, vital bone which had been formed. We could demonstrate in this case 

study that CAD/CAM allogenic bone blocks are eligible for treatment of complex and 

severe bone defects in the maxillary aesthetic zone [51].  

Another previous case study of our research group demonstrated the successful treatment 

of a bilaterally severely resorbed posterior mandible by CAD/CAM-customized allogenic 

bone blocks [52]. We could show a significant shorter operation time compared to 

conventional methods and however, infection rates were also reduced to a great extent. 

Manual adjustment of the bone block is, thus, not necessary, as the bone graft is already 

shaped and designed by computer, for fitting precisely into the morphology of the defect. 

We could show that the customized fitting and the minimization of the space between the 

residual bone and the graft could support revascularization and leads to fast integration 

of the graft into the residual bone. We could conclude from our study [52] that the usage 

of customized allogenic bone blocks may represent a promising and successful treatment 

approach also for the augmentation of severely resorbed mandibles. The wound closure 

occurs tension-free and membrane exposures can be avoided [52].  

 

Thus, the utilization of allogenic bone blocks as possible alternative to autologous bone 

has shown promising results so far in alveolar ridge reconstruction and even in severely 

deficient bone in the aesthetic zone [51,52]. Nevertheless, long-term studies are still 

lacking and literature which covers that topic is still rare, especially concerning long-term 

experiences with the allogenic bone blocks. Especially long-term data for the use of 

allogenic bone blocks in mandible reconstructions need to be further researched [52]. 

 

In one of our recent studies, a method for the assessment of volumetric changes of the 

bone block during the healing period was introduced [61]. Goal of that study was to 

present a method, which allows the assessment of the volumetric changes of the allogenic 
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bone blocks. We investigated the practicability of this method by analyzing the resorption 

of the allogenic bone block for reconstruction of a severe and complex maxillary defect. 

Therefore, we recorded cone-beam computed tomography (CBCT) scans of a nineteen 

year old male patient who was treated with allogenic bone block. We recorded CBCT-

scans before and post-operation. Furthermore, a CBCT-scan was taken six months after 

healing. To assess graft shrinking, we used two image matching tools (coDiagnostiX® 

and Slicer). Further, we harvested a biopsy specimen along the implant canal at the 

timepoint of the implantation. Our findings showed that the bone defect could be 

successfully restored. We found advanced graft remodeling. Histo-morphometric and 

histologic analysis confirmed that graft remodeling had been taken place. We could find 

initial volumes of the graft of 0,373 ml (coDiagnostiX) and 0,370 ml (Slicer), 

respectively. We found a graft resorption of 0,011 ml, which corresponds to 3 % and 

0,016 ml (4,33 %) after six months of healing [61]. 

However, before graft materials can be considered as save and effective, we must 

understand their clinical performance. Hereby, resorption stability is a crucial aspect. Our 

case study presented a limited resorption of the allogenic bone block and showed the 

practicability of this measurement method [61].  

The study of Kloss et al. (2020) [57] analyzed the long-term outcomes of CAD/CAM 

allogenic bone blocks in their case report. The authors came to the result, that the 

CAD/CAM allogenic bone blocks may represent a successful approach to alveolar ridge 

augmentation in large and complicated bone defects. Kloss et al. (2020) showed 

histological and radiographic outcomes of CAD/CAM customized allogenic bone blocks 

after a 5-year follow-up period. The patient in the case report of Kloss et al. (2020) [57] 

was followed up for 5-years. The authors could demonstrate that there were no signs of 

infection, block graft exposure, post-surgery complications or wound healing problems. 

It was also shown that the allogenic bone block integrated well into the recipient site and 

remained stable for the 5-years follow up period. No prothesis loss could be found either 

after the 5-year follow-up period and there were no bleeding complications. Kloss et al. 

(2020) could observe only a slight recession of the peri-implant mucosa but there were 

no signs of peri-implantitis or mucositis.  

In addition Schlee et al. (2013) [56] carried out a case report study to evaluate the handling 

and healing patterns of customized allogenic bone blocks. The study was carried out with 
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two patients with three combined mandibular defects, horizontal, as well as vertical. 

Computer designed allogenic bone blocks were used as bone grafts. The patients were 

examined pre- and post-surgery by computer tomography (CT) scans. Further, clinical 

and radiographic examinations were carried out 6 and 12 months after surgery. Only a 

partial exposure of one bone block could be observed after 8 weeks in one patient, there 

were no other complications. Histological examination showed the formation of new 

bone in the augmentation areas. Patient satisfaction was good and long-term stability 

parameters were considered as excellent. Schlee et al. (2013) came to the conclusion that 

CAD allografts support the formation of new bone in the augmented area. Time for 

surgery was decreased compared to conventional bone grafting methods and patient 

acceptance was high.  

The study of Otto et al. (2017) [48] investigated custom-milled cancellous bone block 

allografts in the repair of the alveolar cleft. Often, bone grafts from the iliac crest are used 

for osteoplasties of the cleft alveolus. The problem with those bone grafts is donor site 

morbidity. Therefore, Otto et al. (2017) analyzed the feasibility of custom-milled 

allogenic bone grafts to repair the alveolar cleft. The authors carried out a case study with 

a 36- year- old female patient, who was asking for an alternative for iliac crest bone 

grafting. Otto et al. (2017) could build up her alveolar cleft with custom-milled allogenic 

bone blocks (maxgraft® 80 bonebuilder). The case study of Otto et al. (2017) showed 

that allogenic bone blocks can facilitate alveolar cleft repair and could be an effective 

alternative to iliac crest bone graft [48]. 

One of our previous studies went even one step further than Otto et al. (2017) [48]: In this 

study we used a customized allogenic bone block for the augmentation and repair of an 

alveolar cleft and the successful insertion of dental implants [62]. Our study showed that 

customized allogenic bone blocks could be an alternative to iliac crest bone graft in 

patients with alveolar cleft. Furthermore, a successful implantation could be carried out. 

We observed high volumetric stability of the allogenic bone graft, further, ideal 

integration and revascularization, which resulted in functional bone tissue, eligible for 

implantation [62].  

 

So far, several studies have shown, that customized allogenic bone blocks work as an 

optimal scaffold for the augmentation and repair of alveolar ridge defects. The success 
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rate shown in previous studies are high [43,51,52,56,57]. The computer-supported design 

and manufacture allows the individualization of the allogenic bone blocks which has been 

shown to be possible even for large and complex bone defects in the alveolar area [51-

57].  

Nevertheless, randomized, controlled studies with higher numbers of patients are still 

lacking to date.  
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2. Objectives  

2.1 General objective  

The general objective of this thesis was to increase the knowledge about and provide 

evidence for the new technology of CAD/CAM allogenic bone blocks for bone grafting. 

Another goal of the current study is to demonstrate the high implant survival rate, related 

to this new technology, as well as the success-rate of the surgical procedure. We collected 

data with autologous bone grafts from the literature and compared them to our patient 

data with the novel CAD/CAM allogenic bone block technology. We intend to show that 

both techniques are comparable in clinical outcomes, implant survival rates, patient 

morbidities and aesthetic aspects. 

2.2 Special objective 

Even though several case reports [51-56] have shown the high success rate of CAD/CAM 

allogenic bone blocks for bone grafting even in complex and severe bone defects, no 

study with a larger number of patients has been carried out to date. The current thesis 

comprises a retrospective cohort study with 23 patients, receiving CAD/CAM allogenic 

bone blocks for alveolar bone grafting in the aesthetic zone of the maxilla. The current 

study aims to:  

 

1) Provide evidence for the usability of CAD/CAM allogenic bone blocks  

2) Analyze the clinical outcomes in patients with severe bone defects receiving bone 

grafting with CAD/CAM allogenic bone blocks  

3) Investigate possible complications and drawbacks of the method of bone grafting 

with CAD/CAM allogenic bone blocks  

4) Analyze the complication rates of this new technology and compare them to the 

complications in autologous bone grafting in the literature  
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5) Analyze the advantages of the CAD/CAM allogenic bone block technology and 

compare them to those of autologous bone grafting from the literature  

6) Introduce this new technology on a large scale 

7) Introducing a new digital technology to monitor volume changes in transplants 

during the healing process 

8) Additionally, a newly developed remote incision technique is presented. This 

technique is meant to avoid wound dehiscence 
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3. Materials and methods 

3.1 Sources and collection of data  

3.1.1 General study design  

Based on the data analysis of digital volume-tomography (DVT), 23 patients, who had 

severe bone defects in the region 13-23 could be reconstructed with computer-designed 

allogenic bone blocks. 

 

 

 

Figure 6. Examples of bone defects in the aesthetic zone. (Source: Blume 2023 [68]) 

 

A: 3D reconstruction of an alveolar ridge defect at a multiple-tooth gap 

B: 3D reconstruction of an alveolar ridge defect at a single-tooth gap 

 

 

Patient data was collected in our Institute of Dres. Back and Blume, private practice and 

clinic for maxillo-, facial- and oral surgery in Munich, Germany. The participation in the 

study was not associated with further surgical interventions or with high risk of morbidity. 

We collected the data from patients we had treated in our private practice from their 

digital case histories. The medical histories of the patients were, therefore, already known 

age, gender, substance abuse, co-morbidities and prescribed medications. Each patient 

was educated in detail about the surgical procedure with the CAD/CAM-technology as 

DOI:10.14753/SE.2023.2933



27 

 

well as about other, alternative methods of treatment, eventually each patient in the 

current study gave consent and is therefore, the free will of each patient in the current 

study.  

The following parameters were collected carrying out the current monocentric 

retrospective study:  

 

1) Patients age  

2) Patients gender  

3) Location and geometry of the bone defect  

4) Clinical diagnosis  

5) Type of bone defect  

6) The reason why the bone defect has occurred  

7) Type of allograft and manufacturer  

8) Post operative complications  

9) Wound healing parameters  

10) Extent of new bone growth (in ml)  

11) Implant health and stability  

12) Patient satisfaction  

 

The programs coDiagnostiX (digital planning software coDiagnostiX, version 

10.2.0.15659, Dental Wings Inc., Montreal, Canada) and Slicer (an open-source medical 

image processing software platform, 3D Slicer, www.slicer.org) were used to take the 

measurements of the area of the bone defect on different time points:  

 

T1: before bone grafting  

T2: 2 months after the insertion of the bone graft  

T3: 6 months follow-up  

 

Our goal was to measure the three-dimensional bone gain after bone grafting and healing. 

Therefore, the volume of the bone graft was measured at T1 and T2 and the difference 

between those values was calculated. Additionally, volumetric changes of the bone blocks 

during the healing process were examined and analyzed. Additionally, we analyzed the 
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average survival time of the bone blocks as well as the implant success rate. The data was 

plotted and analyzed by Kaplan Meier plot.  

Complications like membrane exposition, soft tissue dehiscence, bone block exposure or 

exposure of the osteosynthesis screws were documented and statistically analyzed and 

correlation with health status of the patient, gender, age, nicotine abuse or drug intake 

was calculated. Measurements were performed with the semi-automatic segmentation 

(SA) method (Slicer) and with the global thresholding segmentation (GT) method 

(coDiagnostiX). 

Volumetric hard tissue changes were evaluated with two different radiographic methods 

by two independent examiners. The primary evaluation method utilized semi-automatic 

segmentation (SA) methods to acquire 3D virtual models of Cone-beam computed 

tomography (CBCT) datasets whereas in the second evaluation method a global 

thresholding segmentation (GT) method was utilized for the same reason. 

 

 

 

Figure 7. 3D model from the implanted bone block. (Source: Blume 2023 [68]) 
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A, C: 3D model and axial view acquired via semi-automatic segmentation (blue: baseline 

alveolar ridge, purple: hard-tissue gain at the 6-month follow-up) 

B, D: 3D model and axial view acquired via global thresholding segmentation (blue: 

baseline alveolar ridge, purple: hard-tissue gain at the 6-month follow-up) 

 

3.1.2 Semi-automatic segmentation method (SA) 

The open-source medical image processing software platform (3D Slicer, 

www.slicer.org) was used to reconstruct T1, T2 and T3 CBCT images as 3D virtual 

models. After performing an image segmentation of the CBCT scans, automatic voxel 

intensity-based registration was done. To analyze the hard tissue changes between the 

different timepoints, logical operators were used to subtract the aligned 3D models from 

one another. Then, 3D models of the new hard tissues at T2 and T3 timepoints could be 

created. Furthermore, we could calculate the dice similarity coefficient (DSC) to 

determine the spatial overlap between the created models. The DSC metric provides 

information on how well the implanted bone block retained its original shape. 

3.1.3 Global thresholding segmentation method (GT) 

In the GT method, the three-dimensional models of the CBCT scans at each time point 

could be automatically acquired with the coDiagnostiX software package. The CBCT 

scans at each timepoint were aligned, thereby, the software mathematically calculated the 

volumetric differences between the 3D models. We calculated the volume stability of the 

allogenic bone block by taking the ratio of T3/T2 in percent. This was carried out in both 

of the models used, as shown in the figure below:  
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Figure 8. Three-dimensional morphological alterations between T2 and T3 visualized via 

a 3D colormap analysis. (Source: Blume 2023 [68]) 

 

A: 3D hard-tissue alterations between T2 and T3 at a single-tooth gap  

B: 3D hard-tissue alterations between T2 and T3 at a multiple-tooth gap 

(red: hard-tissue loss, blue: hard-tissue gain) 

 

3.1.4 Linear measurements  

As seen in the figure below, the implant positions at T3 CBCT scans were marked by 

radiopaque radiographic markers. At the future implantation sites absolute horizontal- 

and vertical linear dimensions were marked at each timepoint in 3D slicer.   

DOI:10.14753/SE.2023.2933



31 

 

The datasets of the CBCT scans were reoriented so that the coronal plane became parallel. 

Furthermore, the reorientation resulted in the axial plane becoming perpendicular to the 

long axis of the edentulous ridge. As depicted in the figure below, a vertical linear 

dimension of the alveolar ridge was measured. This was done from the midcrestal point 

along the long axis of the alveolar ridge to the base of the nasal cavity. The horizontal 

lines were measured 2 mm apical to the alveolar crest at the same aspect perpendicular to 

the long axis of the alveolar ridge. This was done between the palatal and the buccal 

cortical plate, as depicted in the figure below.  

 

 

 

Figure 9. Linear measurements. (Source: Blume 2023 [68]) 
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3.2 Patient demographics  

We carried out a monocentric study at the Institute of Dres. Back and Blume, private 

practice and clinic for maxillo-, facial- and oral surgery in Munich, Germany. In this 

retrospective study we analyzed the clinical and radiological data of 23 patients, who had 

received bone grafting in the maxilla. Goal of the current study was the evaluation 

whether alveolar bone defects can be treated with a cancellous customized allogenic bone 

block (maxgraft bone builder®, Botiss Biomaterials GmbH, Zossen, Germany). We only 

included patients who had severe bone defects in the aesthetic zone in the region 13-23, 

which could be reconstructed with computer-designed allogenic bone blocks. Hereby, the 

patients were divided into two groups: Group A and group B.  In group A 13 patients with 

single tooth gap were included. Group B consisted of 10 patients with a multiple tooth 

gap.  

The inclusion criteria were:  

 

• Age over 18 years  

• Severe three-dimensional bone defect of the upper jaw in the aesthetic zone 

• Medical indication for bone grafting 

• Treated by only one surgeon medical indication of an implant  

• Signed the letter of consent  

• No serious previous illness (e.g. cancer)  

• The patient is currently not undergoing radiation therapy 

• The patient is not taking bisphosphonates  

 

The exclusion criteria for the current study were:  

 

• Age under 18 years old 

• Medication with bisphosphonates  
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• Tumor disease 

• The patient is currently undergoing radiation therapy 

• Diabetes 

• Hypertension 

• Other serious health problems (e.g. bleeding disorder, malignant tumor)  

 

All patient data were recorded personally and pseudo-anonymized before data analysis. 

Every patient data received a three-digit code. In order to participate in the current study, 

patients had to give their consent after a detailed patient education about the risks and 

benefits. 

The patients in the current study were treated with a customized CAD/CAM allogenic 

bone block between 2017 and 2020.  

The study was approved by the local ethical committee (Ethical Committee Ludwig- 

Maximilians-University Munich, Germany; Approval Number: 18-898). A signed 

informed consent was acquired from all the patients. 

3.3 CAD/CAM customization  

For the manufacturing of the CAD/CAM allogenic bone blocks the design tool software 

coDiagnostiX was used. Integration of surgical and prosthetic workflows through real-

time case sharing between coDiagnostiX and Dental Wings (DWOS) CAD/CAM was 

possible.  

We obtained tomographic data from the jaws of our patients, which are essential to plan 

and manufacture a CAD/CAM produced allogenic bone block. Based on the tomographic 

data, digital models of the bone defects were simulated, which served as template for the 

design of the customized allogenic bone blocks. The measurements of the designed bone 

blocks were then programmed into a computerized bone mill, which was used to produce 

a rectangular, spongious bone block, according to the previously computer-designed 

model. 

DOI:10.14753/SE.2023.2933



34 

 

For the current study, we used the maxgraft® bonebuilder (Botiss Biomaterials GmbH, 

Berlin, Deutschland; number of approvals: PEI.H.11672.01.1). The product consists of 

human spongiosa bone, which had been approved by the Paul Ehrlich Institute in 

Germany, earlier. The bone blocks were covered with a resorbable collagen membrane 

from porcine pericardium (Jason® membrane, Botiss Biomaterials, Germany) and fixated 

to the jaw ridge with titanium osteosynthesis-screws (Medartis AG, Basel, Switzerland).     

3.4 Surgical procedure 

3.4.1 General procedures  

Following the surgical protocol of Choukroun for the preparation of platelet rich fibrin 

[66] blood was taken from the patients in order to gain platelet-rich fibrin (PRF) matrices. 

The patients received injections of 600 mg Clindamycin for antibiotic prophylaxis. The 

surgical procedure was done in general anesthesia. The incision was performed with a 

newly developed „semi-pillar” technique. Therefore, we did not perform the incision over 

the alveolar ridge, but 20 mm horizontally in the flexible mucosa. This was accompanied 

by a lateral relief incision. A mucoperiosteal flap was elevated from the maxillary bone. 

This left the mucosa still covering the defect intact. Then, we perforated the cortical layer 

with the help of a diamond burr. This was done to improve the integration of the bone 

graft.  

Exudate serum was utilized to rehydrate the sterile allogenic CAD/CAM bone block, 

otherwise no further modifications were needed. The allogenic bone block was fixated 

with a single titanium osteosynthesis screw of 1.5 mm diameter and 7-9 mm length 

(Medartis AG, Basel, Switzerland). The allogenic bone block was first covered with a 

resorbable collagen membrane which had been manufactured from native pericardium 

(Jason® membrane, Botiss Biomaterials GmbH, Zossen, Germany). We applied a PRF 

membrane to support the healing of the surrounding soft tissue. The flap was then sutured 

with a single button pulley suture, in order to get a tenson free suture (Vicryl 4.0/ 5.0 

Rapid®, Ethicon, Raritan, New Jersey, USA).  

The patients received closed-mashed monitoring after surgery. The surgical suture was 

removed 14 days post-operation. After a healing period of six months, the implant was 
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set, this time only under local anesthetic. Through a jaw ridge incision, a mucoperiosteal 

flap was elevated minimal-invasively and the osteosynthesis material was removed. Then 

the implant was inserted. According to the recommendation of an antibiotic prophylaxis 

with a penicillin for the insertion of dental implants [65] the implant insertion was done 

under a one-shot antibiosis with 1000 mg Amoxicilline. The suture was removed 7 days 

post-operation. After a healing period of 3 months, healing screws were inserted.  

3.4.2 Flap elevation  

The flap preparation on the buccal aspect was carried out according to the semi-pillar 

incision design as shown in the figure below:  

 

 

 

 

Figure 10. Flap elevation procedure. (Source: Blume 2023 [68]) 

 

 

First, we made a horizontal incision on the buccal aspect within the mobile mucosa, as 

shown in the figure above (panel A and B). The incision was made 2 cm apically from 

the midcrestal line. Afterwards, we carried out a single vertical releasing incision at the 

distal aspect of the surgical area. Then, a unilateral full-thickness mucoperiosteal flap was 

elevated on the buccal aspect and the keratinized mucosa on the crestal remained intact, 

the palatal aspects remained attached to the bone.  
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3.4.3 Fixation of the allogenic bone block  

The cortical layer at the augmented site was perforated with a diamond bur. This was 

done prior to bone block position and to induce bleeding for an enhanced vascularization 

of the bone graft. Then, the allogenic bone block was inserted. No further adjustments 

were needed. The bone block was fixated by titanium osteosynthesis screws (Medartis 

AG, Basel, Switzerland), as shown in the following figure 11. 

To add an additional barrier function, we covered the area with a long-term resorbable 

porcine pericardium membrane (Jason® membrane, Botiss Biomaterials GmbH, Zossen, 

Germany). Tension free wound closure achieved by using single interrupted sutures 

utilizing 4.0 and 5.0 resorbable suturing materials (Vicryl Rapid®, Ethicon, Raritan, New 

Jersey, USA). Sutures could be removed after two weeks.  

 

 

 

 

Figure 11. Fixation of the bone block with titanium screws. (Source: Blume 2023 [68]) 

 

 

After a 6-month healing period guided implant placement was planned. Hard tissue 

augmentation was not necessary. We carried out the direct evaluation of the 

reconstructed alveolar ridge, removal of the block fixation screws and dental implant 

placement during a re-entry procedure. 
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Figure 12. Reentry after 6 months and implant placement. (Source: Blume 2023 [68]) 

3.5 Data analysis  

To analyze the overall changes of the hard tissue, we used descriptive statistics. The data 

of 23 patients could be included in the current study. The overall changes of the hard 

tissue were expressed as mean standard deviation. The statistical differences were 

calculated with non-parametric statistical tests. The statistical differences between each 

time point T1-T3 for each variable was calculated by Wilcoxon matched pairs signed 

rank test. The differences between the variables of the groups were calculated by Mann-

Whitney-U-Test. Furthermore, we used non-parametric statistical tests in order to 

evaluate the correlations and differences between the datasets which had been acquired 

by distinct evaluation methods. The statistical differences were calculated by Wilcoxon 

matched pairs signed rank test, correlation between the datasets was analyzed by 

Spearman rank order correlation. We performed all statistical calculations with the 

software SPSS (IBM, Armonk, USA).  
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4. Results  

4.1 Patients and methods  

In our study 23 patients, meeting our inclusion criteria were included. The patients had 

received bone grafting with CAD/CAM allogenic bone blocks. 14 of the 23 patients were 

male and 9 female. The mean age of our patients was 45,48 ± 12,52 years. 10 patients 

presented with multiple tooth gaps and 13 patients had only a single tooth gap. 6 patients 

presented with two tooth gaps, 2 patients had three tooth gaps and another two patients 

presented four tooth gaps. No complications would be observed, neither during surgery, 

nor post-operative. We could not observe any wound dehiscence nor wound infections. 

After a healing period of six months, all patients could be undertaken to three-dimensional 

radiographic diagnostics (CBCT-scans). All patients met the criteria for implant insertion. 

According to the horizontal, vertical and combination- (HVC) ridge deficiency 

classification (subclassification: small (S) ≤ 3 mm; medium (M) 4-6 mm; large (L) ≥ 7 

mm) 27 defects could be characterized as horizontal-large, 6 were identified as 

combination-large, 6 defects could be classified as combination-medium, and one defect 

was defined as horizontal-medium. 

 

 

Table 2. Patient demographic data and baseline defect characteristics. (Source: Blume 

2023 [68]) 

 

Participant Sex Age Surgical area size Tooth HVC 

1 F 34 2 teeth 
11 CM 

21 HL 

2 M 38 1 tooth 21 HL 

3 M 41 1 tooth 21 HL 

4 F 53 1 tooth 21 HL 

5 F 42 1 tooth 11 CM 
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6 F 47 1 tooth 11 CL 

7 M 44 2 teeth 
22 HL 

21 HL 

8 M 53 1 tooth 11 HL 

9 F 42 4 teeth 

12 HL 

11 HL 

21 CL 

22 HL 

10 F 60 2 teeth 
11 HL 

12 HL 

11 M 55 2 teeth 
12 HL 

11 HL 

12 F 70 2 teeth 
11 HL 

21 CM 

13 F 48 1 tooth 12 HL 

14 M 28 1 tooth 11 CM 

15 M 72 3 teeth 

12 HL 

11 HL 

21 HL 

16 M 47 4 teeth 

12 CL 

11 CL 

21 CL 

22 CM 

17 M 55 1 tooth 21 CM 

18 M 30 3 teeth 

12 HL 

11 HL 

21 HL 

19 M 20 1 tooth 12 HL 

20 F 42 3 teeth 

13 HL 

12 HL 

11 HM 
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21 M 32 1 tooth 11 HL 

22 M 48 1 tooth 21 CL 

23 M 45 1 tooth 11 HL 

 

4.2 Volumetric hard tissue changes 

In the current study, we could find a volumetric hard tissue gain in average of 0.75 cm3 ± 

0.57 cm3 measured with the semi-automatic segmentation method (SA), with a median 

value of 0.49 cm3. After 6 months we detected an average hard tissue gain of 0.52 cm3 ± 

0.42 cm3 with a median value of 0.37 cm3 and 0.29 cm3 ± 0.12 cm3. Between the 

timepoints T2 and T3 we could detect a statistically significant amount of hard tissue 

resorption (p<0.05). The average volume stability of the bone block determined by the 

T3/T2 ratio was 67.83% ± 18.72% on average with a median value of 72.46% measured 

with the SA method. 

 

 

Table 3. Volumetric hard tissue changes with the semi-automatic segmentation (n=23). 

(Source: Blume 2023 [68]) 

 

 Mean ± St. Dev.1 Median Min – Max 

 

New volume at T22 

(cm3) 

0.75 ± 0.57 0.49 0.19 – 2.35 

New volume at T33 

(cm3) 

0.52 ± 0.42 0.37 0.09 – 1.54 

T3/T2 ratio (%)2 67.83± 18.72 72.46 19.57 – 95.83 

p value4 < 0.05 

1standard deviation, 22-month follow-up, 36-month follow-up, 4Wilcoxon matched pairs 

signed rank test 
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With the global thresholding method at T2 we could find an average of 0.69 cm3 ± 0.56 

cm3 hard tissue gain, with a median value of 0.46 cm3. At timepoint T3 we could measure 

an average hard tissue gain of 0.53 cm3 ± 0.46 cm3 with a median value of 0.37 cm3. 

Hereby, we could detect statistically significant amount of volumetric hard tissue 

resorption between T2 and T3 timepoints (p<0.05). Using the GT- method resulted in an 

average volume stability of the allogenic bone blocks of 75.50 % ± 13.68 %, with a 

median value of 72.46%. 

 

 

Table 4. Volumetric hard tissue changes with global thresholding segmentation (n=23). 

(Source: Blume 2023 [68]) 

 

 Mean ± St. Dev.1 Median 

 

Min - Max 

 

New volume at T22 

(cm3) 
0.69 ± 0.56 0.46 0.19 - 2.24 

New volume at T33 

(cm3) 
0.53 ± 0.46 0.37 0.11 - 2.05 

T3/T2 ratio (%) 75.50 ± 13.68 76.47% 46.15 - 97.87 

p value4 < 0.05 

1standard deviation, 22-month follow-up, 36-month follow-up, 4Wilcoxon matched 

pairs signed rank test between (significance level: p<0.05) “New volume at T2” and 

“New volume at T3” 

 

 

Comparing the resulting data of the two segmentation methods at T2, a statistically 

significant difference could be detected with the Wilcoxon matched pairs signed rank test 

(p = 0.009), although high level of correlation could be detected between the two metrics 

at (Spearman correlation coefficient: 0.95). On the other hand regarding the volumetric 

hard tissue gain at T3 (p = 0.89) there was no statistically significant difference between 
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the semi-automatic- and the global thresholding segmentation method. High levels of 

correlation were also found between the two datasets regarding this metric (Spearman 

correlation coefficient: 0.91). 

 

 

Table 5. Comparison of results acquired with the semi-automatic segmentation and the 

global thresholding segmentation methods (n=23). (Source: Blume 2023 [68]) 

 

 

Semi-automatic 

segmentation 

Global thresholding 

segmentation 
p value2 

Spearman 

Correlation 

coefficient 
Mean ± 

St. dev.1 
Median 

Mean ± 

St. dev. 
Median 

New 

volume at 

T23 (cm3) 

0.75 ± 

0.57 
0.49 

0.69 ± 

0.56 
0.46 = 0.009 0.95 

New 

volume at 

T34 (cm3) 

0.52 ± 

0.42 
0.37 

0.53 ± 

0.46 
0.37 = 0.89 0.91 

1standard deviation ,2Wilcoxon matched pairs signed rank test (significance level: 

p<0.05), 32-month follow-up, 46-month follow-up 

 

4.3 Linear hard tissue measurements 

In the current study we performed linear measurements at 40 future implantation sites. At 

T1 the baseline vertical alveolar ridge dimensions at the planed implant position resulted 

in an average of 15.45 mm ± 3.32 mm and 3.30 mm ± 1.04 mm in the horizontal 

dimension. At T2 the average linear vertical dimension at future implantation sites 

averaged at 17.60 mm ± 2.82, horizontal ridge dimensions were measured at an average 

of 7.85 mm ± 1.14 mm. At T3 vertical- and horizontal ridge dimensions averaged at 16.97 
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mm ± 2.86 mm and 6.43 mm ± 1.27 mm respectively. Statistically significant differences 

were recorded between all the metrics. Resulting in a statistically significant vertical- and 

horizontal linear gain between T1 and both follow-up timepoints (T2 and T3). 

Simultaneously a statistically significant linear hard tissue loss could be detected between 

T2 and T3. The data is summarized in the following table below:  

 

 

Table 6. Vertical linear dimension at future implant positions (n=40). (Source: Blume 

2023 [68]) 

 

 Mean ± St. Dev.1 Median Min - Max 

Vertical dimension T12 

(mm) 
15.45 ± 3.32 15.15 9.06 - 21.95 

Vertical dimension T23 

(mm) 
17.60 ± 2.82 18.22 11.34 - 21.53 

Vertical dimension T34 

(mm) 
16.97 ± 2.86 17.53 12.02 - 21.42 

p value5 (T1 - T2) < 0.05 

p value5 (T2 - T3) < 0.05 

p value5 (T1 - T3) < 0.05 

1standard deviation, 2baseline, 32-month follow-up, 46-month follow-up, 5Wilcoxon 

matched pairs signed rank test (significance level: p<0.05) 

 

 

Table 7. Horizontal linear dimension at future positions (n=40). (Source: Blume 2023 

[68]) 

 

 Mean ± St. Dev.1 Median Min - Max 

Horizontal dimension T12 

(mm) 

3.30 ± 1.04 3.32 1.49 - 6.43 
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Horizontal dimension T23 

(mm) 

7.85 ± 1.14 7.61 5.93 - 10.32 

Horizontal dimension T34 

(mm) 

6.43 ± 1.27 6.53 3.61 - 9.33 

p value5 (T1 - T2) < 0.05 

p value5 (T2 - T3) < 0.05 

p value5 (T1 - T3) < 0.05 

1standard deviation, 2baseline, 32-month follow-up, 46-month follow-up, 5Wilcoxon 

matched pairs signed rank test (significance level: p<0.05) 

4.4 Effect of surgical size on clinical outcomes 

We compared the results of alveolar ridge augmentation at single- and multi-tooth gaps. 

Hereby, we calculated the differences in linear hard tissue dimensions at T2 and T3 and 

the differences in DSC values and volumetric stability (T2/T3 ratio). The table below 

shows the comparison between the alveolar ridge augmentation in patients with single- 

and multiple tooth gaps. It can be seen in the table above, that one of the linear 

measurements at any timepoint showed statistically significant differences (p>0.05). We 

found slightly higher DSC values and graft stability at larger augmentations sites, in group 

B compared to group A, however, the differences were statistically not significant (p> 

0.05). 

 

 

Table 8. Comparison between single- and multiple tooth gaps. (Source: Blume 2023 [68]) 

 

Variables Single tooth gap 

(Group A) 

Multi tooth gap 

(Group B) 

p-value 

Volume stability SA/GT 

(%) 

62.53 ± 22.75/ 73.61 ± 

16.76 

74.71 ± 8.56/ 77.95 ± 

8.75 

0.12/ 

0.46 

Dice similarity 

coefficient 

0.68 ± 0.18 0.80 ± 0.05 0.08 
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Vertical dimension T1 

(mm) 

16.44 ± 2.99 14.97 ± 2.13 0.28 

Vertical dimension T2 

(mm) 

18.71 ± 1.87 17.06 ± 2.49 0.14 

Vertical dimension T3 

(mm) 

18.15 ± 2.44 16.40 ± 2.26 0.09 

Horizontal dimension T1 

(mm) 

3.15 ± 0.96 3.36 ± 1.22 0.53 

Horizontal dimension T2 

(mm) 

8.07 ± 1.04 7.75 ± 1.30 0.32 

Horizontal dimension T3 

(mm) 

6.53 ± 1.61 5.98 ± 9.90 0.82 

 

4.5 Implant stability 

All of our 23 patients were eligible for implant insertion after a six month healing period. 

No further augmentation was necessary. Altogether, 39 implantations were carried out, 

shown in the following table:  

 

 

Table 9. Implant insertion. (Source: own work) 

 

Number of implants 39 

Number of patients (n)  23 

Implant regions  13-22 

Implanttype 

ITI 

Nobel Active 

Camlog 

 

18 

8 

7 
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Conelog 

Xive 

Astra 

3 

2 

1 

Primary stability (Ncm) 

            MIN - MAX 

34,26 ± 11,42 

        15 - 50 

 

 

The primary stability of the implants (Ncm) was in average 34.26, with a standard 

deviation of 11.42. The implants were all carried out in the regions 13-22. We used 

different implant types. Mostly we used ITI 18, Nobel Active was used on 8 implant sites, 

Camlog on 7 sites, Conelog on 3 sites. On 2 implant sites Xive was utilized and on 1 site 

Astra. Implant stability ranged from 15 to 50 Ncm. Among the 39 implants we could not 

observe any complication, all implants could be successfully inserted. After a healing 

period of 3 months, we examined the implants and a final CBTC-scan was taken. We 

could not observe any pathological tissue- or bone changes. No wound infections had 

occurred. No patient had suffered any complications. 

4.6 Histological findings 

We furthermore, carried out a histological analysis of a framework of allogenic 

cancellous bone. Hereby, we could observe trabeculae of varying thickness from lamellar 

bone with empty osteocyte cavities. We also saw attached peritrabecular direct 

ossification of varying width from woven bone with occasional (crestal) inital remodeling 

in lamellar bone. Crestal transverse trabecula of newly formed bone, covered by tight 

connective tissue (propria) with loose infiltrates and allogenic bone fragments could be 

observed. Furthermore, we could find fragmented multi–layered squamous epithelium, 

partly adherent to bone fragments, as shown in the figures below (figure 13). 
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A 

 

B 
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C 

Figure 13. Results of the histological analysis. (Source: own work) 

 

In the figure above on panel (A) an overview of the histological cut, left = apical, right = 

crestal can be seen. Panel (B) shows newly formed bone trabecula (star). Panel (C) 

represents osteogenesis on allogenic block (star), osteoblasts (circle), osteoclasts (open 

arrow), transition zone between allogenic block and newly formed bone (arrows).  

We found as preliminary diagnosis an advanced osteogenesis on the allogenic block. Also 

signs of remodeling could be detected. We further observed in our analysis crestal 

mucosal remnants  and a slight inflammatory reaction crestal.  Overall, our histological 

analysis showed active remodeling and osseointegration in progress. The 

osseointegration of the allogenic bone block took place in all dimensions. A 

histomorphometric analysis showed newly formed bone tissue within the specimen at an 

average of 41,5 % of residual augementation material of 29,2 % as well as soft tissue of 

29,3 %.  
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4.7 One-year follow-up examination  

4.7.1 Patient satisfaction  

Twelve patients showed up for a follow-up examination at least one-year post-

implantation. The patients were examined clinically and radiologically. In total, 22 

implants could be examined. We carried out a survey among the patients who were 

present for follow-up examinations. The patients had to rate, how satisfied they were with 

their new implants and the procedure. Thereby, on a scale from 1 to 10 they rated their 

personal satisfaction, while 1 stood for “unsatisfactory” and 10 “very satisfied”. 

 

 

Table 10. Patient satisfaction. (Source: own work) 

 

Number of implants 22 

Number of patients (n) 12 

Patient satisfaction* 

             Min - Max 

*1 = not safisfied; 10 = very satisfied  

10 ± 1 

       8 - 10 

 

 

As the table above shows, patients were highly satisfied with the procedure and their 

implants. We found an average rating of 10, with a standard deviation of 1. The ratings 

ranged from 8 to 10. Our results, thus, show a very high patient satisfaction.  

4.7.2 Clinical findings 

The 12 patients with 22 implants were undertaken a clinical and radiological examination.  
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Table 11. Results from one-year-follow-up clinical examinations. (Source: own work) 

 

Number of implants 22 

Number of patients  12 

Implant regions  13-22 

Type of implant  

ITI 

Camlog 

Conelog  

Nobel Active 

 

54,5 % (12) 

18,2% (4) 

13,6 % (3) 

13,6 % (3) 

Primary stability (Ncm) 

            Min - Max 

31,59 ± 10,01 

        20 - 50 

Days beween surgery and examination  

            Min - Max 

1175 ± 531 

       358 - 2313 

Pain 0 

Pus 0 

Mobility  0 

Dull knocking sound  0 

Plaqueindex on the implant* 

            Min - Max 

* Average taken from 6 measurements (mesio-, 

medial-, disto- oral and –vestibular each); 

Plaque/ no Plaque 

35,61 ± 42,51 % 

       0 – 100 % 

BOP on implant* 

            Min - Max 

* Average taken from 6 measurements (mesio-, 

medial-, disto- oral and vestibular each); BOP+ 

oder BOP- 

7,58 ± 9,93 % 

     0 – 33 % 
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Gingiva index* on implant** 

0 

1 

2 

** Maximal value from 6 measurements (mesio-, 

medial-, disto- oral and vestibular) 

 

68,2 % (15) 

22,7 % (5) 

9,1 % (2) 

Probing depth on implant* 

            Min - Max 

* Maximal value from 6 measurements  

(mesio-, medial- disto- oral and vestibular each) 

3,0 ± 1,0 mm 

       2 – 6 mm 

Recession on implant* 

            Min - Max 

* Maximal value from 6 measurements  

(mesio-, medial- disto- oral and vestibular each) 

0,1 ± 0,3 mm 

       0 – 1 mm 

 

 

After a time period of one year (days between surgery and examination: 1175 ± 531) we 

could find a primary stability of the implant of 31,59 Ncm ± 10,01, while implant 

stabilities ranged from minimum 20 Ncm to maximum 50 Ncm.  None of the patients 

reported pain, dull knocking sounds of the implants, infection or loosening of the implant. 

Average plaque index was 35,61 ± 42,51 %. In 15 of the 22 implants, we found an average 

gingiva index of 68,2 %. Recession on the implant side was low: We detected in average 

0,1 ± 0,3 mm. The table above shows successful bone graft and implantation, with no 

complications, no pain and no infections.  

4.7.3 Radiographical findings 

The 12 patients with 22 implants underwent a radiological examination as well.  
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Table 12. Results of radiological follow-up examination. (Source: own work)  

 

Loss of bone radiologically detected  

In mm 

            Min - Max 

In % 

            Min - Max 

 

0,5 ± 0,5 mm 

       0,0 – 1,6 mm 

4,9 ± 4,6 % 

       0,0 – 16,0 % 

 

0,4 ± 0,4 mm 

       0,0 – 1,4 mm 

4,1 ± 3,6 % 

       0,0 – 14,0 % 

 

 

Radiographical data were analyzed by the program CLINIVIEW (Version 4.2.2) and 

VixWinPro (Version 1.5f). Analogue pictures from the implant sites were digitalized, 

using a digital camera (Canon Eos 7D). Then, the height of the marginal bone level mesial 

and distal of the implant were measured, as shown in the figure below. In order to analyze 

three dimensional scans, we used the program iCATVision and eXam Vision (Version 

19.3.13). To assure comparability of the pictures, we reconstructed two-dimensional 

pictures, according to orthopantomogram. We measured the heights of the marginal bone 

level from the tip of the implant mesial and distal, along the dental arch. We calculated 

the difference between the marginal bone level on the postoperative scans and the one-

year follow-up scans. As seen in the table above, we could find a loss of bone of 0,5 ± 

0,5 mm and 0,4 ± 0,4 mm respectively. The maximum bone loss, we detected was 1,6 

mm.  
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The following figure shows the calculation of bone loss: 

 

 

Figure 14. Calculation of bone loss. (Source: own work)  

 

 

The figure shows the difference between marginal bone level post-surgery (left) and at 

one-year follow up (right). As it can be seen in the figure on the left, bone level was 11,5 

mm post-surgery and 11 mm after one year, which results in a maximal bone loss of 0,5 

mm. The percentages of maximal bone losses – calculated in % of the implant lengths are 

shown in the table above. Our findings indicate a low percentage of bone loss in patients 

with CAD/CAM customized bone blocks, following implant insertion.  
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5. Discussion 

To date, the treatment of severe and complex bone defects has remained a challenge in 

oral surgery. In some cases, there are not only functional aspects which have to be 

considered, but also aesthetic ones. In complex bone defects of the alveolar ridge of the 

maxilla both aspects are of crucial importance. With autologous bone grafts the options 

are still limited, due to donor side morbidity, limited amount of autologous bone which 

can be harvested [23,45,46].  

Due to the limitations in autologous bone grafting, customized CAD/CAM allogenic bone 

grafting had become an acceptable alternative for several indications [48,51-53,62].  

In previous studies with CAD/CAM customized allogenic bone blocks, we could detect 

a low rate of complications and a significantly reduced surgical time compared to iliac 

crest autologous bone grafting [48,53,54,62]. Furthermore, the studies have shown a 

significant lowered risk of infection compared to autologous bone grafts [48,53,54]. 

Previous studies [48,51,52,62] have shown as well that customized allogenic bone blocks 

bear many advantages: They have been shown to be suitable for the precise fit and 

augmentation of complex bone defects. CAD/CAM technology enables the reduction of 

the space between the residual bone and the allogenic bone graft to a minimum. The 

physical contact between the customized CAD/CAM allogenic bone block and the 

residual bone can be achieved and enhanced which leads to an early revascularization 

[48, 51-53].  

In one previous study [62] we successfully reconstructed the alveolar cleft of a patient 

with cleft lip and palate, using customized CAD/CAM allogenic bone blocks. Similar to 

the case study of Otto et al. (2017) [48], we succeeded to reconstruct the severe and 

complex bone defect, but also showed that an implant insertion after bone reconstruction 

can be successfully achieved. To date, most cases of osteoplasties are still carried out with 

autologous bone grafts [48,62]. 

The objective of our current study was to use customized CAD/CAM allogenic bone 

blocks in patients with severe defects in the maxillary bone, the aesthetic zone. In the 

current study, 23 patients were included. The bone defects were in the upper anterior 

region (13-22), thus, in the aesthetic zone, which posed the double challenge of 1) 
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functionally and 2) aesthetically restore the defective bone, so that tooth implants could 

be successfully inserted. Our patients had either single- or multiple tooth gaps.  

Besides the bone blocks, we used a new incision technique in order to minimize the risk 

of wound infection, wound dehiscence and thus, reduce recipient site morbidity. This new 

incision technique, the so called “semi-pillar” technique, was introduced in one of our 

previous studies [51].  

In the “semi-pillar” technique we do not perform the incision over the alveolar ridge. 

Instead, the incision is made 20 mm horizontally in the flexible mucosa. A relief incision 

was additionally made laterally. The mucoperiosteal flap could then be elevated from the 

maxillary bone. With this new flap design the incision can be relocated into the 

vestibulum [51]. The keratinized mucosa and the alveolar ridge could be still left intact 

and wound closure occurred tension-free. This incision technique was accompanied by 

low complication rates and no wound infections [51]. Our current results confirm our 

previous findings [51].  

After a time period of six months we had observed optimal integration of the allogenic 

bone blocks and the reentry showed the formation of new, vital bone. All 23 patients met 

the criteria to be eligible for implantation after a healing period of six months. 

In the current study, the alveolar ridge defects were categorized into two groups, 

according to the size of the surgical area. Patient group A had single tooth defects, while 

group B had multiple teeth missing. We performed volumetric and radiographic 

assessments with two distinct methods, as described in chapter 3. We observed that the 

two evaluation methods showed high correlation, there was no statistically significant 

difference for any of the measures. The GT method resulted in higher percentages of 

volume stability. This can be due to the fact that in the GT method the algorithm 

automatically labels voxels that fall in the threshold range. Furthermore, anatomical 

features cannot be recognized by the GT method. Nor can be artifacts on the CBCT scans. 

In contrast, with the SA method the input data for region growing and watershed 

segmentation algorithms are generated manually. Nevertheless, we found both methods 

to be feasible for the volumetric evaluation of hard tissue changes. We could validate new 

average volume gain at T2 of 0.75 cm3 / 0,69 cm3 (SA/GT) which reduced to 0.52 cm3 / 

0.37 cm3 (SA/GT) at T3. The detected average resorption rate measured with the SA-

method was with 32% slightly higher than the average resorption rate of 25% measured 
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with GT method. These resorption rates are similar to previously reported data on 

cancellous allogenic bone blocks – approximately 29% [64].  

Like wise to the volumetric data, a linear vertical and horizontal hard-tissue gain between 

T1/ T2 (vertical: 2,15mm, horizontal: 4,55mm) and a significant resorption between 

T2/T3 was detected (vertical: 0,63mm, horizontal: 1,42mm) in the current investigation. 

In the study by Wang et al.(2002), horizontal resorption of the corticocancellous allogenic 

graft averaged at 2,28 mm, and vertical hard-tissue dimension loss averaged at 1,77 mm. 

The implanted customized CAD/CAM allogenic bone blocks in our study presented 

similar or less dimensional loss than did those documented in the studies by Tresguerres 

et al. (2019) and Wang et al.(2002) [63, 64]. The results we obtained from the current 

study are at least in line with the previous literature showing a high-volume stability 

[48,50-53]. 

However, we could not find statistically significant differences in volumetric- and linear 

hard tissue alteration, volumetric graft stability and DSC values between alveolar ridge 

defects in patients with single- and multiple tooth gaps. Although we found a lower 

volumetric- and linear hard tissue resorption in larger surgical areas, the difference to 

smaller surgical areas, was not statistically significant. The size of the surgical area 

therefore seems to have no influence on the clinical outcomes.  

In the current study, we investigated a framework of allogenic cancellous bone 

histologically and trabeculae of varying thickness from lamellar bone with empty 

osteocyte cavities. Furthermore, we observed direct ossification of varying widths. This 

included woven bone with initial remodeling into lamellar bone. Trabecula of newly 

formed bone, covered by tight connective tissue and allogenic bone fragments could be 

observed. Thus, our histological results confirm our radiological findings and further 

support the clinical data. Guided bone regeneration with CAD/CAM allogenic bone 

blocks seem to lead to effective formation of new bone tissue and bone regeneration. 

Further, our histological findings support the findings of previous studies, which showed 

that cancellous CAD/CAM manufactured allogenic bone blocks can be reliably used for 

reconstruction of severely atrophied bone and complex bone defects [48,49,51,52, 62].  

Our previous study [62] demonstrated high volume stability of the allogenic bone block, 

providing optimal conditions for implantations. Our case study (Blume et al. 2019) [62] 

showed ideal integration and high revascularization, resulting in functional new bone 
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tissue, which was eligible for implant insertion and aesthetic restorage in a patient with 

alveolar cleft [62]. Our clinical and radiological findings in the current study could 

confirm our previous results [51,52,62].  

Clinical examination of the patients after a follow-up period of one year showed no 

complications. We detected high success-rate of the implants, while the patients did not 

suffer any serious complications. We found good gingival indices, no infections, no pus, 

low plaque indices and a low rate of implant recession, furthermore we detected high 

implant stability. This has been shown by our research group on customized CAD/CAM 

allogenic bone blocks before [51,52,62].  

Patient satisfaction was high in the current study. On a scale from 1 to 10, where 1 stands 

for “totally unsatisfactory” and 10 for “very satisfied”, the average rating of our patients 

was 10 (standard deviation 1). This shows very high patient satisfaction after a 

CAD/CAM customized allogenic bone grafting, following implantation in the aesthetic 

zone as well.  

Our current and previous results [51,52,62] are further confirmed by the study of Kloss 

et al. (2010) [57]. Our studies had no long-term follow-up included, which represents a 

limitation of the current- and of our previous studies [51,52,62]. The study of Kloss et al. 

(2020) [57] included a 5-year follow-up period. The authors analyzed the long-term 

outcomes of guided bone regeneration with CAD/CAM customized allogenic bone 

blocks. Kloss et al. (2020) showed histological and radiographic results of CAD/CAM 

customized allogenic bone blocks. Our current histological-, clinical- and radiologic 

findings confirm the results of Kloss et al. (2020) [57]. Neither in the current, nor in our 

previous studies, wound infections, post-operative complications or implant loss could be 

observed. Guided bone regeneration with customized allogenic bone blocks presented to 

be a safe and effective method, shown in the current study, as well as in our previous 

research [51,52,62]. Our results have been confirmed by other authors [48,57].  

After a period of 5-year follow-up Kloss et al. (2020) [57] could find no signs of block 

graft exposure, wound infection, post-operative complications, or wound healing 

problems. We could not detect such complications in the current study either. 

The current study showed that CAD/CAM customized allogenic bone blocks may be a 

suitable alternative to autologous bone grafting, even in the aesthetic zone. The implants 
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have successfully integrated. Furthermore, we could show high volume stability, low 

complication rate, short surgical time and high patient satisfaction.  

Nevertheless, the current study has some limitations. We could include 23 patients in our 

study, which represents a small number of patients with CAD/CAM customized bone 

blocks. Most of the literature so far, are only case studies with an even smaller number of 

patients. Further research with large numbers of patients is required to confirm our 

findings. On the other hand, our current study shows promising results with customized 

CAD/CAM allogenic bone blocks. CAD/CAM customized bone blocks could represent 

a feasible alternative to autologous bone grafts, especially in the aesthetic zones. Another 

limitation of the current study is, that there was no long-term follow-up. We carried out 

a one-year follow-up of the patients, while only 12 patients showed up for follow-up 

examinations.  

To date, there are no randomized, controlled trials available comparing allogenic 

CAD/CAM bone blocks with autologous bone grafts from the iliac crest. Thus, further 

studies still remain to be carried out to confirm our results.  
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6. Conclusion  

Even though there is plenty of literature about the successful implantation of allogenic 

bone materials for the reconstruction of bone defects, randomized controlled studies with 

a large number of patients, examining the customized allogenic CAD/CAM bone blocks 

are still rare, to date. The current study with 23 patients who presented with severe bone 

defects in the aesthetic zone in the upper jaw showed, that customized allogenic 

CAD/CAM bone blocks may be suitable as a reliable bone graft in those patients. We 

found a very small complication rate with the customized CAD/CAM bone blocks. 

Volume stability was comparable to autologous bone blocks. The avoidance of donor 

morbidity makes the customized allogenic CAD/CAM bone blocks to a serious 

alternative to autologous bone grafts. We found in our study that none of our 23 patients 

needed a reaugmentation. This demonstrates the safety and reliability of customized 

allogenic CAD/CAM bone blocks. The current study provided evidence for the reliability 

and safety of this method.  

The utilization of the volumetric measuring methods utilizing Slicer and coDiagnostiX 

showed to be practicable and reliable to measure volume changes of hard tissue. 

Especially the coherence of our results demonstrated the reliability and practicability of 

those methods for digital volumetric measurements. To validate the results of our current 

study, further studies are needed, especially in other intraoral areas like the mandibula or 

the posterior maxilla. 
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7. Summary  

The analyzation of the clinical, radiological and histological outcomes in patients with 

severe bone defects of the aesthetic zone in maxilla, receiving bone grafting with 

CAD/CAM prefabricated allogenic bone blocks, provides the evidence of the usability of 

this technique. The clinical results showed a successful reconstruction of all bone defects, 

without the need of re-augmentation in any patient. Low complication rates, complete 

osseointegration of the allografts and a volume stability similar to autologous bone blocks 

offered anatomical requirements for a successful implantation in all patients. Considering 

this and the fact, that the use of allografts allows a patient individually designed 

prefabrication of the graft using CAD/CAM technology, combined with the lack of donor 

morbidity, indicates that CAD/CAM allogenic bone blocks are a serious alternative to 

autologous bone blocks for the reconstruction of severe defects of the alveolar crest. 

 

The use of digital volume rendering software is feasible for the volumetric evaluation of 

hard tissue changes. The coherence of two different independently used measuring 

methods (Slicer and CoDiagnostix) validates the reliability and practicability of this 

approach. 
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