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1PROLOGUE

Alveolar Cleft Repair - 
Clinical Perspective Within a Comprehensive Approach
Cleft lip and palate is the most common congenital facial malformation occurring as a 
result of non-fusion of the primary palate during the 4th to 12th weeks of gestation with 
an incidence as high as 1 per 500 births depending on the geographic location and the 
demography of the population (Figure 1). 1, 2 Epidemiological studies on the incidence of 
cleft lip and palate by its Global Burden of Disease report that the highest incidence of 
this congenital malformation appears to occur among Asians (0.82-4.04 per 1000 live 
births), with intermediate incidence in Caucasians (0.9-2.69 per 1000 live births) and lowest 
among Africans (0.18-1.67 per 1000 live births). 3 In 75% of patients with cleft lip and 
palate, this orofacial malformation leads to a skeletal cleft in the alveolus of the maxillary 
arch in the region of the lateral incisor and canine tooth extending to the nasal mucosa. 
4, 5 The alveolar cleft defect results in a loss of the continuity of the dental arch, missing 
teeth, communication between the oral and nasal cavity, resulting in hyper-nasal speech, 
nasal deformity, and collapse of the alveolar arch and the lip support. 4, 6 This results in a 
significant physical disfigurement of the face, and further entails significant psychological 
distress to both the growing child and the family, making these patients more prone 
to depression, anxiety, dissatisfaction with their facial appearance, social neglect, and 
increased physical and financial burden for the family overall (Figure 2). 1, 7-9

Alveolar cleft repair is performed by a skeletal augmentation procedure, by which the con-
genital alveolar cleft defect is filled with a biologic material that physiologically interacts with 
native bone in the recipient site via complex molecular signaling and interactions leading to 
the promotion of new bone formation, osteogenic remodeling, and eventually replacement 
by functionally viable bone. 5 The goal of alveolar cleft repair is to establish bony continuity 
of the alveolar ridge in the maxilla, stabilize the maxillary segments during orthodontic 
treatment, seal the oro-nasal communication, support the nasal alar cartilage, form an ideal 
alveolar morphology, and establish a favorable anatomy for the eruption of teeth through 
the reconstructed area, and the ability to perform functional orthodontic movement, 
including sufficient quality and quantity of alveolar bone with adequate attached gingiva for 
future dental implant placement (Figure 3). 2, 4, 6, 10, 11 The repair of alveolar cleft defect sites 
should allow teeth movement into correct anatomical position by means of natural eruption, 
orthodontic therapy, or, after growth has been completed, replacement of missing teeth by 
endosseal dental implants. Alveolar cleft repair and restoration of the dental arch also lead 
to improvement of the facial aesthetic appearance, increasing lip support, mimic of the facial 
expression muscles, improvement in phonation and deglutition, and overall improvement 
in the child’s positive self-attributes and psychological well-being. 1, 7-9 
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Figure 1. 

(Above, left) Week 7: the medial palatine process is derived from the frontonasal eminence and lateral palatine 
process from the first branchial arch maxillary prominences. (Above, right) Week 10: fusion of the medial palatine 
process, lateral palatine processes, and nasal septum gives oronasal separation, with the medial palatine process 
becoming the primary palate and lateral palatine processes the secondary palate. (Below, left) Unilateral primary 
cleft: caused by failure of fusion of the medial and lateral palatine processes on one side. (Below, center) Bilateral 
primary cleft: caused by failure of fusion of the median palatine process to the fused lateral palatine processes. 
(Below, right) Secondary cleft: caused by failure of the lateral palatine processes to fuse to each other. (Reprinted 
with permission from WOLTERS KLUWER HEALTH, INC. Weissler EH, Paine KM, Ahmed MK, Taub PJ. Alveolar 
Bone Grafting and Cleft Lip and Palate: A Review. Plastic and reconstructive surgery. 2016 Dec 1;138(6):1287-95.)

Timing of the alveolar cleft repair is subject to scientific debate, but the majority of the cen-
ters worldwide perform the alveolar bone repair as a secondary bone grafting procedure 
in the mixed dentition stage, between the age of 8 and 11. Grafting at this age has shown 
to have minimal restrictive effect on the growth of the maxilla, which is usually completed 
by the age of 8, and prior to eruption of the canine tooth, which erupts at around 10 years 
of age (Figure 4). 5 Several studies have compared the efficacy on performing the repair, 
either at an earlier stage “early secondary alveolar bone grafting”, or at later age “late 
secondary alveolar bone grafting”. 
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1
Figure 2. 

(A–C) The alveolar and hard palate cleft should be viewed as a three-dimensional defect resembling a trian-
gle or pyramid. (Reprinted with permission from WOLTERS KLUWER HEALTH, INC. Craven C, Cole P, Hollier 
L Jr, Stal S. Ensuring success in alveolar bone grafting: a three-dimensional approach. J Craniofacial Surgery 
2007;18(4):855–859)

Bone Grafting - 
A Synchronous Reciprocation Between Bone Formation and Remodelling  
Bone is a dynamic tissue made of organic and inorganic components with a unique heal-
ing capacity to regenerate new bone without scarring. Bone formation occurs through 
endochondoral or intramembranous ossification. Endochondral bone formation begins 
with the formation of a cartilage template followed by graduate ossification, and it occurs 
mostly in long bones such as the tibia, femur, radius, and in growth plates. Intramembra-
nous bone formation starts by formation of clusters of dense mesenchymal stem cells, 
which then differentiate into osteobalsts and directly produce osteoid, for example in 
the skull and ribs. Smaller bone defects can heal spontaneously without intervention, but 
larger bone defects do not spontaneously heal, and require an interventional procedure to 
enhance bone regeneration in a process called bone grafting or augmentation procedure.
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Figure 3. 

(A) The alveolar cleft after packing with cortical and cancellous bone. (B,C) Cortical bone reinforcing the roof of 
the cleft (nasal floor) and the anterior wall of the alveolus. (Reprinted with permission from WOLTERS KLUWER 
HEALTH, INC. Craven C, Cole P, Hollier L Jr, Stal S. Ensuring success in alveolar bone grafting: a three-dimensional 
approach. J Craniofacial Surgery 2007;18(4):855–859) 

Proper grafting of alveolar cleft defects is an essential step to re-establish the dental arch 
in patients with a cleft palate. In order to achieve the goals of alveolar bone grafting, a 
sufficient amount of viable bone must be established. 2 This depends on the type of the 
grafting material that aims to restore form, volume and the functional environment of 
a skeletal biological medium that would allow for the eruption of the permanent teeth. 
In order to meet these biological functions, an optimal bone grafting material should 
promote bone healing and osseous regeneration by osteoinduction, osteoconduction, a 
controlled resorption rate, and enhancement of vascularisation in the grafted region. In 
addition, operation related technical features like easiness of handling and application, and 
cost-effectiveness are important. 12, 13 Autologous bone is the gold standard for grafting in 
many types of bone defects and deficiencies in the craniofacial region, but an increasing 
number of various bone replacement materials are being used in clinical practice. 12-15  

Previous studies have evaluated several structural bone qualities (macro- and micro-archi-
tecture) along with biomaterial characteristics such as bone mineral density to represent 
the mechanical strength of bone. These factors were proposed as the main predictors 
of bone quality in bone grafting. 16-20 Additional studies have investigated the qualitative 
and quantitative structural morphology for evaluating bone grafts and regenerative bone 
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1substitute materials during healing bone healing and integration of the grafts to answer 
questions related to the heterogeneity of bone graft resorption and the maintenance of 
bone volume between intramembranous and endochondral bone. 21, 22 Some researchers 
have found that volume maintenance of various bone grafts was affected by dynamic 
microstructural interactions, along with local grafting site factors like intact periosteum, 
mechanical fixation of the graft, and the similarity between grafted and recipient bone to 
allow graft incorporation and a controlled rate of resorption. 21-23 

Figure. 4. 

(Left) Alveolar bone grafting is optimally performed in the stage of mixed dentition. (Right) Descent of the cleft-ad-
jacent canine into the alveolar graft puts functional stress on the graft to increase graft take and reestablishes 
normal dentition. (Reprinted with permission from WOLTERS KLUWER HEALTH, INC. Weissler EH, Paine KM, 
Ahmed MK, Taub PJ. Alveolar Bone Grafting and Cleft Lip and Palate: A Review. Plastic and reconstructive surgery. 
2016 Dec 1;138(6):1287-95.)

Autogenous Bone Grafts  
Autogenous bone grafts are the current standard of care to graft alveolar cleft defects. 
It can be harvested from various anatomical regions including the iliac crest, calvarium, 
mandibular symphysis, mandibular ramus, and the tibia. Each donor site carries its unique 
risks and morbidities (Figure 5). 24, 25 Autogenous bone of various intramembranous or 
endochondral embryonic origins offer heterogeneous bone qualities and distinctive bio-
mechanical and structural features, making them selectively prone to resorption and loss 
of graft volume over time due to inherent morphologic properties. 12, 19, 20, 26, 27
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However, many clinical drawbacks are associated with autogenous bone grafts. These 
include a limited available bone supply at distinct anatomical regions, the need for second 
surgery with subsequent donor site morbidity and its effect on the patient’s quality of 
life, the reliability of the anatomical landmarks, the increased operative time and costs, 
patient’s acceptance, along with several clinical reports on an increased resorption rate 
with unpredictable graft stability. 13-15, 20, 24-31 Even worse, an extensive resorption of the 
autogenous bone graft can sometimes be seen. 22, 26, 32, 33 Given the reported disadvantages 
and morbidities associated with autogenous bone, along with technological advances in 
the field of regenerative bone substitute materials, many researchers have questioned 
its current role as a gold standard. 24, 26, 27

Figure 5. Donor sites commonly utilized for harvesting non-vascularised bone grafts for augmentation proce-

dures in craniofacial surgery.
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1Regenerative Bone Substitute Materials 
To overcome clinical shortcomings associated with autogenous bone, ongoing attempts 
in the field of biomedical sciences have been made in order to develop a suitable bone 
substitute material that would effectively enhance bone regeneration, be biocompati-
ble with absence of toxicity, and maintain the grafting volume with controlled rate of 
resorbability. Furthermore, this material may not harm the immunogenicity, should be 
dimensionally stable under stress, and eventually be replacable by viable bone. 12, 19 Several 
regenerative bone substitute materials have been reported in the literature as suitable 
bone replacement materials for craniofacial reconstruction including processed allografts 
34, 35, xenografts 36, and alloplasts such as bioactive ceramics like hydroxyapatite and tri-
calcium phosphate 34, 37-39, and polymer based materials like polyether ether ketone and 
fiber-reinforced bioglass. 38, 40 

A current review of the literature revealed the utilization of multiple bone substitute mate-
rials for bone regeneration. 13, 14, 30, 31, 41, 42  These materials can be categorized into different 
groups (Table 1) based on their composition including:

1. Growth Factors:
Biological factors based on molecular cellular interactions leading to enhanced osteo-
gensis. They include Bone Morphogenic Proteins (BMP), Platelet Rich Plasma (PRP), 
and Platelet Derived Growth Factors (PDGF). 

2. Enhanced Scaffolds and Cell Therapy (MSC, OB)/Growth Factors in combination:
Scaffolds which are utilized to promote osteoconduction. Scaffolds are usually 
impregnated with cellular components either with Mesenchymal Stem Cells (MSC) or 
Osteoblasts (OB), which can also be treated with growth factors to further enhance 
bone formation. 

3. Biocomposites and Hemostatic Agents:
Biocompatible synthetic materials or biological components that promote osteocon-
duction and enhance the formation of blood clots, leading to enhanced delivery of 
growth factors and promotion of osteogenesis. Biocompatible alloplastic materials 
include calcium phosphate and hydroxyapatite, whereas biologic hemostatic agents 
include fibrin glue and similar hemostatic agents. 

However, many of the bone substitute materials are the result of very recent advances in 
biomedical sciences with various levels of efficacy and with limited documentation. Thus, 
improving surgical techniques, optimizing the quality of the existing materials and looking 
for novel and better bone-substitute materials is crucial in improving the clinical outcome. 
Further scientific work comparing grafting materials is needed to be able to recommend 
suitable alternative materials.



Chapter 1

18

Calcium Phosphate Ceramics
Calcium phosphate ceramics are well known biocompatible ceramics commonly used 
as bone substitute material given their biocompatibility and osteoconductive properties 
promoting new bone formation in various interventional studies in human and transla-
tional animal models. 34, 35, 37-39, 43, 44   Various forms of calcium phosphate bone substitute 
materials exist, but most clinical formulations are made of beta tri-calcium phosphate 
(β-TCP) and calcium hydroxyapatite (HA), the principle mineral component of bone. 
Both materials are proportionally combined to obtain a suitable balance between the 
predictable biodegradability offered by tri-calcium phosphate (β-TCP), and the resiliency 
with improved mechanical properties offered by hydroxyapatite (HA). 39, 44 The grafting 
material has a crystalline structure and geometric porosity which allows it to have effec-
tive osteoconductive and osteointegrative properties, with excellent biocompatibility 
and biomechanical strength, which is obtained shortly after placement in a wet-body 
environment. This may make it suitable as a sole bone grafting substitute material, 
or in combination with additional grafting to promote graft stability and enhance its 
osteogenic potential. 

Dentin 
Dentin, a natural hard tissue organic component of teeth and similar in its chemical 
composition to bone, has also been investigated as an effective bone grafting substitute 
material. Mature dentin is composed of 70% mineralized inorganic material, 20% organic 
material, and 10% water in comparison to the composition of alveolar bone which is 60%, 
25%, and 15% respectively. The physiochemical and biomechanical strength of skeletal 
hard tissue depends mostly on its inorganic composition, and the major inorganic content 
in dentin is composed of several types of calcium phosphates including beta-tricalcium 
(ß-TCP) phosphate, amorphous calcium phosphate (ACP), octacalium phosphate (OCP), 
and hydroxyapatite (HA).  

Several previous experimental and interventional studies have demonstrated that delayed 
replantation of teeth with non-viable periodontal ligaments will fuse with bone in a process 
called ankylosis. 45-50 The ankylosed teeth, which are mostly made of dentin, will gradually 
resorb and subsequently undergo osseous replacement in a process called replacement 
resorption, and it is mostly attributed to a bone remodelling process. 45, 46, 48, 49, 51-53 Several 
studies have focused on this biological phenomenon to preserve alveolar ridge height and 
width by delayed replantation of teeth or decoronation of the tooth for retention in the 
alveolar process to be slowly replaced by bone, thus maintaining the volume of alveolar 
process and preventing bone resorption. 47, 49, 54, 55
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1Additional studies on human and in-vivo models have demonstrated that dentin promotes 
new bone regeneration with inherent osteoinductive and osteoconductive properties. 36, 46, 

51-53, 56-59 Several forms of allogenic and xenogenic dentin forms have been investigated as a 
potential bone replacement material including processed bovine dentin, allogenic freeze-
dried dentin, demineralised dentin, and dried particulate dentine (chips and blocks). 59 
In our previous work conducted at Kuwait University, our results showed that dentin 
possesses mainly osteoconductive properties and promotes new bone formation when 
placed close to the native cortical bone in rabbit tibia, thus acting as an effective material 
for bone augmentation. 46, 51-53, 60 Dried dentin block xenografts have shown promising 
results with incorporation into native bone with minimal inflammation and slow pattern of 
graft resorption and replacement with bone over time. 46, 51-53, 60 The pattern of dentin graft 
incorporation with a slow resorption rate may help to overcome a major issue associated 
with autogenous bone grafts, mainly the rapid resorption rate of the grafted bone and 
the possible need for reoperation and revision of the bone grafting procedure. Dentin 
is readily available from extracted human teeth and can be processed as particles or as 
blocks for grafting. 

Experimental Animal Models 
Animal models with alveolar cleft defects are considered appropriate as an experimental 
model for testing of clinical interventions, as they simulate the clinical scenario presented 
in human patients with alveolar cleft deformity. Development of alveolar clefts in experi-
mental animals can be achieved, either surgically created or congenitally induced in utero 
during embryonic development. 61-64 Several models have been proposed as alveolar cleft 
models to test bone replacement materials. These range from mice, rats, rabbits, cats, 
dogs, pigs, goats, sheep to monkeys. 28, 33, 63, 65-78 

In recent years, attempts have been made to create more effective, economical and smaller 
animal models to create acceptable alveolar cleft defects. Despite the increasing number 
of descriptions of animal models for alveolar bone grafting material testing, most of the in 
vivo animal models using small animals are not useful to function as reliable alveolar cleft 
models simulating that in humans. This is mostly because of the limited anatomical size 
in these models which leads to difficulties in handling intraoral surgical procedures, and 
hence, a compromise in designing and establishing a sizable defect mimicking three-di-
mensional defects as seen in human patients. 68, 74, 79 For this reason, rodent models have 
inherent limitations when compared to larger animal models. They have smaller long-
bones, a more fragile cortex, and do not show Haversian-type remodeling in the cortex. 80 
Rabbits are considered to be the largest animals in the small animals category, and hence, 
less susceptible to elaborate and exhaustive additional clearance requirements usually 
implemented by the central ethical committees. They are non-aggressive, easy to observe, 
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have a quicker vital capacity in terms of gestation and maturity, and can be locally bred. 
80-82 The histology of bone in rabbits is not similar to that of humans, and is a composite of 
dense Haversian bone and layers of primarily vascular longitudinal canals. 80-82 However, 
similarities in bone mineral density and fracture toughness between rabbits and humans 
have been reported in the literature. 81-83 An essential issue with rabbits is that they express 
rapid skeletal metabolism and an increased bone turnover rate, mostly cortical remodeling 
when compared to primates and some rodents. 80-82 Thus, the rabbit model is an appro-
priate animal model for alveolar cleft experimental studies and to properly simulate the 
human in-vivo environment because the rabbit is reproducible, accurate, easy to house 
and handle, relatively easily anaesthetised, provides a large enough area for testing and 
is a properly sized mammal that can bear the trauma of surgery. 81, 82 

Methods of Quantitative Analysis of Bone Regeneration  
The molecular interaction between native bone and the grafting materials is considered 
of paramount importance in graft healing and promotion of bone formation. To quantify 
the bone regeneration potential of bone substitute materials, many non-invasive methods, 
such as micro-computed tomography, have been developed to observe the three-di-
mensional structures of these tissues. In addition to the histological observation of the 
bone-graft interface and healing pattern, these methods provide unique information on 
cellularity and dynamic indices of bone remodelling. 

Preclinical micro-computed tomography (µCT) is a modern non-invasive imaging modality 
which is used to generate three-dimensional high-resolution data sets of the in-vivo labora-
tory animals or excised organs. 84, 85 The volumetric µCT data are suitable for visualization and 
quantitative image analysis due to the isotropic voxel sizes and well-calibrated voxel units, 
especially of bone structures and calcifications. 86 Various morphometric structural features 
have been reported in the literature to influence the augmentation ability of a specific bone 
type, including grafted bone particle sizes, porosity, biomechanical stress capacity, plasticity, 
and cortical bone content. 18-20, 87 µCT has particularly added a deeper insight into evaluating 
calcified tissue and has been used in the quantitative analysis of bone formation in human 
and animal research to evaluate bone graft healing, in contrast to conventional histology 
which reveals more information on the cellular properties of the calcified tissue. 18, 38, 88 In 
addition to bone mineral density, several morphometric parameters have been proposed 
to assess the mechanical characteristics of bone using three-dimensional µCT images. 18, 88, 89

On the other hand, histological observation remains the gold standard in assessing hard 
tissue reactions. Histomorphometry is thus considered a valuable analytical method to 
quantify the changes in the mineralized bone and osteoid, and its surrounding envi-
ronment, and provides unique information on cellularity and dynamic indices of bone 
remodelling. 90  Various techniques and tissue staining methods have been developed for 
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1histological examination of the osteogenic potential of novel biomaterials used in bone 
grafting and assessing bone healing and regeneration. 

Interventional testing with composite Dentin/ß-TCP
Composite bone grafting biomaterials consist of several micro and macro components 
mixed together with the aim to combine the favorable properties of each component. 
Testing various bone grafting materials in animal models requires reliable and predict-
able testing models to evaluate clinical interventions with respect to osteogenesis and 
healing. Critical size defects are the smallest size of skeletal tissue defect that will not 
completely heal in the animal’s lifetime without an intervention. Calvarial critical-size defect 
models have been widely used in maxillofacial and orthopaedic research to test various 
interventions and novel bone grafting materials or modification of material preparations 
or surgical techniques. 38, 90, 91 Alveolar maxillary defects are unique defects with regard 
to their overlying soft tissues; the oral mucosa intraorally and the nasal mucosa as the 
nasal floor lining. Utilization of an animal model with a healed alveolar cleft defect, which 
mimics the oro-nasal communication in human patients with cleft lip and palate, would 
be the best model to test the healing pattern of bone graft materials and establish a 
proper anatomical structure. No previous research work has described dentin as a bone 
grafting substitute material in a reliable and widely accepted critical-size bone defect or 
in an alveolar maxillary cleft animal model. No comparative study has been conducted so 
far between dentin and injectable calcium phosphate bone substitute materials, which we 
believe may contribute positively to the enhancement of bone formation given its close 
chemical composition to both dentin and bone. 

Aims and Review of The Thesis 
The comprehensive objective of our studies was to methodically analyse various grafting 
materials being utilized in alveolar cleft bone grafting in order to improve the overall treat-
ment outcomes of alveolar cleft repair in children with cleft lip and palate.

In our first paper, we aimed at systematically reviewing all up-to-date grafting options in 
humans, including autogenous grafts from different donor sites and the various regen-
erative bone substitute and tissue-engineered materials in the treatment of alveolar cleft 
defects. 

In the second paper, we objectively investigated the morphometric micro-structure of 
the different bone grafts from commonly used donor sites in a human cadaveric study, 
and assessed their structural differences, hoping on shedding some light on their clinical 
behaviour during bone grafting.
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In the third paper, we explored the option of using human xenogenic dentin as grafting 
material in the rabbit tibia, and assessed its bone healing pattern.

In the fourth paper, we aimed at testing a composite xenognic dentin with ß-tricalcium 
phosphate as a grafting material using calvarial critical-size defects in rabbits for robust 
assessment of its bone healing and osteogenic potential. 

In the fifth study, we aimed at developing a reliable alveolar cleft defect animal model 
in New Zealand White rabbits simulating the three-dimensional morphology in human 
patients with cleft lip and palate for interventional testing of novel bone substitute mate-
rials.

The aim of our last study was to evaluate bone regeneration potential and to quantify bone 
formation after grafting our experimental alveolar clefs defects in the rabbit model using 
in-situ formed composite xenogenic, non-demineralized dentin and ß-TCP. We proposed 
adding dentin to the ß-TCP would enhance its bone regeneration potential and persistence 
of graft volume. 
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ABSTRACT 

Objectives: The goal of alveolar cleft reconstruction in patients with cleft lip and palate is 
to improve tissue quality, structural stability, and bone volume. This study is a systematic 
review with meta-analysis of volumetric bone fill using autogenous bone and various 
tissue-engineered bone substitutes. 

Materials and Methods: Electronic search on MEDLINE, EMBASE, SCOPUS, Web of Sci-
ence, and grey literature was conducted according to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Studies with volumetrically 
reported grafting outcome were included in the meta-analysis.

Results: Out of 1276 studies, 26 were included in the meta-analysis. Pooled analysis of 
25 studies using autogenous bone revealed a statistically significant reduction in cleft 
volume equivalent to 62.0% bone fill (95% CI: 54.3, 69.6), in contrast to 10 studies using a 
tissue-engineered material with percentage bone filling of 68.7% (95% CI: 54.5, 82.8). The 
estimated pooled effect sizes across studies showed that there is no statistically significant 
difference between the two major intervention groups (P-value = 0.901).

Conclusions: Our statistical analysis show no significant difference between autogenous 
bone grafts and novel tissue-engineered materials with regard to cleft filling capability. 

Systematic review registration: International Prospective Register of Systematic Reviews, 
PROSPERO (CRD42017065045).
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INTRODUCTION

Cleft lip and palate is a malformation caused by the incomplete fusion of facial prom-
inences during embryonic development. This results in a bony defect in the maxillary 
process and distruption of teeth eruption. Skeletal grafting of alveolar cleft deformities is 
an essential step to re-establish the bony continuity of the alveolar arch and to create a 
favorable anatomy for dental rehabilitation. 1-3 

Reconstruction of these defects is done via bone grafting procedures using autogenous 
bone, along with various tissue-engineered bone replacement materials. 4-9 Autologous 
bone can be obtained from several donor sites including the iliac crest, calvarium, man-
dibular symphysis, mandibular ramus, and the tibia. Nonetheless, each donor site carries 
its unique risks and morbidities. 3, 10

A current review of the literature revealed the utilization of multiple bone substitute mate-
rials for bone regeneration. 5-9, 11  These materials can be categorized into different groups 
(Table 1) based on their composition which includes:

1. Growth Factors:
Biological factors based on molecular cellular interactions leading to enhanced osteo-
gensis. They include Bone Morphogenic Proteins (BMP), Platelet Rich Plasma (PRP), 
and Platelet Derived Growth Factors (PDGF). 

2. Enhanced Scaffolds and Cell Therapy (MSC, OB)/Growth Factors combination:
Multiple scaffolds which are utilized to promote osteoconduction. Scaffolds are usually 
impregnated with cellular components either with Mesenchymal Stem Cells (MSC) or 
Osteoblasts (OB), which can also be treated with growth factor to further enhance 
bone formation. 

3. Biocomposites and Hemostatic Agents:
Biocompatible synthetic materials or biological components that promote osteocon-
duction and enhance the formation of blood coagulum, leading to enhanced delivery 
of growth factors and promotion of osteogenesis. Biocompatible alloplastic materials 
include Calcium Phosphate and Hydroxyapatite, whereas biologic hemostatic agents 
include Fibrin glue and similar hemostatic agents. 

Assessment of bone grafting treatment outcome was performed mostly through the 
Bergland grading system using two-dimensional (2D) radiographs including panoramic, 
occlusal, and periapical films to measure interalveolar bone height. 12, 13 Nevertheless, the 
reliability of 2D image quality for clinical assessment is questionable due to several draw-
backs, including the lack of volumetric data, distortion and magnification issues during 
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image capture, an overlap of anatomical structures, and the absence of a reliable set of 
identifiable anatomical landmarks. 13, 14 With the recent advancement in medical imaging 
using computed tomography and the ease of volumetric reconstruction for computational 
analysis, the use of 3D volumetric analysis is becoming more frequent in assessing bone 
grafting treatment outcome. 13, 15

Table 1 Groups of grafting materials. 

Autogenous Bone Grafts
1. Iliac Crest Bone Graft
2. Mandibular Symphysis Bone Graft
3. Cranial Bone Graft
4. Tibial Bone Graft

Tissue-Engineered Bone Replacement Materials 
1. Growth Factors (BMP, PRP, PDGF) 
2. Enhanced Scaffolds and Cell Therapy (MSC, OB)/Growth Factors combination
3. Biocomposites and Hemostatic Agents (Fibrin-glue, Calcium Phosphate, HydroxyApetite) 

BMP: Bone Morphogenic Protein; PRP: Platelet Rich Plasma; PDGF: Platelet Derived Growth Factor; MSC: 
Mesenchymal Stem Cell; OB: Osteoblasts

Thus far, two major factors have contributed to the heterogenity in assessing treatment 
outcomes, namely the grafting material used (i.e., autogenous versus tissue-engineered) 
and the method of measuring the cleft volume pre- and post-operatively. Current litera-
ture lacks a comprehensive study comparing outcomes (e.g., percentage bone volume fill) 
of different interventions based on 3D volumetric measurements. Hence, this systematic 
review and meta-analysis sought to provide insights on the effectiveness of the two major 
treatment approaches (autogenous bone from various donor sites and the different tis-
sue-engineering materials). The results of this meta-analysis provide evidence whether 
treatment with regenerative bone substitutes yields improved outcomes compared to 
treatment with autogenous bone grafts.
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MATERIALS AND METHODS

Study Protocol and Registration:
The present study was conducted according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines. 16 A protocol was established 
according to the evidence-based PICO model (population, intervention, comparison and 
outcome) to answer the following question:

“In patients with congenital cleft lip and palate with alveolar cleft defect, what is the effectiveness 
of different grafting surgical interventions (autogenous or tissue-engineered bone substitutes) 
in filling the alveolar cleft defect with bone as detected by radiographic volumetric imaging 
modality?”

The protocol was reviewed among all authors and subsequently registered in the 
International Prospective Register of Systematic Reviews, PROSPERO (Registration 
CRD42017065045) and can be accessed at: https://www.crd.york.ac.uk/PROSPERO/dis-
play_record.asp?ID=CRD42017065045.

Information Resources and Search Strategy:
A comprehensive search of major online electronic databases, including MEDLINE, 
EMBASE, SCOPUS, and WEB OF SCIENCE, was performed. The search covered published 
literature in each database from its inception to February 1st, 2017. No language restriction 
was applied. Searching relevant terms and keywords included “cleft lip and palate”, “bone 
grafting”, “maxillary alveolus”, and “transplantation” (Table S1). Grey literature search and 
cross references were also performed.

Eligibility criteria:
We included all interventional studies, conducted in humans, assessing the effectiveness 
of treatment of alveolar cleft defects with various bone grafting techniques in patients 
with cleft lip and palate. All epidemiological study designs that allow evaluating the effects 
of interventions were included, such as randomized or quasi–randomized controlled/
uncontrolled trials, uncontrolled longitudinal case series, and before-and-after studies. 
Table 2 presents the inclusion and exclusion criteria in details. The included studies should 
have reported pre-operative and post-operative cleft volume using volumetric imaging 
(cc, ml, mm3, cm3), and/or reported percentage bone filling (residual bone defect, bone 
formation, residual cleft), which would allow us to volumetrically compare the results of 
the various grafting materials.
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Table S1 The electronic databases searched and search strategy as of 01.02.2017. 

Electronic database Search strategy No. of 
hits per 
database

EMBASE
start - 01.02.2017

((cleft lip) OR (cleft palate) OR Harelip OR “Cleft Lip” OR “Cleft Palate”) 
AND
(alveolar OR (alveolus cleft) OR (alveolar cleft)) AND
((bone grafting) OR (bone graft) OR “Bone Transplantation” OR (Bone 
Transplantation) OR
“Alveolar Bone Grafting”)

874

MEDLINE (Pubmed)
start - 01.02.2017

(((((((((((cleft lip) OR cleft palate) OR Harelip) OR “Cleft Lip”[Mesh]) 
OR “Cleft Palate”[Mesh])) AND alveolar)) OR alveolus cleft) OR 
alveolar cleft)) AND (((((bone grafting) OR bone graft) OR “Bone 
Transplantation”[Mesh]) OR Bone Transplantation) OR “Alveolar Bone 
Grafting”[Mesh])

897

Scopus
start - 01.02.2017

(TITLE-ABS-KEY(cleft lip) OR TITLE-ABS-KEY(cleft palate) OR TITLE-ABS-
KEY(Harelip) OR TITLE-ABS-KEY(“cleft lip”) OR TITLE-ABS-KEY(“cleft 
palate”)) AND (TITLE-ABS-KEY(alveolar) OR TITLE-ABS-KEY(alveolus 
cleft) OR TITLE-ABS-KEY(alveolar cleft)) AND (TITLE-ABS-KEY(bone 
grafting) OR TITLE-ABS-KEY(bone graft) OR TITLE-ABS-KEY(“bone 
transplantation”) OR TITLE-ABS-KEY(bone transplantation) OR TITLE-
ABS-KEY(“alveolar bone grafting”))

980

ISI Web of Knowledge
start - 01.02.2017

(TS=(cleft lip) OR TS=(cleft palate) OR TS=(Harelip) OR TS=(“cleft lip”) 
OR TS=(“cleft palate”)) AND (TS=(alveolar) OR TS=(alveolus cleft) 
OR TS=(alveolar cleft)) AND (TS=(bone grafting) OR TS=(bone graft) 
OR TS=(“bone transplantation”) OR TS=(bone transplantation) OR 
TS=(“alveolar bone grafting”))

910

Study selection and data extraction:
In the screening round, two reviewers (M.K. and A.B.) independently performed the selec-
tion process of the articles based on the title and abstract and studies were assigned as 
“include”, “exclude”, and “maybe”. Any disagreement was resolved by a third review (B.L.). 
Next, full-text of articles assigned as “include” and “maybe” were obtained for a second 
round of reviewing. Assessment of the full-text articles in the second round and defining 
the modality of intervention was performed by the same two reviewers (M.K. and A.B.). 
Disagreement was again resolved by a third review (B.L.).

From each eligible study, two authors (M.K. and A.H.Z.) independently extracted the rel-
evant information. Disagreements were resolved by discussion. The following data were 
obtained from each study using a structured data extraction table: name of first author, 
year of publication, study design, type of intervention(s), sample size (if multiple interven-
tion arms were used, then sample size was reported accordingly), cleft type, average age 
of study participants, imaging modality, method of volumetric analysis, length of follow-up, 
mean of pre- and post-operative cleft volume and measure of dispersion (e.g., standard 
deviation, range, and/or variance), and mean percentage bone filling (residual bone defect, 
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bone formation, residual cleft). In instances where summary statistics were not available 
and raw data were provided within the publication, authors calculated the needed sum-
mary measures (e.g., mean and standard deviation).

Table 2 Inclusion and exclusion criteria. 

Inclusion 
1. Studies in humans of all ages 
2. Patients with the diagnosis of unilateral/bilateral cleft lip and/or palate involving the alveolar process
3. At least one study arm with surgical alveolar bone grafting as an Intervention 
4. Randomized or quasi– randomized controlled trials, controlled clinical trials, prospective studies, and 

retrospective studies  
5. Volumetric imaging obtained for postoperative assessment (Computed Tomography, Cone Beam 

Computed Tomography)
6. Reported perioperative and postoperative cleft volume using volumetric imaging (cc, ml, mm3, cm3), or 

reported percentage bone filling (residual bone defect, bone formation, residual cleft)
7. Postoperative volumetric assessment performed minimum 3 months postoperatively

Exclusion 
1. Trials in animals  
2. Non-clinical studies and all other research types (i.e. editorials, textbooks, technical reports, etc)   
3. Case reports 
4. No volumetric imaging values 

Assessment of study quality and risk of bias
A qualitative rating methodology previously described by Al-Moraissi et al was utilized by 
combining the proposed quality assessment criteria from the MOOSE (Meta-Analysis of 
Observational Studies in Epidemiology) statement, STROBE (Strengthening the Reporting 
of Observational Studies in Epidemiology) statement, and PRISMA statement to evaluate 
the quality of the scientific evidence of the studies. 17-20

Risk of potential bias for each study was classified after assessing the following 5 criteria: 
randomization in allocation, definition of the criteria for inclusion and exclusion into the 
study, reporting of loss to follow-up, utilization of validated measurements, and description 
of statistical analysis. A study was considered to have a low risk of bias when all of the 5 
parameters were present in the study, while it was considered a moderate risk when 4 
parameters were fulfilled, and high risk of bias was defined by studies having met 3 or 
less of these criteria. 17

Statistical analysis
Since the outcome measure is continuous (cleft volume) and we are interested in deter-
mining if the different treatment approaches performed differentially in reducing the 
cleft volume, the standardized mean difference (SMD), using the Hedges’ g statistic, was 
estimated and considered as the measure of effect size. 21 The Hedges’ g statistic estimates 
SMDs by dividing the difference in means by pooled standard deviations. In general, SMD 
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is applied when the same outcome variable is measured using different scales and/or 
different measuring instruments with an aim to standardize the results of the different 
studies to a uniform unit-free scale. In the current study, the SMD was calculated as the 
difference between pre- and post-operative cleft volume; thus, a negative SMD value 
represents a decrease in the cleft volume. Although SMD is difficult to interpret, rules of 
thumb exist for interpreting SMDs; for example, a SMD < 0.40 is considered a small effect, 
0.40 to 0.70 moderate, and > 0.70 is a large effect. 22 In addition to estimating SMD, aver-
age percentage bone filling was estimated as follows: % bone fill = [(Pre-operation cleft 
volume – Post-operation cleft volume) / Pre-operation cleft volume] x 100.

Meta-analyses were performed to calculate pooled (overall) SMDs and 95% confidence 
intervals (CIs) across studies using random effects model in the presence of heterogeneity 
(I2 > 50%); otherwise, fixed effects model was applied. 23 Specifically, meta-analyses were 
conducted to estimate a pooled SMD for studies using autogenous bone grafts and stud-
ies using tissue-engineered bone replacement material separately. Moreover, subgroup 
analyses were performed within each of the two major treatment groups. Q-test for het-
erogeneity based on random-effects model was used to test whether SMDs vary across 
subgroups. If considerable heterogeneity (I2 > 50%) was detected, additional subgroup 
analyses were performed to investigate potential reasons based on previously described 
methodological risk of bias assessment. Publication bias was visually examined by using 
funnel plots. Analyses were preformed using the Comprehensive Meta-Analysis software 
version 3.3.070 (Biostat, Inc., Englewood, NJ, USA). 

Briefly, the Q-test for heterogeneity examines the null hypothesis of homogeneity that 
all studies (or subgroups) included in the meta-analysis are evaluating the same effect; 
hence, a pre-determined statistical significance level (e.g., α = 0.05) is used to reject the null 
hypothesis of homogeneity. On the other hand, I2 quantifies heterogeneity by describing 
the percentage of variability across studies that is attributable to heterogeneity rather than 
chance. 23 I2 takes values between 0% and 100%, with 0% indicating no observed hetero-
geneity and larger values indicate increasing heterogeneity across studies. In the current 
report, I2 was used to aid choosing between applying fixed effect (I2 ≤ 50%) or random 
effects (I2 > 50%) model. Whereas, Q-test for heterogeneity was used to test whether SMDs 
vary across different intervention subgroups.



Volumetric Comparison of Grafting Materials in Alveolar Cleft Repair

37

2

RESULTS

Search results and characteristics of the studies
A total of 3661 articles were identified by the initial search of electronic databases and 5 
additional publications were identified from the grey literature (Figure 1). After removing 
duplicates, 1276 titles and abstracts were subjected to screening. We excluded 1082 
articles that did not meet the inclusion criteria. Full-text of the remaining 198 articles 
were further assessed for eligibility, of which 32 articles were eligible for inclusion in the 
study. After further excluding 6 studies that reported data from the same cohorts and/or 
studies that did not provide sufficient information, 26 studies were included in the current 
systematic review and meta-analysis. 24-49

Methodological and detailed characteristics of the selected studies are shown in table 
S2. Of the 26 studies included in the meta-analysis, 6 were randomized, 9 prospective 
and 11 retrospective studies. The time point of postoperative radiographic assessment 
varied among the studies and ranged from 3 to 36 months. When multiple time points 
were reported, the farthest from the point of intervention was used. In studies with more 
than 1 intervention group, each comparison group was considered independently for the 
meta-analysis. Autogenous bone was used in 25 studies; 22 conventional iliac crest bone 
grafts, 1 calvarial, 1 tibial, and 1 mandibular symphysis grafts. Tissue-engineered bone 
substitutes were used in 10 studies, of which 6 were Growth Factors, 2 were Enhanced 
Scaffolds and Cell Therapy, and 2 were Biocomposites and Hemostatic Agents.

Risk of Bias in Individual Studies
Quality assessment of the included studies according to the aforementioned instrumental 
method revealed 6 studies with a low risk of bias, 9 with moderate risk of bias, and 11 with 
high risk of bias (Table S3).

Meta-analysis findings 
Pooled analysis of 25 studies (Table 3) that used autogenous grafts as the intervention 
revealed statistically significant large reduction in cleft volume (overall SMD = -1.91, 95% 
CI: -2.25, -1.57, P-value < 0.001, I2 = 77.3%; Figure 2). This reduction is equivalent to, on 
average, a 62.0% (95% CI: 54.3, 69.6) bone fill. The elevated heterogeneity (I2 = 77.3%) 
between the studies was partially explained by the estimated level of methodological risk 
of bias (low/moderate risk of bias: SMD = -2.03, 95% CI: -2.47, -1.59, P-value < 0.001, I2 = 
59.4%, 14 studies; high risk of bias: SMD = -1.77, 95% CI: -2.24, -1.29, P-value < 0.001, I2 
= 83.4%, 11 studies).
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Table S2 Characteristics of included studies.

ID Author Year Study Design Exposure / Intervention N 
Patients

N Clefts Cleft 
Type

Average 
Age

Imaging 
Modality

Method of 
Volumetric 
Analysis

Average        
Follow-up

Preoperative Cleft Postoperative Cleft Percentage Bone Fill p-value

Raw 
Volume

Raw SD Raw 
Volume

Raw SD Raw 
Reported %

% Bone 
Fill

SD

1 Alonso et al. 2010 RCT resorbable collagen matrix 
with rhBMP-2 (Infuse Bone 
Graft)

8 8 UCL 9 year 6 
month

conventional 
computed 
tomography

Osirix DICOM 
Viewer

6m + 1 year 974.8 mm3 236.8 mean 
defect 
247.1 
mm3

112.8 bone fill 
74.4%

74.4% 10.8 0,176

        conventional iliac crest bone 
graft

8 8 UCL 9 year 6 
month

conventional 
computed 
tomography

Osirix DICOM 
Viewer

6m + 1 year 1052.4 mm3 326.0 mean 
defect 
207.8 
mm3

77.9 bone fill 
80.2%

80.2% 4.1  -

2 Canan Jr 
et al.

2012 RCT Perioplasty 6 6 UCL 9 year 5 
month

conventional 
computed 
tomography

Kodak Carestream 
PACS

3 m, 6m, 
12m

430.4 mm3  - - -  -  -  -  -

        ICBG 6 6 UCL 10 year 8 
month

conventional 
computed 
tomography

Kodak Carestream 
PACS

3 m, 6m, 
12m

656.9 mm3  - bone 
forming 
volume 
520.5 
mm3

310.1 bone 
formation 
78%

78%
 

15.1 0,937

        resorbable collagen sponge 
with rhBMP-2 (Infuse Bone 
Graft)

6 6 UCL 8 year 7 
month

conventional 
computed 
tomography

Kodak Carestream 
PACS

3 m, 6m, 
12m

471.8 mm3  - bone 
forming 
volume 
354.4 
mm3

130.7 bone 
formation 
75.1%

75.1%
 

20.6  -

3 de Ruiter 
et al.

2015 prospective micro-structured beta-
tricalcium phosphate mixes 
with autologous blood (65% 
+/- 15% porous and >90% pure 
phase ß-TCP)

7 6 
included

UCL 11 years 
1.1m

Cone Beam 
Computed 
Tomography

Osirix DICOM 
Viewer

1 w, 6m 0.72 cm3 0.26 bone 
volume 
0.53 cm3

0.21 Bone volume 
73%

73%
 

6  -

4 Dickinson 
et al.

2008 RCT resorbable collagen matrix 
with rhBMP-2 (Infuse Bone 
Graft)

9 9 UCL 16.4 (1.5) Cone Beam 
Computed 
Tomography

ImageJ program 
(NIH)

1 year 5.6 cc 0.3 defect 
0.3 cc

0.02 bone fill 95% 95%
 

 - 0.01

        conventional iliac crest bone 
graft

12 12 UCL 15.9 (1.9) Cone Beam 
Computed 
Tomography

ImageJ program 
(NIH)

1 year 5.1 cc 0.4 1.9 0.2 bone fill 63% 63%
 

 -  -

5 Dieleman 
et al.

2004 prospective conventional iliac crest bone 
graft

5 5 UCL 9y 6m conventional 
computed 
tomography

Siemens Somatom 
workstation 

1 year 2.15 cm3 
(bone vol 
immediate 
postop)

  1.62 cm3 
(bone vol)

  75% 75%  -  -

6 Dissaux et al. 2016 retrospective conventional iliac crest bone 
graft

14 15 UCL 
+ 
BCL

5 years 2 
month

Cone Beam 
Computed 
Tomography

Osirix DICOM 
Viewer

2105286m 0.965 cm3 (0.7 - 1.3) 0.6 cm3 (0.36 - 
1.1)

Bone volume 
63.3%

63.3%  - 0.012

        conventional iliac crest bone 
graft

14 16 UCL 
+ 
BCL

10 years Cone Beam 
Computed 
Tomography

Osirix DICOM 
Viewer

2105286m 1.03 cm3 (0.7 - 1.5) 0.45 cm3 (0 - 0.7) 46.2 % 46.2%  -  -

7 Feichtinger 
et al.

2007 prospective conventional iliac crest bone 
graft

24 24 UCL 10 year 6 
month

conventional 
computed 
tomography

STN-Zeiss-
Navigation System

1y, 2y, 3y 1.17 cm3 0.31 0.56 cm3 0.41 
cm3

averge 
volume graft 
50.21 

50.21% 34.59  -

8 Feichtinger 
et al.

2008 prospective conventional iliac crest bone 
graft

20 20 UCL 11 year conventional 
computed 
tomography

STN-Zeiss-
Navigation System

1y, 2y 1.2 cm3 0.3 0.6 cm3 0.4  graft volume 
50 %

50% 37  -
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Table S2 Characteristics of included studies.

ID Author Year Study Design Exposure / Intervention N 
Patients

N Clefts Cleft 
Type

Average 
Age

Imaging 
Modality

Method of 
Volumetric 
Analysis

Average        
Follow-up

Preoperative Cleft Postoperative Cleft Percentage Bone Fill p-value

Raw 
Volume

Raw SD Raw 
Volume

Raw SD Raw 
Reported %

% Bone 
Fill

SD

1 Alonso et al. 2010 RCT resorbable collagen matrix 
with rhBMP-2 (Infuse Bone 
Graft)

8 8 UCL 9 year 6 
month

conventional 
computed 
tomography

Osirix DICOM 
Viewer

6m + 1 year 974.8 mm3 236.8 mean 
defect 
247.1 
mm3

112.8 bone fill 
74.4%

74.4% 10.8 0,176

        conventional iliac crest bone 
graft

8 8 UCL 9 year 6 
month

conventional 
computed 
tomography

Osirix DICOM 
Viewer

6m + 1 year 1052.4 mm3 326.0 mean 
defect 
207.8 
mm3

77.9 bone fill 
80.2%

80.2% 4.1  -

2 Canan Jr 
et al.

2012 RCT Perioplasty 6 6 UCL 9 year 5 
month

conventional 
computed 
tomography

Kodak Carestream 
PACS

3 m, 6m, 
12m

430.4 mm3  - - -  -  -  -  -

        ICBG 6 6 UCL 10 year 8 
month

conventional 
computed 
tomography

Kodak Carestream 
PACS

3 m, 6m, 
12m

656.9 mm3  - bone 
forming 
volume 
520.5 
mm3

310.1 bone 
formation 
78%

78%
 

15.1 0,937

        resorbable collagen sponge 
with rhBMP-2 (Infuse Bone 
Graft)

6 6 UCL 8 year 7 
month

conventional 
computed 
tomography

Kodak Carestream 
PACS

3 m, 6m, 
12m

471.8 mm3  - bone 
forming 
volume 
354.4 
mm3

130.7 bone 
formation 
75.1%

75.1%
 

20.6  -

3 de Ruiter 
et al.

2015 prospective micro-structured beta-
tricalcium phosphate mixes 
with autologous blood (65% 
+/- 15% porous and >90% pure 
phase ß-TCP)

7 6 
included

UCL 11 years 
1.1m

Cone Beam 
Computed 
Tomography

Osirix DICOM 
Viewer

1 w, 6m 0.72 cm3 0.26 bone 
volume 
0.53 cm3

0.21 Bone volume 
73%

73%
 

6  -

4 Dickinson 
et al.

2008 RCT resorbable collagen matrix 
with rhBMP-2 (Infuse Bone 
Graft)

9 9 UCL 16.4 (1.5) Cone Beam 
Computed 
Tomography

ImageJ program 
(NIH)

1 year 5.6 cc 0.3 defect 
0.3 cc

0.02 bone fill 95% 95%
 

 - 0.01

        conventional iliac crest bone 
graft

12 12 UCL 15.9 (1.9) Cone Beam 
Computed 
Tomography

ImageJ program 
(NIH)

1 year 5.1 cc 0.4 1.9 0.2 bone fill 63% 63%
 

 -  -

5 Dieleman 
et al.

2004 prospective conventional iliac crest bone 
graft

5 5 UCL 9y 6m conventional 
computed 
tomography

Siemens Somatom 
workstation 

1 year 2.15 cm3 
(bone vol 
immediate 
postop)

  1.62 cm3 
(bone vol)

  75% 75%  -  -

6 Dissaux et al. 2016 retrospective conventional iliac crest bone 
graft

14 15 UCL 
+ 
BCL

5 years 2 
month

Cone Beam 
Computed 
Tomography

Osirix DICOM 
Viewer

2105286m 0.965 cm3 (0.7 - 1.3) 0.6 cm3 (0.36 - 
1.1)

Bone volume 
63.3%

63.3%  - 0.012

        conventional iliac crest bone 
graft

14 16 UCL 
+ 
BCL

10 years Cone Beam 
Computed 
Tomography

Osirix DICOM 
Viewer

2105286m 1.03 cm3 (0.7 - 1.5) 0.45 cm3 (0 - 0.7) 46.2 % 46.2%  -  -

7 Feichtinger 
et al.

2007 prospective conventional iliac crest bone 
graft

24 24 UCL 10 year 6 
month

conventional 
computed 
tomography

STN-Zeiss-
Navigation System

1y, 2y, 3y 1.17 cm3 0.31 0.56 cm3 0.41 
cm3

averge 
volume graft 
50.21 

50.21% 34.59  -

8 Feichtinger 
et al.

2008 prospective conventional iliac crest bone 
graft

20 20 UCL 11 year conventional 
computed 
tomography

STN-Zeiss-
Navigation System

1y, 2y 1.2 cm3 0.3 0.6 cm3 0.4  graft volume 
50 %

50% 37  -
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Table S2 Continued.

ID Author Year Study Design Exposure / Intervention N 
Patients

N Clefts Cleft 
Type

Average 
Age

Imaging 
Modality

Method of 
Volumetric 
Analysis

Average        
Follow-up

Preoperative Cleft Postoperative Cleft Percentage Bone Fill p-value

Raw 
Volume

Raw SD Raw 
Volume

Raw SD Raw 
Reported %

% Bone 
Fill

SD

9 Herford et al. 2007 retrospective resorbable type I bovine 
collagen matrix with rhBMP-2 
(Infuse Bone Graft)

10 10 UCL 8 y conventional 
computed 
tomography

IMPAX; Afga-
Gavaert

2105284m 10.55 cm3  - 7.57 cm3 
bone 
volume

 - Bone fill 
71.7 %

71.7%  -  -

        conventional iliac crest bone 
graft

2 2 UCL 10 y conventional 
computed 
tomography

IMPAX; Afga-
Gavaert

2105284m 17.86 cm3   13.37cm3   78.1 % 78.1%  -  -

10 Honma et al. 1999 retrospective conventional iliac crest bone 
graft

15 15 UCL 10 y 1 m conventional 
computed 
tomography

manual calculation 3m, 1 year 1.1 cm3 0.3 cm3 1.1 cm3 
bone 
volume

0.5 cm3 Graft volume 
99% 

99% 38  -

11 Hudak et al. 2014 retrospective cranial bone graft - shavings + 
osteotomes

10 NS UCL 
+ 
BCL

10 year limited 
computed 
tomography

Amira volume-
rendering software

1 year 1.19 ml 0.52 - 
1.82 ml 
range

0.19 ml 
average 
defect 
volume 
post op

0.06 -.57 
ml

bone fill 85% 85%   -

12 Hussain 2013 retrospective Tibial graft 9  -  - 17.78 yrs conventional 
computed 
tomography

Siemens Somatam 
Espirit inbuilt 
software

6m  -  -  -  - bone fill 
73.15%

73.15% 9.9  -

13 Linderup 
et al.

2016 retrospective Mandibular Smphyseal Bone 
graft

32 32 UCL 9y 6m Cone Beam 
Computed 
Tomography

Mimics 15.0, 
Materialise 
Interactive Medical 
Image Control 
System

1 year 934 mm3 296 mm3 111 mm3 
defect

122 
mm3

bone fill 87% 87% 14% 0.05

14 Nagashima 
et al.

2014 retrospective conventional iliac crest bone 
graft

29 29 UCL 10y 1m conventional 
computed 
tomography

DICOM manager 
(ZedView, LEXI Inc., 
Tokyo, Japan)

2105286m 1.16 cm3 0.42 cm3 remaining 
bone  0.56 
cm3

0.40 48.28% 
calculated

48.28%  -  -

15 Neovius 
et al.

2013 RCT BMP-2 in hydrogel (low 
concentration 50microg)

2 2 UCL 9y 6m conventional 
computed 
tomography

General Electric 
Advantage 
Windows 
workstation 
Volume viewer 
4.5_02

2105286m 2.20 cm3  - 1.91 cm3  - bone fill
12% 

12%  -  -

      RCT BMP-2 in hydrogel (high 
concentration 250microg)

2 2 UCL 9y 6m conventional 
computed 
tomography

General Electric 
Advantage 
Windows 
workstation 
Volume viewer 
4.5_02

2105286m 1.59 cm3  - 0.79 cm3  - bone fill 46% 46%  -  -

      RCT conventional iliac crest bone 
graft

3 3 UCL 9y 10m conventional 
computed 
tomography

General Electric 
Advantage 
Windows 
workstation 
Volume viewer 
4.5_02

2105286m 1.71 cm3  - 0.93 cm3  - bone fill 
48.67% 

48.67%  -  -

16 Oberoi et al. 2009 Prospective conventional iliac crest bone 
graft

21 (4x2 + 
17)= 25

UCL 
+ 
BCL

10y 7m Cone Beam 
Computed 
Tomography

Amira volume-
rendering software 
3.1.1

1 year 0.7 cm3 (UCL 
0.61cm3 
+ BCL 
0.82cm3)

(UCLL 
0.08cm3 
+BCL 
0.21cm3)

 - bone fill 84% 84%  -  -
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Table S2 Continued.

ID Author Year Study Design Exposure / Intervention N 
Patients

N Clefts Cleft 
Type

Average 
Age

Imaging 
Modality

Method of 
Volumetric 
Analysis

Average        
Follow-up

Preoperative Cleft Postoperative Cleft Percentage Bone Fill p-value

Raw 
Volume

Raw SD Raw 
Volume

Raw SD Raw 
Reported %

% Bone 
Fill

SD

9 Herford et al. 2007 retrospective resorbable type I bovine 
collagen matrix with rhBMP-2 
(Infuse Bone Graft)

10 10 UCL 8 y conventional 
computed 
tomography

IMPAX; Afga-
Gavaert

2105284m 10.55 cm3  - 7.57 cm3 
bone 
volume

 - Bone fill 
71.7 %

71.7%  -  -

        conventional iliac crest bone 
graft

2 2 UCL 10 y conventional 
computed 
tomography

IMPAX; Afga-
Gavaert

2105284m 17.86 cm3   13.37cm3   78.1 % 78.1%  -  -

10 Honma et al. 1999 retrospective conventional iliac crest bone 
graft

15 15 UCL 10 y 1 m conventional 
computed 
tomography

manual calculation 3m, 1 year 1.1 cm3 0.3 cm3 1.1 cm3 
bone 
volume

0.5 cm3 Graft volume 
99% 

99% 38  -

11 Hudak et al. 2014 retrospective cranial bone graft - shavings + 
osteotomes

10 NS UCL 
+ 
BCL

10 year limited 
computed 
tomography

Amira volume-
rendering software

1 year 1.19 ml 0.52 - 
1.82 ml 
range

0.19 ml 
average 
defect 
volume 
post op

0.06 -.57 
ml

bone fill 85% 85%   -

12 Hussain 2013 retrospective Tibial graft 9  -  - 17.78 yrs conventional 
computed 
tomography

Siemens Somatam 
Espirit inbuilt 
software

6m  -  -  -  - bone fill 
73.15%

73.15% 9.9  -

13 Linderup 
et al.

2016 retrospective Mandibular Smphyseal Bone 
graft

32 32 UCL 9y 6m Cone Beam 
Computed 
Tomography

Mimics 15.0, 
Materialise 
Interactive Medical 
Image Control 
System

1 year 934 mm3 296 mm3 111 mm3 
defect

122 
mm3

bone fill 87% 87% 14% 0.05

14 Nagashima 
et al.

2014 retrospective conventional iliac crest bone 
graft

29 29 UCL 10y 1m conventional 
computed 
tomography

DICOM manager 
(ZedView, LEXI Inc., 
Tokyo, Japan)

2105286m 1.16 cm3 0.42 cm3 remaining 
bone  0.56 
cm3

0.40 48.28% 
calculated

48.28%  -  -

15 Neovius 
et al.

2013 RCT BMP-2 in hydrogel (low 
concentration 50microg)

2 2 UCL 9y 6m conventional 
computed 
tomography

General Electric 
Advantage 
Windows 
workstation 
Volume viewer 
4.5_02

2105286m 2.20 cm3  - 1.91 cm3  - bone fill
12% 

12%  -  -

      RCT BMP-2 in hydrogel (high 
concentration 250microg)

2 2 UCL 9y 6m conventional 
computed 
tomography

General Electric 
Advantage 
Windows 
workstation 
Volume viewer 
4.5_02

2105286m 1.59 cm3  - 0.79 cm3  - bone fill 46% 46%  -  -

      RCT conventional iliac crest bone 
graft

3 3 UCL 9y 10m conventional 
computed 
tomography

General Electric 
Advantage 
Windows 
workstation 
Volume viewer 
4.5_02

2105286m 1.71 cm3  - 0.93 cm3  - bone fill 
48.67% 

48.67%  -  -

16 Oberoi et al. 2009 Prospective conventional iliac crest bone 
graft

21 (4x2 + 
17)= 25

UCL 
+ 
BCL

10y 7m Cone Beam 
Computed 
Tomography

Amira volume-
rendering software 
3.1.1

1 year 0.7 cm3 (UCL 
0.61cm3 
+ BCL 
0.82cm3)

(UCLL 
0.08cm3 
+BCL 
0.21cm3)

 - bone fill 84% 84%  -  -
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Table S2 Continued.

ID Author Year Study Design Exposure / Intervention N 
Patients

N Clefts Cleft 
Type

Average 
Age

Imaging 
Modality

Method of 
Volumetric 
Analysis

Average        
Follow-up

Preoperative Cleft Postoperative Cleft Percentage Bone Fill p-value

Raw 
Volume

Raw SD Raw 
Volume

Raw SD Raw 
Reported %

% Bone 
Fill

SD

17 Oyama et al. 2004 retrospective ICBG + PRP + Fibrin glue 7 7 UCL 16y 1 
month

conventional 
computed 
tomography

Adobe Photoshop 2105286m Reported in 
pixels

-   -  - bone fill 
80.19 % 

80.19% 6.77 0.05

        conventional iliac crest bone 
graft

5 5 UCL 16y 4 
months

conventional 
computed 
tomography

Adobe Photoshop 2105286m Reported in 
pixels

 -  -  - average 
63,67%

63.67% 13.94  -

18 Ozawa et al. 2007 retrospective conventional iliac crest bone 
graft

25 35 UCL 
+ 
BCL

6y 8m conventional 
computed 
tomography

SIMPlant 
(Materialize, NV)

2105286m 1.37ml 
(immediate 
postop)

0.51ml 0.73ml 
(remaining 
graft 
volume)

.26ml 53.28% 
calculated

53.28%  -  -

19 Pradel et al. 2012 prospective autogenous Osteoblasts 
cultured on demineralised 
bone matrix Osteovit

4 4 UCL 11y 2m Cone Beam 
Computed 
Tomography

iPlan 2.6 Cranial, 
BrainLab, 
Germany)

2105286m 0.93 cm3 0.23 cm3 cleft 
volume 
0.55 cm3

0.24 
cm3

bone fill 
40.9%

40.9%
 

 -  -

      prospective conventional iliac crest bone 
graft

4 5 UCL 
+ 
BCL

9y 5m Cone Beam 
Computed 
Tomography

iPlan 2.6 Cranial, 
BrainLab, 
Germany)

2105286m 0.93 cm3 0.36 cm3 cleft 
volume 
0.59 cm3

0.23 
cm3

bone fill 
36.6%

36.6%
 

 -  -

20 Reddy et al. 2015 prospective conventional iliac crest bone 
graft

10 10   9y 7m conventional 
computed 
tomography

  2105286m 0.805 cm3 0.36 cm3 0.546 cm3 
(bone 
volume)

0.34 67.83% 
calculated

67.83%
 

 -  -

21 Rychlik et al. 2012 retrospective conventional iliac crest bone 
graft

62 62   11y conventional 
computed 
tomography

Siemens 
SOMATOM 
Emotion software 

2105286m 2.15 cm3 
(bone 
volume 
immediate 
postop)

0.75 0.56 cm3  
(bone 
volume)

0.29 26% 
calculated

26%
 

 -  -

22 Shawky et al. 2015 RCT PRF (Platelet rich fibrin) + 
conventional iliac crest bone 
graft

12 12   10y 9m conventional 
computed 
tomography

DicomWorks 1.3.5 
({hilippe Puech and 
Loic Boussel)

2105286m 0.96 cm3 0.259 
cm3

0.18 cm3 
(defect 
vol)

0.08 
cm3

new bone 
82.61% 

82.61%
 

3,91% 
.

0.5

      RCT conventional iliac crest bone 
graft

12 12   10y 9m conventional 
computed 
tomography

DicomWorks 1.3.5 
({hilippe Puech and 
Loic Boussel)

2105286m 0.9 cm3 0.28 cm3 0.275cm3 0.05 
cm3

new bone 
68,38% 

68.38%
 

6,67% 
.

 -

23 Tai et al. 2000 prospective conventional iliac crest bone 
graft

14 (11 
UCL + 3 
BLP)

17   9y 1m conventional 
computed 
tomography

Siemens Somatom 
workstation 

1 year 2.1cm3 
(immediate 
post volume)

0.7cm3 1.20 cm3 
(residual 
bone 
volume)

0.44cm3 56.9% (43.1% 
volume loss)

56.9%
 

 -  -

24 Takemaru 
et al.

2016 RCT conventional iliac crest bone 
graft

10 10 UCL 8y 4m conventional 
computed 
tomography

DICOM manager 
(ZedView, LEXI Inc., 
Tokyo, Japan) 

1 year 0.869ml 0.221ml 0.518ml 
(bone 
volume)

0.303ml 59.6% 
calculated

59.6%
 

 -  -

      RCT bioabsorbable hydroxyapatite 
and collagen complex (0.5 ml 
HA/Col, RIFIT, Hoya Co, Tokyo, 
Japan)

5 5 UCL 8y 6m conventional 
computed 
tomography

DICOM manager 
(ZedView, LEXI Inc., 
Tokyo, Japan) 

1 year 0.884ml 0.116ml 0.648ml 
(bone 
volume)

0.120ml 73.3% 
calculated

73.3%  -  -

25 Touzet-
Roumazeille 
et al.

2015 retrospective conventional iliac crest bone 
graft + gengivoperiosteoplasty

37 37   5y 5m Cone Beam 
Computed 
Tomography

Osirix DICOM 
Viewer

7.4 months 1.29 cm3 0.43 cm3 graft 
volume 
0.73 cm3 

0.23 
cm3

bone fill
61.89% 

61.89% 18.77  -

26 Zahng et al. 2012 prospective conventional iliac crest bone 
graft

19 19   15y 8m Cone Beam 
Computed 
Tomography

SIMPlant Pro 
11.4 (Materialize, 
Belgium)

2105286m 2.52 cm3 0.58 1.78 cm3 
(bone 
volume)

0.23 
cm3

70.36% 
(29.37% 
bone loss)

70.36%  - 0.05
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Table S2 Continued.

ID Author Year Study Design Exposure / Intervention N 
Patients

N Clefts Cleft 
Type

Average 
Age

Imaging 
Modality

Method of 
Volumetric 
Analysis

Average        
Follow-up

Preoperative Cleft Postoperative Cleft Percentage Bone Fill p-value

Raw 
Volume

Raw SD Raw 
Volume

Raw SD Raw 
Reported %

% Bone 
Fill

SD

17 Oyama et al. 2004 retrospective ICBG + PRP + Fibrin glue 7 7 UCL 16y 1 
month

conventional 
computed 
tomography

Adobe Photoshop 2105286m Reported in 
pixels

-   -  - bone fill 
80.19 % 

80.19% 6.77 0.05

        conventional iliac crest bone 
graft

5 5 UCL 16y 4 
months

conventional 
computed 
tomography

Adobe Photoshop 2105286m Reported in 
pixels

 -  -  - average 
63,67%

63.67% 13.94  -

18 Ozawa et al. 2007 retrospective conventional iliac crest bone 
graft

25 35 UCL 
+ 
BCL

6y 8m conventional 
computed 
tomography

SIMPlant 
(Materialize, NV)

2105286m 1.37ml 
(immediate 
postop)

0.51ml 0.73ml 
(remaining 
graft 
volume)

.26ml 53.28% 
calculated

53.28%  -  -

19 Pradel et al. 2012 prospective autogenous Osteoblasts 
cultured on demineralised 
bone matrix Osteovit

4 4 UCL 11y 2m Cone Beam 
Computed 
Tomography

iPlan 2.6 Cranial, 
BrainLab, 
Germany)

2105286m 0.93 cm3 0.23 cm3 cleft 
volume 
0.55 cm3

0.24 
cm3

bone fill 
40.9%

40.9%
 

 -  -

      prospective conventional iliac crest bone 
graft

4 5 UCL 
+ 
BCL

9y 5m Cone Beam 
Computed 
Tomography

iPlan 2.6 Cranial, 
BrainLab, 
Germany)

2105286m 0.93 cm3 0.36 cm3 cleft 
volume 
0.59 cm3

0.23 
cm3

bone fill 
36.6%

36.6%
 

 -  -

20 Reddy et al. 2015 prospective conventional iliac crest bone 
graft

10 10   9y 7m conventional 
computed 
tomography

  2105286m 0.805 cm3 0.36 cm3 0.546 cm3 
(bone 
volume)

0.34 67.83% 
calculated

67.83%
 

 -  -

21 Rychlik et al. 2012 retrospective conventional iliac crest bone 
graft

62 62   11y conventional 
computed 
tomography

Siemens 
SOMATOM 
Emotion software 

2105286m 2.15 cm3 
(bone 
volume 
immediate 
postop)

0.75 0.56 cm3  
(bone 
volume)

0.29 26% 
calculated

26%
 

 -  -

22 Shawky et al. 2015 RCT PRF (Platelet rich fibrin) + 
conventional iliac crest bone 
graft

12 12   10y 9m conventional 
computed 
tomography

DicomWorks 1.3.5 
({hilippe Puech and 
Loic Boussel)

2105286m 0.96 cm3 0.259 
cm3

0.18 cm3 
(defect 
vol)

0.08 
cm3

new bone 
82.61% 

82.61%
 

3,91% 
.

0.5

      RCT conventional iliac crest bone 
graft

12 12   10y 9m conventional 
computed 
tomography

DicomWorks 1.3.5 
({hilippe Puech and 
Loic Boussel)

2105286m 0.9 cm3 0.28 cm3 0.275cm3 0.05 
cm3

new bone 
68,38% 

68.38%
 

6,67% 
.

 -

23 Tai et al. 2000 prospective conventional iliac crest bone 
graft

14 (11 
UCL + 3 
BLP)

17   9y 1m conventional 
computed 
tomography

Siemens Somatom 
workstation 

1 year 2.1cm3 
(immediate 
post volume)

0.7cm3 1.20 cm3 
(residual 
bone 
volume)

0.44cm3 56.9% (43.1% 
volume loss)

56.9%
 

 -  -

24 Takemaru 
et al.

2016 RCT conventional iliac crest bone 
graft

10 10 UCL 8y 4m conventional 
computed 
tomography

DICOM manager 
(ZedView, LEXI Inc., 
Tokyo, Japan) 

1 year 0.869ml 0.221ml 0.518ml 
(bone 
volume)

0.303ml 59.6% 
calculated

59.6%
 

 -  -

      RCT bioabsorbable hydroxyapatite 
and collagen complex (0.5 ml 
HA/Col, RIFIT, Hoya Co, Tokyo, 
Japan)

5 5 UCL 8y 6m conventional 
computed 
tomography

DICOM manager 
(ZedView, LEXI Inc., 
Tokyo, Japan) 

1 year 0.884ml 0.116ml 0.648ml 
(bone 
volume)

0.120ml 73.3% 
calculated

73.3%  -  -

25 Touzet-
Roumazeille 
et al.

2015 retrospective conventional iliac crest bone 
graft + gengivoperiosteoplasty

37 37   5y 5m Cone Beam 
Computed 
Tomography

Osirix DICOM 
Viewer

7.4 months 1.29 cm3 0.43 cm3 graft 
volume 
0.73 cm3 

0.23 
cm3

bone fill
61.89% 

61.89% 18.77  -

26 Zahng et al. 2012 prospective conventional iliac crest bone 
graft

19 19   15y 8m Cone Beam 
Computed 
Tomography

SIMPlant Pro 
11.4 (Materialize, 
Belgium)

2105286m 2.52 cm3 0.58 1.78 cm3 
(bone 
volume)

0.23 
cm3

70.36% 
(29.37% 
bone loss)

70.36%  - 0.05
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Figure 1. PRISMA flow diagram of the study selection process. 

 
 

 
 
 
 
 
 
 
 
 

PRISMA 2009 Flow Diagram 

From:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/journal.pmed1000097 

For more information, visit www.prisma-statement.org. 
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Similarly, overall analysis of investigations (n = 10) that used tissue-engineered bone 
replacement materials (Table 4) demonstrated statistically significant reduction in cleft 
volume (overall SMD = -1.95, 95% CI: -2.64, -1.27, P-value < 0.001, I2 = 68.7%; Figure 3). On 
average, percentage bone filling was estimated to be 68.7% (95% CI: 54.5, 82.8) for studies 
applying tissue-engineered material for bone grafting. None of the 10 studies was classi-
fied as being high risk for methodological bias; however, the observed high heterogeneity 
(I2 = 68.7%) was attributable to methodological quality (low risk of bias: SMD = -2.11, 95% 
CI: -3.23, -0.99, P-value < 0.001, I2 = 80.3%, 6 studies; moderate risk of bias: SMD = -1.81, 
95% CI: -2.40, -1.22, P-value < 0.001, I2 = 00.0%, 4 studies).
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Table S3 Overview Of The Quality Assessment And Estimated Risk Of Bias In The Studies.

ID Authors Year Random 
Selection 
in 
Population

Defined 
Inclusion 
and 
Exclusion 
Criteria

Loss to 
Follow-
Up

Validated 
Measure-
ments

Statistical 
Analysis

Estimated 
Risk of Bias

1 Alonso et al. 2010 + + + + + Low

2 Canan Jr et al. 2012 + + + + + Low

3 de Ruiter et al. 2015 - + + + + Moderate

4 Dickinson et al. 2008 + + + + + Low

5 Dieleman et al. 2004 - + + + - High

6 Dissaux et al. 2016 + + + + + Moderate

7 Feichtinger et al. 2007 - + - + + High

8 Feichtinger et al. 2008 - + - + + High

9 Herford et al. 2007 - + + + + Moderate

10 Honma et al. 1999 - + - + + High

11 Hudak et al. 2014 - + - + + High

12 Hussain 2013 - + - + + High

13 Linderup et al. 2016 - + - + + High

14 Nagashima et al. 2014 - + - + + High

15 Neovius et al. 2013 + + + + + Low

16 Oberoi et al. 2009 - + + + + Moderate

17 Oyama et al. 2004 - + + + + Moderate

18 Ozawa et al. 2007 - + - + + High

19 Pradel et al. 2012 - + + + + Moderate

20 Reddy et al. 2015 - + + + + Moderate

21 Rychlik et al. 2012 - + - + + High

22 Shawky et al. 2015 + + + + + Low

23 Tai et al. 2000 - + + + + Moderate

24 Takemaru et al. 2016 + + + + + Low

25 Touzet-Roumaz. et al. 2015 - + - + + High

26 Zhang et al. 2012 - + + + + Moderate
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Table 3. Overview of the Analysed Articles in Autogenous Bone Graft group.

Author (Date) Type Graft and donor site Number of patients % Bone fill

Alonso et al. (2010) RCT iliac crest 8 80.2%

Canan et al. (2012) RCT iliac crest 6 78%

Dickinson et al. (2008) RCT iliac crest 12 63%

Dieleman et al. (2004) Prospective iliac crest 5 75%

Dissaux et al. (2016) Retrospective iliac crest 28 54.75%

Feichtinger et al. (2007) Prospective iliac crest 24 50.21%

Feichtinger et al. (2008) Prospective iliac crest 20 50%

Herford et al. (2007) Retrospective iliac crest 2 78.1%

Honma et al. (1999) Retrospective iliac crest 15 99%

Hudak et al. (2014) Retrospective calvarium 10 85%

Hussain (2013) Retrospective Tibia 9 73.15%

Linderup et al. (2016) Retrospective Mandibular Smphysis 32 87%

Nagashima et al. (2014) Retrospective iliac crest 29 48.28%

Neovius et al. (2013) RCT iliac crest 3 48.67%

Oberoi et al. (2009) Prospective iliac crest 21 84%

Oyama et al. (2004) Retrospective iliac crest 5 63.67%

Ozawa et al. (2007) Retrospective iliac crest 25 53.28%

Pradel et al. (2012) Prospective iliac crest 4 36.6%

Reddy et al. (2015) Prospective iliac crest 10 67.83%

Rychlik et al. (2012) Retrospective iliac crest 62 26%

Shawky et al. (2015) RCT iliac crest 12 68.38%

Tai et al. (2000) Prospective iliac crest 14 56.9%

Takemaru et al. (2016) RCT iliac crest 10 59.6%

Touzet-Roumazeille et al. (2015) Retrospective iliac crest 37 61.89%

Zhang et al. (2012) Prospective iliac crest 19 70.36%

Moreover, results of analysis testing whether the estimated pooled effect sizes (i.e., SMDs) 
are different across studies using autogenous bone grafts (overall SMD = -1.91) and inves-
tigations using tissue-engineered material (overall SMD = -1.95) showed that there is no 
statistically significant difference between the two major intervention groups (P-value = 
0.901). Hence, indicating that both treatment approaches yield similar bone filling capa-
bilities.

In subgroups analysis, studies were grouped based on similarities of the material used to 
fill the clefts. There were four treatment groups within the studies which used autogenous 
bone (Table 5) and three treatment groups within the studies which used tissue-engi-
neered materials (Table 6). Results of this analysis showed that all treatment subgroups 
statistically significantly reduced the cleft volume. In regard to studies using autogenous 
bone grafts, there was a statistically significant difference in the magnitude of cleft reduc-
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tion (i.e., SMDs) across the treatment subgroups (p-value = 0.009; Table 5). This difference 
was mainly driven by a statistically significant difference (P-value = 0.004) between studies 
using iliac crest (SMD = -1.78, 95% CI: -2.11, -1.45) and a study using mandibular symphy-
seal grafts (SMD = -3.12, 95% CI: -3.95, -2.28; Table 5). Similarly, reduction in cleft volume 
was more pronounced, though not statistically significant (P-value = 0.069), in a study 
using cranial bone grafts (SMD = -3.22, 95% CI: -4.75, -1.70) compared to studies using 
iliac crest bone). In contrast, studies using different tissue-engineered materials did not 
differ in regard to cleft filling capability (P-value = 0.362, Table 6).

Figure 2. Forest plot of random effects meta-analysis summarizing the standardized mean difference of the 
studies with regard to reduction in postoperative cleft volume using autogenous bone grafts. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Alonso et al. (2010) -2.54 -3.94 -1.15 0.000 2.95
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Herford et al. (2007) -1.95 -3.65 -0.26 0.024 2.38
Homma et al. (1999) -2.59 -3.63 -1.55 0.000 3.78
Hudak et al. (2014) -3.22 -4.75 -1.70 0.000 2.69
Hussain (2013) -2.46 -3.74 -1.18 0.000 3.20
Linderup et al. (2016) -3.12 -3.95 -2.28 0.000 4.34
Nagashima et al. (2014) -1.50 -2.02 -0.97 0.000 5.18
Neovius et al. (2013) -0.91 -1.88 0.06 0.067 3.97
Oberoi et al. (2009) -2.08 -2.83 -1.33 0.000 4.57
Oyama et al. (2004) -1.87 -3.23 -0.52 0.007 3.03
Ozawa et al. (2007) -1.73 -2.35 -1.12 0.000 4.95
Pradel et al. (2012) -0.78 -1.68 0.11 0.087 4.18
Reddy et al. (2015) -1.04 -1.77 -0.31 0.005 4.64
Rychlik et al. (2012) -0.72 -0.99 -0.44 0.000 5.69
Shawky et al. (2015) -2.25 -3.29 -1.21 0.000 3.78
Tai et al. (2000) -1.93 -2.80 -1.06 0.000 4.25
Takemaru et al. (2016) -2.47 -3.70 -1.25 0.000 3.33
Touzet-Roumazeille et al. (2015) -1.91 -2.45 -1.38 0.000 5.14
Zhang et al. (2012) -3.38 -4.54 -2.22 0.000 3.49
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Results show statistically significant large reduction in cleft volume (overall SMD = -1.91, 95% CI: -2.25, -1.57, 
P-value < 0.001, I

2 
= 77.3%).

In an additional analysis, we tested whether cleft volume reduction is different across 
studies using iliac crest grafts (SMD = -1.78; Table 5) and studies using growth factors (SMD 
= -2.34; Table 6). Results of this analysis did not show any statistically significant difference 
between these two major subgroups (P-value = 0.324).
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Table 4  Overview of the Analysed Articles in Tissue-Engineered Bone Replacement group.

Author (Date) Type Graft and donor site Number of 
patients

% Bone fill

Alonso et al. (2010) RCT resorbable collagen matrix with rhBMP-2 
(Infuse Bone Graft)

8 74.4%

Canan et al. (2012) RCT resorbable collagen sponge with 
rhBMP-2 (Infuse Bone Graft)

6 75.1%

de Ruiter et al. (2015) Prospective micro-structured beta-TCP mixes with 
autologous blood (65% porous and >90% 
pure phase ß-TCP)

6 73%

Dickinson et al. (2008) RCT resorbable collagen matrix with rhBMP-2 
(Infuse Bone Graft)

9 95%

Herford et al. (2007) Retrospective resorbable type I bovine collagen matrix 
with rhBMP-2 (Infuse Bone Graft)

10 71.7%

Neovius et al. (2013) RCT BMP-2 in hydrogel 4 46%

Oyama et al. (2004) Retrospective ICBG + PRP + Fibrin glue 7 80.19%

Pradel et al. (2012) Prospective autogenous Osteoblasts cultured on 
demineralised bone matrix Osteovit

4 40.9%

Shawky et al. (2015) RCT PRF (Platelet rich fibrin) + conventional 
iliac crest bone graft

12 82.61%

Takemaru et al. (2016) RCT bioabsorbable hydroxyapatite and 
collagen complex (0.5 ml HA/Col)

5 73.3%

Figure 3. Forest plot of random effects meta-analysis summarizing the standardized mean difference of the 
studies with regard to reduction in postoperative cleft volume using tissue-engineered bone substitute materials. 
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Results show statistically significant reduction in cleft volume (overall SMD = -1.95, 95% CI: -2.64, -1.27, P-value 
< 0.001, I

2 
= 68.7%). 



Volumetric Comparison of Grafting Materials in Alveolar Cleft Repair

49

2

Table 5  Subgroup analysis of studies using autogenous bone graft: results of random effects meta-analysis.

Bone graft material Number of 
Studies

Number 
of Subjects

Hedges’ g SMD*

(95% CI)
SE Within group 

P-value†

Iliac crest 22 371 -1.78 (-2.11, -1.45) 0.169 < 0.001

Mandibular symphyseal 1 32 -3.12 (-3.95, -2.28) 0.426 < 0.001

Cranial 1 10 -3.22 (-4.75, -1.70) 0.777 < 0.001

Tibial 1 9 -2.46 (-3.74, -1.18) 0.654 < 0.001

Between groups P-value‡ 0.009

SMD: Standardized mean difference; SE: Standard error; CI: Confidence interval
* Refers to the standardized difference in mean cleft volume pre- and post-operatively.
† Testing whether the treatment statistically significantly reduced cleft volume.
‡ Testing whether there is a statistically significant difference in SMD between the four treatment groups. 

Table 6 Subgroup analysis of studies using tissue-engineered bone replacement materials: results of random 
effects meta-analysis.

Bone graft material Number 
of Studies

Number 
of Subjects

Hedges’ g SMD*

(95% CI)
SE Within group 

P-value†

Growth factors 6 49 -2.34 (-3.39, -1.28) 0.540 < 0.001

Enhanced scaffolds and cell therapy 2 11 -1.82 (-3.27, -0.37) 0.742 0.014

Bio-composites and hemostatic 
agents

2 11 -1.20 (-2.35, -0.05) 0.587 0.041

Between groups P-value‡ 0.362

SMD: Standardized mean difference; SE: Standard error; CI: Confidence interval
* Refers to the standardized difference in mean cleft volume pre- and post-operatively.
† Testing whether the treatment statistically significantly reduced cleft volume.
‡ Testing whether there is a statistically significant difference in SMD across the three treatment groups.

Publication bias
Funnel plots were used to assess the presence of publication bias. Among both treatment 
groups, small studies reporting small effect sizes (negative studies) are missing (Figure S1 
and Figure S2). Moreover, there is a lack of large studies reporting the effectiveness of 
tissue-engineered materials.
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Figure S1. Funnel plot of standard error by standardized difference in mean in studies using autogenous bone 
grafts after removing the two outlier studies.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-4 -3 -2 -1 0 1 2 3 4

0.0

0.2

0.4

0.6

0.8

1.0

Hedges’ g SMD

St
an

da
rd

 E
rr

or

Figure S2. Funnel plot of standard error by standardized difference in mean in studies using tissue-engineered 
bone substitute materials after removing the outlier study.
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DISCUSSION

Autogenous bone most commonly harvested from the iliac crest remains to be the stan-
dard of care to graft alveolar cleft deformities, yet alternative sites have also been used 
such as the calvaria, tibia, and mandibular symphysis. 3, 7, 8, 10 However, an autogenous 
graft is associated with significant drawbacks inclulding limited supply of bone, the need 
for an additional donor site and its associated postoperative morbidities such as pain, 
hematoma, and delayed ambulation, and its inherent susceptibility to resorption in the 
long term. 3, 7, 8, 10, 50, 51 For this reason, several tissue-engineered bone substitutes have 
been used as alternative materials to promote bone formation and eliminate donor site 
morbidities. 4-9 

Despite the presence of multiple systematic reviews in the literature evaluating alveolar 
bone grafting interventions, the literature lacks a meta-analysis of volumetric 3D outcome 
of these materials. 7, 8, 52, 53 Previous 2D assessment of grafting outcome using autogenous 
bone according to the Bergland grading system reported success rates ranging from 67% 
to 95%. 13, 54 In recent years, computed tomography (CT) scans have been widely utilized 
for the outcome assessment of secondary bone grafting procedures in cleft patients. 
Some studies reported that conventional 2D assessment of grafting procedures have 
overestimated the number of successful bone grafts by 17% based on dental radiographs 
compared to computed tomography, which was can be explained by the loss of dimen-
sional assessment related to depth and overlying structures. 13, 15, 55 

Results of this comprehensive meta-analysis suggest that both, autogenous bone (average 
percentage bone fill = 62.0%) and tissue-engineered bone substitutes (average percentage 
bone fill = 68.7%), yielded similar effectiveness in filling alveolar clefts (P-value = 0.901). 
The tissue-engineering materials utilized expressed a considerable amount of hetero-
geneity. The majority of the regenerative materials were growth factors such as BMP-2, 
likely because of their longer presence in clinical practice compared to novel scaffolds 
and cell therapy. A previous meta-analysis of BMP-2 by Kelly et al reported significant 
increase in bone height in localized alveolar ridge augmentation in contrast to the control 
group with an overall SMD of 0.56 (CI, 0.20-0.92) in favor of BMP. 56 In addition, a network 
meta-analysis by Papageorgiou et al comparing various grafts histomorphically prior to 
dental implantation showed no significant differences in the percentage of new bone 
formation between synthetic bone and autogenous bone, with synthetic substitute group 
showing percentage new bone of 5.5% lower than autogenous bone. 57 

Another meta-analysis by Klijn compared various donor sites of autogenous bone in maxil-
lary sinus floor augmentation et al histomorphometrically and showed that graft harvested 
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from the iliac crest resulted in a significantly lower total bone volume when compared with 
intraoral donor sites, namely the mandibular symphysis and ramus. 58 

This coincides with our results, which show standardized difference in mean cleft volume 
of -1.78 (-2.11, -1.45) for the autogenous iliac crest graft, which is lower than the mandibu-
lar symphysis, -3.12 (-3.95, -2.28), cranium, -3.22 (-4.75, -1.70), and tibia grafts, -2.46 (-3.74, 
-1.18). Additional studies in the literature reported that iliac crest bone graft is inherently 
prone to resorption of up to 43.1% in the first year after grafting. 8, 50, 51 

The majority of the studies used autogenous bone obtained from the iliac crest (22 stud-
ies) in contrast to calvarial, tibial, and mandibular symphysis grafts. This is understandable 
given it is still the gold standard and the large amount of bone it provides. Our literature 
review suggests a lack of good quality RCTs evaluating alveolar cleft repair. This meta-anal-
ysis provides evidence that regenerative bone substitute materials show promising results 
in alveolar cleft repair.

CONCLUSIONS

Our meta-analysis results indicate that tissue-engineered bone substitutes are as effective 
as autogenous bone in reducing cleft volume creating the viable option of eliminating the 
need for a second surgical site its associated postoperative morbidities. 
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ABSTRACT
 
The objective of the current study was to compare the three-dimensional morphometric 
microstructure in human cadaveric bone specimens taken from various commonly uti-
lized donor sites for autogenous bone grafting. Autogenous bone grafts can be harvested 
from various anatomical sites and express heterogeneous bone quality with a specific 
three-dimensional microstructure for each site. The long-term structural integrity and sus-
ceptibility to resorption of the graft depend on the selected donor bone. Micro-computed 
tomography generates high-resolution datasets of bone structures and calcifications 
making this modality versatile for microarchitecture analysis and quantification of the 
bone. Six bone specimens, 10 mm in length, where anatomically possible, were obtained 
from various anatomical sites from 10 human dentate cadavers (4 men, 6 women, mean 
age 69.5 years). Specimens were scanned using a Micro-computed tomography device and 
volumetrically reconstructed. A virtual cylindrical inclusion was reconstructed to analyze 
the bone mineral density and structural morphometric analysis using bone indices: relative 
bone volume, surface density, trabecular thicknesses, and trabecular separation. Calvarial 
bone specimens showed the highest mineral density, followed by the chin, then mandib-
ular ramus then the tibia, whereas iliac crest and maxillary tuberosity had lower bone 
mineral densities. The pairwise comparison revealed statistically significant differences 
in the bone mineral density and relative bone volume index in the calvaria, mandibular 
ramus, mandibular symphysis groups when compared to those in the iliac crest and max-
illary tuberosity, suggesting higher bone quality in the former groups than in the latter; 
tibial specimens expressed variable results. 
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INTRODUCTION

Bone grafting is a widely-used procedure for the reconstruction of bony defects in the cra-
niofacial region. Bone augmentation procedures aim primarily at expanding the volume of 
viable bone along with the establishment of a functional skeletal biological medium which 
allows for an optimal physiologic integration and predictable healing. Autogenous bone 
grafts from intramembranous or endochondral embryonic origins can be harvested from 
various donor sites, each offering heterogeneous bone quality and distinctive biomechan-
ical features and structural integrity making them selectively prone to resorption and loss 
of graft volume over time. 1-5 Thus, the long-term structural integrity and tissue quality of 
the grafted bone depends on the type of the grafting material and the autogenous bone 
donor site. 2, 3 Additional considerations must be taken into account when planning for a 
bone grafting procedure from various intraoral and distant donor sites. These include the 
limited bone supply at each distinct anatomical region, subsequent donor site morbidity 
and its effect on the patient’s quality of living, the reliability of the anatomical landmarks, 
and most importantly patient’s acceptance and satisfaction about the procedure. 1-3, 5, 6

Micro-computed tomography (µCT) is a modern imaging modality which is used to gener-
ate three-dimensional (3D) high-resolution data sets of the in-vivo laboratory animals or 
excised organs. 7, 8 The volumetric µCT data is suitable for visualization and quantitative 
image analysis due to the isotropic voxel sizes and well-calibrated voxel units. 9 Bone 
structures and calcifications provide a particularly strong native contrast which make 
this modality versatile for the analyze the microarchitecture of the skeletal tissue and to 
quantify bone, while analysis of blood vessels requires the application of contrast agents. 
10, 11  Various morphometric structural features have been reported in the literature to 
influence the augmentation ability of a specific bone type, including grafted bone particle 
sizes, porosity, biomechanical stress capacity, plasticity, and cortical bone content. 2, 3, 12, 13

We sought to compare the skeletal morphometric microstructure of human cadaveric 
bone specimens taken from the commonly utilized donor sites for autogenous bone 
grafting (ABG) using µCT. Images obtained are analyzed after surface rendering of the 
bone specimen’s microstructure and quantification of the bone mineral density along 
with bone quality parameters.
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MATERIALS AND METHODS

Human subjects and bone specimens
Human cadavers from 10 Caucasian subjects were obtained for the study at the Institute 
of Anatomy, RWTH University in Aachen, Germany. Collection of these human tissue spec-
imens was conducted by strictly following the protocol established by the Human Ethics 
Committee of Aachen University Hospital. Date of birth of each subject was provided, 
but no data were available regarding previous medical diseases, prior medical or surgical 
interventions, or the cause of death of these individuals.  Specimen were obtained from 
dentate cadavers (4 males, 6 females). The age ranged from 57.3 to 81.2 years (mean 69.5 
years). A trephine bur of 8 mm internal diameter was employed to harvest bone cores 
at multiple intraoral and distant extraoral donor sites from anatomical areas routinely 
utilized in non-vascularized bone grafting procedures in oral and maxillofacial surgery. 
These anatomical donor sites were: calvarium (CA), maxillary tuberosity (MT), mandibular 
ramus (MR), mandibular symphysis (MS), anterior iliac crest (IC), and tibia (TB). One bone 
specimen, 10 mm in length where anatomy permitted, was obtained from each of the six 
anatomic locations for each of 10 cadavers (10 specimens from each anatomic location). 
The bone specimens were thoroughly cleansed of any soft tissue material and immersed 
in 0.16% chlorhexidine solution and subsequently dried. A total of 60 edentulous bone 
block specimens from various skeletal regions were obtained and prepared for imaging.

Acquisition of µCT scans and image analysis
Specimens were scanned using a µCT device (Tomoscope DUO, CT-Imaging, Erlangen, 
Germany), as previously described. 14  The dual energy µCT acquired 720 projections with 
1032 x 1012 pixels for each of the two detectors during one full rotation. Scanning time 
was 90 s. Volumetric data was reconstructed at 35 µm isotropic voxel size using a Feld-
kamp algorithm. The voxel intensities were calibrated for Hounsfield units using a water 
phantom. A virtual cylindrical inclusion with a 4-mm diameter was inserted into the center 
of the bone specimen using the Imalytics Preclinical Software (Philips Technologie GmbH, 
Aachen, Germany) to analyze the bone mineral density. 9, 14 Then, quantitative bone quality 
parameters were computed for the entire cylindrical inclusion as well as along the z-axis 
of the inclusion. Specimen results from each respective location in all ten cadavers were 
pooled together. Mean values and standard deviations of all the recorded parameters 
were statistically compared across all groups.

Assessment of micro-architecture and bone quality parameters and statistical analysis
The 3D structural images produced by the analytical software were used to obtain the 
results of the morphometric analysis. These structural bone quality parameters included: 
bone mineral density (BMD) presented as kHU bone volume fraction (BV/TV), which rep-
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resents the ratio of volume of binary objects inside a volume of interest (VOI) to total 
volume (TV) of VOI expressed as percentage; object surface to volume ratio (BS/BV) in 
mm-1, which represents the ratio of surface area of binary objects to volume of these 
objects to characterize the thickness and complexity of a 3D structure; trabecular thick-
ness (Tb.Th) in mm, which represents the local thickness of an individual trabecula in a 
3D-structure; and trabecular separation (Tb.Sp) in mm, which represents the local thick-
ness of voids in in a porous structure. 15, 16

Statistical comparison was performed using one-way-ANOVA with Tukey posttest. Statisti-
cal pairwise significances among different types of bone grafts were displayed as a visual 
matrix (green indicated statistical significance p < 0.05).
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RESULTS

Comparison of 3D morphometric parameters among the anatomical sites
Table 1 demonstrates the 3D characteristics of harvested specimens from various regions. 
Noteworthy is that the lowest amount of bone height was obtained from the maxillary 
tuberosity specimens. Surface rendering of the bone specimen showed variable bone 
mineral density (BMD) along the reconstructed virtual cylinder along the bone grafts, as 
seen in Figure 1. Biphasic pattern of increased BMD was noted in specimens from the 
CA, MR, and MS, and monophasic increased BMD in the TB group. The lowest BMD was 
noted in the MT and IC groups, as demonstrated in Figure 2 and 3. 

Figure 1. CT data and image analysis.

A) Surface rendering of a bone specimen from mandibular symphysis showing the trabecular bone structure. B) 
A cylindrical region was inserted into the specimen for analysis. C) Represents a longitudinal view of the rendered 
slice through the center of the specimen whereas D) represents a cross-sectional view, showing lower bone 
mineral density in the center. E) Bone mineral density along the cylinder.

Table 1. Characteristics of harvested specimens from various anatomical positions.

Bone Specimen Site Number of Specimens (n) Width Average height (mean and SD)

Calvarium (Parietal) 10 8 mm 7.22 mm ± 1.57

Maxillary Tuberosity 10 8 mm 4.86 mm ± 2.05

Mandibular Ramus 10 8 mm 7.6 mm ± 3.33

Mandibular Symphysis (Chin) 10 8 mm 9.8 mm ± 3.35

Iliac Crest (Anterior) 10 8 mm 11.85 mm ± 3.34

Tibia (Lateral Tubercle) 10 8 mm 11.2 mm ± 4.22

Table 2 demonstrates the morphometric bone parameters (mean and standard devia-
tions) of the specimens from various anatomical positions. When assessing cancellous 
bone mass parameters, we noticed that CA, MS, and MR specimens expressed significantly 
higher BV/TV values than MT and IC specimens. The TB specimens expressed a wider 
range of values with slightly improved values over the IC and MT, and were significantly 
different from CA specimens. Tb.Sp values yielded significantly lower trabecular separation 
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values in the CA group than in the MT, IC, and TB groups, and in the MS group than in the 
MT group (Figure 4). The findings of the structural indices overall suggest more favorable 
values representing BMD and BV/TV mainly in the CA group, followed by MS, then MR 
group than in the TB, MT, and IC groups (Figure 4).

Figure 2. Bone mineral density of different specimens. 

A) Surface rendering of representative samples; left-to-right: CA: calvarial, MT: maxillary tuberosity, MR: mandib-
ular ramus, MS: mandibular symphysis, IC: iliac crest, TB: tibia. B) CT slices through the representative samples.  
C) Bone mineral densities quantified by µCT in means and standard deviations. Statistical comparison was per-
formed using one-way-ANOVA with Tukey posttest. The pairwise significances are visualized as bars among 
groups (* p<0.05; ** p<0.01; *** p<0.001), i.e., CA vs. MT, CA vs. IC, MS vs. MT, MS vs. IC, MR vs. MT, MR vs. IC, 
and MT vs. TB were significantly different. 

Figure 5 shows post hoc pairwise significances (p < 0.05) as a visualized matrix between the 
various groups. Bones from CA, MS, and MR demonstrated significantly higher BMD when 
compared to those of bones from IC and MT (Figure 5). Notable is that BMD values from 
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CA, MS, and MR groups were not statistically different from those from TB, making it higher 
than IC and MT. Trabecular thickness (Tb.Th) values were largely non-different between 
groups, except between MT and TB. However, trabecular separation (Tb.Sp) values were 
significant when comparing CA to the MT, IC and TB, in addition to MS to MT (Figure 5). 

Table 2. Morphometric bone parameters of specimens from various anatomical positions (mean ± standard 
deviation)

BMD (kHU) BV/TV (%) BS/BV (mm-1) Tb.Th (mm) Tb.Sp (mm)

Calvarium 4.35 ± 0.76 71.59 ± 13.60 106.63 ± 40.99 0.023 ± 0.010 0.015 ± 0.006

Mandibular Symphysis 3.91 ± 1.09 48.19 ± 23.22 188.09 ± 136.85 0.022 ± 0.011 0.023 ± 0.006

Iliac Crest 2.25 ± 0.84 16.74 ± 13.08 1290.55 ± 1152.69 0.011 ± 0.009 0.029 ± 0.008

Mandibular Ramus 3.80 ± 1.10 40.28 ± 11.81 187.16 ± 105.22 0.024 ± 0.009 0.028 ± 0.005

Maxillary Tuberosity 2.04 ± 0.85 23.39 ± 7.97 245.18 ± 106.10 0.012 ± 0.007 0.038 ± 0.019

Tibia 3.49 ± 1.13 36.53 ± 19.54 431.31 ± 446.83 0.027 ± 0.019 0.032 ± 0.008

Figure 3. Bone mineral density curves. 

Density curves along the z-axis were determined for all 10 specimens of each kind. The mean curves are shown 
in blue together with curves for mean + standard deviation and mean-standard deviation.
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Figure 4. Morphometric bone parameters of specimens from various anatomical positions. 

Statistical comparison was performed using one-way-ANOVA with Tukey posttest. The pairwise significances are 
visualized as bars (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 5. Pairwise significances. 

BMD    BV/TV BS/BV Tb.Th Tb.Sp

CA vs. MT

CA vs. MR

CA vs. MS

CA vs. IC

CA vs. TB

MT vs. MR

MT vs. MS

MT vs. IC

MT vs. TB

MR vs. MS

MR vs. IC

MR vs. TB

MS vs. IC

MS vs. TB

IC vs. TB

p < 0.05 p > 0.05

Statistical comparison was performed using one-way-ANOVA with Tukey posttest. The pairwise significances are 
visualized as a matrix (green means p < 0.05).
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DISCUSSION

Despite recent technological advances in the development of bone substitute materials 
for utilization in bone grafting, conventional autogenous non-vascularized bone obtained 
from several anatomical donor areas remains to be the current gold standard for grafting 
many types of bone defects in the craniofacial region. 3 The selection of the proper autoge-
nous bone grafting donor site is thus of high clinical significance and surgeons require 
careful recognition of the properties offered by each graft type to achieve maximal level of 
structural stability and desirable wound healing. 1-5 Structural bone qualities (macro- and 
micro-architecture) along with the biomaterial characteristics such as bone mineral density 
represent the mechanical strength of bone, and commonly evaluated as the main predic-
tor of bone quality in bone grafting. 2, 3, 12, 17, 18 Current advancement in imaging technology 
lead to significant improvement of imaging resolution of skeletal structural architecture in 
vivo and in ex vivo structures. µCT has particularly added a deeper insight into evaluating 
calcified tissue and been used in the quantitative analysis bone formation in human and 
animal research to evaluate bone graft healing, in contrast to conventional histology which 
reveals more on the cellular properties of the calcified tissue. 12, 15, 19 In addition to bone 
mineral density, several morphometric parameters have been proposed to assess the 
mechanical characteristics of bone quality using 3D µCT images. 12, 15, 16

Despite that most previous studies in the field on dental implantology have highlighted the 
role of cortical bone in mechanical bone strength, given its physical stiffness, leading to 
achieving early primary stabilization during implant insertion, several recent studies have 
also evaluated the effect of the 3D spatial architecture of trabecular bone on the overall 
biomechanical strength and stress-bearing characteristic of bone. 12, 13, 15, 18, 20 Further stud-
ies evaluated the qualitative and quantitative structural morphology for evaluating bone 
grafts and regenerative bone substitute materials during healing bone healing and integra-
tion of the grafts to answer questions related to the heterogeneous bone graft resorption 
and maintenance of bone volume between intramembranous and endochondral bone. 
21, 22 Previous studies have found that bone grafts volume maintenance was affected by 
the dynamic microstructural interactions, along with local grafting site mechanical factors 
like intact periosteum, mechanical fixation of the graft, and similarity between grafted and 
recipient bone to allow graft incorporation and controlled rate of resorption. 21-23 Vinci et. al. 
evaluated calvarial bone grafts morphologically using µCT to assess their biomechanical and 
healing properties and demonstrated full graft incorporation, enhanced bone density, and 
dense trabecular connections similar in structure to native bone with 38.50% BV/TV. 21 In an 
in-vivo study by Lu and Rabie evaluating bone healing of endochondral versus intramembra-
nous bone grafts in mandibular defects in rabbits using µCT, they demonstrated enhanced 
bone volume at 55.3% with intramembranous bone grafts compared with endochondral 
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bone (P<0.0001) with improved maintenance of graft volume and graft resorption rate of 
16.2% compared to 38.3% in the endochondral group. 24 Another study by Kim and Henkin 
investigated the bone quality from maxilla and mandible in 34 human cadavers by using 
µCT to evaluate BMD and BV/TV. Their results showed a wide spectrum of density across 
the maxillary and mandibular bone specimens, with all mandibular morphometric values 
exceeding the maxillary values by 3.3 fold representing superior bone quality. 25

In this study, we analyzed 60 human cadaveric bone specimens sampled from donor 
sites commonly used in ABG procedures with µCT for BMD, trabecular morphology and 
architecture. Our results show great variation in bone densities and 3D morphometric 
values across different donor sites. Parameters evaluating bone quality were highest with 
the calvarial bone, followed by the mandibular symphysis, mandibular ramus, tibia, and 
least in the maxillary tuberosity and anterior iliac crest as seen in the pairwise significance 
test (Figure 2, 4, 5). With regard to BMD, our data demonstrated biphasic morphology of 
the bony microarchitecture representing compact bone relative to the trabecular bone 
as evaluated from the superficial bone surface toward the bone marrow, with notably 
increased biphasic BMD in the specimens from the calvarium, mandibular ramus, and 
mandibular synthesis, and increased monophasic BMD in the tibia group, with the lowest 
BMD noted in the maxillary tuberosity and iliac crest groups (Figure 3). Our results show 
that bone grafts obtained from these sites are likely to be more compact, bicortical in 
nature with higher mineral density value and overall better trabecular bone quality param-
eters. This seems to be consistent with several reports in the literature reporting that bone 
obtained from these sites tend to demonstrate better bone quality, retain their volume 
longer, and are less prone to resorption over time. 1, 2, 5, 21, 24 Our results also demonstrated 
that cancellous bone mass assessment through BV/TV index yielded higher values for the 
CA, MS and MR groups than for the MT and IC, while trabecular separation values (Tb.Sp) 
were significantly lower for the CA group than for the tuberosity, IC, and TB groups and for 
the MS values than for the MT (Figure 4).  (Table 2, Figure 4). This significant difference in 
BMD, cancellous bone mass, and microarchitecture structural indices may be responsible 
for the lower rate of graft volume maintenance and subsequent resorption. 

We believe that our results highlight the various microstructural properties of various bone 
grafts commonly used in bone grafting, and may help clinicians in better selection their 
bone grafts for reconstruction of the craniofacial skeleton. This study provides an insight 
into the structural differences among various bone graft donor sites.  Further research 
needs to be performed to compare bone tissues in a larger study with more subjects, 
along with obtaining detailed medical history if possible, to correlate the imaging findings 
with the medical history and medicinal uptake to better assess the bone qualities and 
provide a better clinical report.
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ABSTRACT 

Purpose: From traumatology, it is well known that dentoalveolar ankylosis results in osse-
ous replacement and formation of new bone. This principle is used after decoronation 
for preservation of the height and width of the alveolar bone crest after trauma. Dentin 
possesses bone-forming properties and may possibly also be used as a bone augmenta-
tion material prior to implant placement. The aim of this study was to investigate whether 
xenogenic dentin particles inserted into the marrow space of rabbit tibia, a space where 
there is no solid bone tissue initially, would contribute to new bone formation. 

Materials and Methods: Dentin chips from human teeth were inserted into tibias of ten 
New Zealand rabbits. The tibial bones were processed for histology after 6 months, and 
new bone formation was quantified. 

Results: Bone formation was ranging from 0 to 86% on the dentin fragments, and there 
was minor inflammation. Bone formation was seen to a larger extent on dentin grafts 
located close to the native tibial bone wall. There was a significant correlation (r = 0.579, 
P < 0.001) between the amount of bone formation around the dentin graft and distance 
to the tibial cortical wall. 

Conclusion: Dentin promotes new bone formation when located close to native cortical 
bone and may have a potential as a bone augmentation material. 
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INTRODUCTION

It has been demonstrated in many experimental and clinical studies in traumatology that 
teeth replanted after delay with a non-viable periodontal membrane will ankylose with 
the bone 1-5. The dentin of such teeth will gradually be replaced by bone, also called 
replacement resorption or osseous replacement 1-5. This is considered to be mainly a 
bone remodeling process 1-3. In adults, such teeth can be left to be replaced by bone, 
hence preserving the height and width of the alveolar bone crest. In growing patients, such 
ankylosed teeth are today recommended to be decoronated and maintained in the alve-
olar process. The root dentin is left for replacement resorption to preserve the width and 
height of the alveolar bone crest and to avoid inhibition of growth of the alveolar process 
6-8. In recent experimental studies, it was shown that dentin xenografts in rabbits had a 
potential to be incorporated in bone without inflammation and were gradually resorbed 
and replaced by new bone 9, 10. 

Augmentation of bone crest deficiencies with grafting is often carried out prior to 
treatment with osseointegrated titanium implants 11. Autogenous bone graft has been 
considered best because of its osteoinductive and osteoconductive properties and 
immunogenic compatibility 11. Small autogenous bone grafts can be harvested from 
intra-oral sites such as lateral mandible and chin 12. However, finding sufficient volumes 
of autogenous bone to harvest within the oral cavity may sometimes be difficult. In some 
situations, larger volumes of bone are required making bone grafting from extra-oral 
sites unavoidable. Autogenous bone can be harvested from the iliac crest but is asso-
ciated with higher morbidity such as gait disturbances, pain and numbness 13. Some 
morbidity has been reported when taking large intra-oral autogenous bone grafts from 
the chin region 12, 14, 15. Moreover, autogenous bone grafts are prone to bone resorption, 
which sometimes can be substantial 11, 16. For this reason, xenogenic bone replacement 
materials are today sometimes used as osteoconductive scaffolds such as hydroxyap-
atite, calcium triphosphate and deproteinized bovine bone either replacing the bone 
graft or used in combination with smaller volumes of intra-orally harvested autogenous 
bone 16, 17. Although osteoconductive, there is no osteoinductivity in these materials. For 
this reason, osteoinductive growth factors like bone morphogenic protein (BMP), mainly 
BMP-2 and BMP-7, have been in use to further promote bone healing 18, 19. However, the 
ideal carrier for BMP has not yet been found 20.
 
Human dentin possesses osteoinductive properties possibly related to its content of bone 
morphogenic protein (BMP) 21-25 and is therefore a carrier of BMP. However, we do not 
know whether dentin possesses the properties to form bone in spaces where there is no 
bone initially such as in the marrow space of rabbit tibia, which could be of clinical value 



Chapter 4

76

for bone augmentation prior to implant placement, or whether the bone formation is 
mainly related only to the osteoconductive properties seen when dentin is close to bone. 
Our hypothesis was that dentin implanted centrally in the bone marrow will form less new 
bone than dentin implanted close to the native cortical bone. 

Hence, the aim of this study was to further investigate whether transplanted xenogenic 
dentin chips inserted into the marrow space of rabbit tibia, a space where there is no 
solid bone initially, would contribute to bone formation and to study the pattern of such 
bone formation. 
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MATERIALS AND METHODS 

Animals and anesthesia 
Ten 6-month-old New Zealand male white rabbits were used in the experiments. The 
experiments were carried out at the Animal Research Centre, Health Sciences Centre, 
Kuwait University. Thirty minutes prior to the experimental surgery, the rabbits were 
sedated with xylazine HCl (Rompun, Bayer, Leverkusen, Germany) 5 mg kg1 by intra-
muscular injection. Animals were anesthetized by intravenous injection of 35 mg kg1 of 
ketamine HCl (Tekan, Hikma, Amman, Jordan). The animals were kept in separate cages 
and fed pellets and water ad libitum throughout the duration of the study. The protocol 
for animal experimentation by the Animal Research Centre of the Health Sciences Center, 
Kuwait, was strictly adhered. Moreover, to assure a high standard, a veterinarian was 
administering sedation, anesthesia, and caretaking of the animals following an already 
used methodology 9, 10. 

Surgical procedure 
Preparation of dentin chips for grafting 
Human teeth, extracted for orthodontic reasons and then stored dry, were prepared by 
first removing the crowns by cutting horizontally. Then, the roots were sectioned verti-
cally, so the pulp and root canal were exposed. The periodontal ligament and pulp were 
removed mechanically, and dentin chips 2–3 mm in diameter were prepared by crushing 
the remaining dentin in a mortar and passing it through a 2-mm grid to maximize the size 
of the chips. The chips were cleaned from smaller dentin particles by soaking them in 1% 
chlorhexidine for 5 min and then stored dry. The dentin chips were later inserted in the 
recipient tibia marrow space. 

Preparation of recipient sites in tibia 
The surgical areas were shaved and washed with iodine 7.5% solution, and the animals 
were prepared for surgery. As a supplement to general anesthesia and for vasoconstriction 
purposes, local anesthesia 1 ml lidocaine hydrochloride 1% with epinephrine 5 lg ml 1 (Xylo-
cain-adrenalin, Astra Zeneca, Södertälje, Sweden) was administered in each experimental 
area. Incisions were made through the skin over the superior anterior tibia bilaterally, and 
the bone was exposed 9, 10. Bilateral tibias of ten rabbits were used in the experiment. In 
each tibia, a cortical bone defect was made, in which cortical bone was removed in a stan-
dardized way using a round bur and hand piece rotating 2000 rpm 9, 10. The defects were 
made in standardized sizes (6 mm diameter) engaging the full thickness of cortical bone until 
the marrow space was reached 9, 10. The bone was continuously irrigated with sterile saline 
during cutting to reduce thermal damage. Dentin chips were inserted through the defect 
into the bone marrow space until the defect was completely filled with chips. 
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The incisions were closed in two layers by resorbable sutures Vicryl 4-0. Antibiotics were 
applied locally in the wound when suturing. Moreover, antibiotics were administered intra-
muscularly once daily during the first three days after surgery. The rabbits recovered in a 
cage with one animal per cage. The rabbits were under frequent surveillance during the 
postoperative period. The animals tolerated the experiments well and all survived the 
healing period except for one rabbit which did not survive for reasons not related to the 
experiment. The rabbits were sacrificed after 6 months by an overdose of ketamine. The 
tibia bones were dissected free from soft tissue, radiographs were taken, and histological 
procedures were carried out.

Radiographic procedure 
Radiographs occlusal films (Kodak Insight; Eastman Kodak, Rochester, NY, USA) were taken 
of each tibia and were analyzed using a light viewer to localize the site in the tibia where 
dentin had been placed. 

Histological procedure 
Following surgical dissection, the samples were immersed and fixed for 48 h in 10% neu-
tral buffered formalin. The samples were then decalcified in neutral EDTA for 3 months, 
dehydrated in alcohol and embedded in paraffin under vacuum using standard histological 
methods. Serial sections were cut at 5 lm thickness and were mounted on polylysine-coated 
slides and then stained with hematoxylin and eosin and examined using light microscopy. 
The best sections, comprising both cortex and marrow areas, were selected and evalu-
ated. Sections were evaluated with regard to tissue morphology, signs of inflammation, 
and formation of new bone.

Quantification of bone formation 
Dentin fragments were evaluated with regard to bone formation, and the bone–dentin 
contact area was evaluated for each dentin fragment. The circumference area where bone 
was in contact with dentin was measured using a software program (Leica application 
suite v3.1, Leica Microsystems, Switzerland). The total circumference was then measured 
in micrometer around each dentin fragment. Bone formation for each dentin graft was 
expressed as a quotient between total bone contact area and total circumference area 
and expressed as a percentage. Using the same software application, the distance from 
each dentin fragment to the most adjacent cortical bone wall was measured. 

Statistical analysis 
The analysis was performed using SPSS 17.0 (SPSS, Chicago, IL, USA) for data analysis 
and graphical presentation. The variables, distance to closest cortical bone and percent 
bone–dentin fusion, were examined for normality of data with Kolmogorov–Smirnov test, 
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and descriptive statistics presented as mean standard error (SE) or median with inter-
quartile (IQ) range. The percent bone–dentin was categorized into three groups: 0, 1–50 
and >50% to find any significant difference in the mean distance for respective amount 
of bone formation, applying Kruskal–Wallis test. The relationship between the degree of 
bone formation and the distance to most adjacent cortical bone wall was ascertained with 
nonparametric Spearman’s correlation (rho). The two-tailed probability value P < 0.05 was 
considered statistically significant. 
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RESULTS 

Radiographs taken immediately after sacrifice verified the position of the grafted area 
and that in all tibias, the dentin grafts had stayed in place and were filling out the marrow 
spaces all the way through the bone marrow from one cortical bone wall to the to the 
opposite cortical bone wall at the site of grafting (Figure 1)

Figure 1. Radiograph of tibia showing the experimental area 6 months after grafting of dentin to the marrow 
space of tibia. 

Dentin grafts can be seen in the marrow space between the cortical walls of tibia. 

Histological findings 
Dentin grafts were visible both in the center of the tibial marrow space as well as toward 
the periphery, close to the cortical bone (Figs 2 and 3). The tissue morphology was intact 
to clearly visualize the different cellular components, dentin grafts, and cortical bone. The 
inflammatory infiltrate was very minimal in the sections examined. In the areas where 
dentin grafts were visible in the center of the tibial marrow space, there was a lack of 
bone formation around the dentin grafts (Figure 2). However, fragments of calcified mate-
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rial consistent with bone were seen adjacent to dentin in certain areas with evidence of 
osteoclastic activity. The inflammatory component was very minimal in these areas. In 
areas where the dentin grafts were in close proximity to the cortical bone, new viable bone 
appeared to encircle the whole dentin chip (Figure 3). The newly formed bone showed 
both osteoblastic and osteoclastic activity. 

Figure 2. Histological picture of a dentin graft centrally located in the marrow space 6 months after grafting of 
dentin to the marrow space. 

Resorption of the dentin graft can be seen. Minor or no inflammatory reaction is seen around the dentin. No 
new bone formation can be detected.

Quantification of bone formation 
Forty-four dentin grafts in 16 tibia sections showed sufficient enough quality to be eval-
uated with regard to bone formation. Bone formation was ranging from 0 to 86% on the 
dentin fragments. Average bone formation was 22.5% 4.36 with a median value of 5.5% 
(IQ 0–42%). Bone formation was seen to a larger extent on dentin grafts located close 
to the tibia bone wall. Dentin grafts located centrally showed less bone formation or no 
bone formation at all. The distance from the dentin grafts to the nearest cortical bone wall 
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ranged from 49 lM to 2940 lM (M = 1145, SE121) and median as 1056 (IQ 387–1849). The 
mean distance was maximum 1630 lM for grafts with no bone formation, while the mean 
distance was 614 lM when the bone formation was more than 50% (P < 0.001) (Table 1). 
In some of these dentin grafts, bone had been formed around the dentin graft (Figure 
3). Spearman’s correlation also revealed a significant negative correlation (r = 0.579, P < 
0.001) between the amount of bone formation on the dentin graft and distance to the 
tibia cortical wall (Figure 4). 

Figure 3. Dentin graft located peripherally in the tibia marrow space 6 months after grafting. 

The dentin has been partially resorbed and replaced by new bone formation, which is seen surrounding the 
dentin graft and the new bone is in contact with the cortical wall of the tibia. 
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Table 1. Bone contact around dentin chips (expressed in %) related to distance (lM) to the nearest native cortical bone 
wall (expressed in mean, SE, and range)

Bone–dentin (%) N Mean ± SE Range

0 20 1630 ± 103 919–2594

1–50 14 833 ± 239* 49–2940

>50 10 614  ± 216* 78–2356

Total 44 1145 ± 121 49–2940

*0 vs (1–50%) and (>50%), P < 0.001.

Figure 4. Relation between the degree of bone formation and the distance to most adjacent cortical bone wall 
using nonparametric Spearman’s correlation (rho), r = 0.579, P < 0.001. 
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DISCUSSION 

The results of the present study showed that xenogenic dentin possesses properties to 
form new bone when grafted into the marrow space of tibia, a space where there is no 
solid bone. The formation of new bone was correlated to the distance of adjacent cortical 
bone wall of tibia. More bone formation was seen when the dentin graft was located close 
to the cortical wall of tibia. 

These findings may have a potential for dentin used as a bone augmentation material, for 
example, prior to implant placement in bone-deficient areas. 

The experimental procedure was designed to study whether dentin possesses properties 
to form new bone when placed in a place where there is no bone initially. The tibia is a 
long bone consisting of a substantial marrow space where there is no bone except for 
the smooth native cortical walls of the tibia bone. There is an advantage in choosing this 
experimental model because it is easy to evaluate whether there is any bone formation 
inside the well-defined tibia cortex walls. Furthermore, by placing dentin grafts centrally 
in the marrow space, we can study properties of osteoinductivity of the dentin, whereas 
dentin fragments placed close to the cortex may also be subjected to osteoconductivity. 
Moreover, the dentin grafts are not subjected to any influence of muscular activity as if they 
would have been placed as onlay grafts outside the bone. Mobility due to muscular activity 
followed by fibrous encapsulation has been discussed in earlier studies suggested to be a 
factor for fibrous encapsulation when dentin was implanted in the mandibular ramus  10. 
This may also be the reason for fibrous encapsulation of dentin grafts reported in some 
experiments where particulated onlay grafts on the crest underneath the periosteum in 
goats and dogs 26, 27. In the present study, the dentin grafts were implanted inside the tibia, 
hence enabling the study of bone formation on the dentin grafts protected from mobility 
due to muscular activity. 

Radiographs were taken immediately after sacrifice with the purpose to determine the 
position of where the dentin chips had earlier been implanted, hence facilitating finding 
the correct region for the subsequent histological sectioning. However, the radiographs 
also gave us information that all dentin chips were seen together in the same area, and 
hence, no migration had taken place. Although implanted in loose marrow tissue, this 
tissue was apparently sufficient to keep the chips located in the same region during the 
experimental period. 

In this study, dentin was implanted without any prior demineralization and new bone for-
mation was found around the grafted dentin. This has earlier been reported when dentin 



New Bone Formation Around Xenogenic Dentin Grafts to Rabbit Tibia Marrow

85

4

has been implanted close to a muscle 28, 29. In those studies, both non-mineralized and 
mineralized dentin were used 28, 29. One of the studies reported that bone formation was 
seen 3 months later in non-demineralized dentin compared with demineralized dentin. 
Hence, it seems that a long time is required before new bone is formed on non-deminer-
alized dentin grafts. In a recent study in rats, it was reported that no new bone was seen 
after one month in non-demineralized dentin as compared to demineralized dentin where 
new bone formation was seen after one month 30. In our study, the experimental time was 
extended to 6 months, and bone formation was seen covering many of the dentin grafts. 

In the present model, the new bone formation in the defect itself may also have an influ-
ence on the activity of the bone formation. This corresponds well to the clinical situation 
when bone or bone replacement material is used. Such materials are in clinical praxis 
placed adjacent to a surgical site. Furthermore, surgeons often penetrate the native corti-
cal recipient site bone surface by making small holes in the bone in several spots to create 
bleeding into the grafted area to promote bone healing 11. Nevertheless, more bone was 
formed on dentin chips and also on the cortical native bone opposite the surgical site. 
This finding suggests that close relation to native bone is a more important factor than 
being located close to the surgical defect site. 

The grafts did not induce inflammatory response suggesting that immunogenicity of dentin 
is not an important factor. This was probably due to the fact that all soft tissues were 
removed from the grafted teeth before dentin particles were cut. The resorption appears 
to be more of a bone remodeling type similar to the replacement resorption that dentin is 
subjected to when replanted teeth are ankylosed 1-5. This might be advantageous because 
in such remodeling process, dentin will be resorbed and gradually replaced by bone, hence 
acting as a bone replacement material. Whether replacement resorption of dentin is a 
solely osteoconductive or also an osteoinductive process related to the content of BMP 
in dentin has not been shown. 

Some of the dentin chips showed more bone formation than others, and during the 
evaluation, we could observe a pattern in that dentin grafts located centrally in the tibia 
showed less new bone formation than dentin grafts located closer to the cortical bone 
and we decided to measure not only bone formation but also the distance to the nearest 
cortical wall of tibia. We found a significant negative correlation between bone formation 
and distance to the cortical bone wall of tibia. However, one must be aware of that in this 
study, we based our analysis of single sections and we cannot say anything about the area 
outside the section. However, in spite of this, significantly more bone was seen when chips 
were found more closely located to native bone in the sections examined. One reason for 
this may be that we are dealing mainly with osteoconductivity rather than osteoinductivity, 
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namely that adjacent bone with osteoblasts is a prerequisite for bone formation so cells 
covering the surface of the adjacent bone more easily can reach dentin fragments located 
closely. However, if osteoinductivity of the dentin graft would have been a major factor, we 
would probably have seen more bone formed also around centrally placed dentin graft, 
which was not the case. There is a need for further studies aiming at assessing the role 
of osteoinductivity of dentin when implanted in tissue where there is no adjacent bone. 

The dentin grafts located close to the cortical wall were sometimes completely surrounded 
by new bone (Figure 3). New bone was formed while the dentin was resorbed. This is prob-
ably a process similar to replacement resorption also seen after ankylosis of replanted 
teeth, which is considered a bone remodeling process 1-5. It seems as if we possibly can 
take advantage of the replacement resorption of the dentin also when augmenting bone. 

CONCLUSION 

Dentin promotes new bone formation especially when located close to native cortical bone 
and may have a potential as a bone augmentation material. 
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ABSTRACT

Objectives: The purpose of this study was to evaluate bone healing in calvarial defects 
using two bone graft substitute materials; biphasic beta-tricalcium phosphate/hydroxy-
apatite in hydrogel (ß-TCP/HA) versus composite non-demineralized xenogenic dentin 
with ß-TCP/HA mixture. 

Material and Methods: Full thickness critical-sized defects were created bilaterally in 10 
New Zealand male rabbits. Seven defects were left empty, six filled with biphasic tricalcium 
phosphate putty, and seven were filled with composite non-demineralized xenogenic 
dentin with biphasic tricalcium phosphate. Animals were sacrificed at eight weeks postop-
eratively and the healing of the biomaterial-filled defects was compared radiographically 
and by histomorphometry. Micro-computed tomography (µCT) was utilized to analyze the 
osteogenesis and healing patterns of the defects. Quantitative analysis of volume fraction 
(%) of the newly formed bone and remaining graft material (FV=filling volume/TV=tissue 
volume) and mean intensity [HU] in the defects were evaluated.

Results: Defects filled with composite dentin with biphasic tri-calcium phosphate showed 
volume fraction (FV/TV) in the order of 55.81% ± 17.72%, whereas defects filled with only 
biphasic tricalcium phosphate showed a fraction of 39.84% ± 16.06%, which represent 
the ratio of remaining graft material and new bone formation to the tissue volume. The 
empty negative control defects showed a volume fraction of 19.14% ± 8.787%. Histological 
analysis showed significant percentage increase in bone formation and residual graft with 
the composite Dentin/ß-TCP group after 8 weeks.

Conclusions: The findings suggest that composite xenogenic dentin with biphasic trical-
cium phosphate showed improved osteogenesis when compared to biphasic tricalcium 
phosphate without the addition of non-demineralized dentin.   
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INTRODUCTION:

Bone grafting is a surgical procedure widely utilized in craniofacial surgery to fill skeletal 
voids and reconstruct bone defects, and to promote biological wound healing. Autogenous 
bone graft is the current gold standard, but several factors have limited its use such as 
the need for a second surgery for harvesting of the bone graft with donor bone supply 
limitation, surgical donor site morbidity, reported inherent resorption of the bone graft 
and unpredictable graft volume stability, and increased surgical operation time and costs 
to patients. 1-7

Lately, large number of biodegradable bone replacement materials have been developed 
as a biological alternative to conventional bone grafting given the recent technologi-
cal advances in biomedical science to overcome these issues. Several resorbable and 
non-resorbable bone substitute materials have been utilized as suitable replacement 
materials for craniofacial reconstruction including processed allografts 8, 9, xenografts 10, 
and alloplasts such as bioactive ceramics like hydroxyapatite and tricalcium phosphate 
2, 8, 11, 12, and polymer-based materials like polyether ether ketone and fiber-reinforced 
bioglass. 3, 12

Calcium phosphate ceramics have largely been used in clinical settings as bone replace-
ment materials given their biocompatibility and osteoconductive properties, and have 
been shown to promote new bone formation in various interventional studies in human 
and translational animal models. 2, 8, 9, 11-14   Various forms of calcium phosphate bone 
substitute materials exist, however, calcium hydroxyapatite (HA) and beta-tricalcium 
phosphate (β-TCP) are commonly utilized in biphasic form as bone graft substitute. Both 
materials are proportionally combined to obtain a suitable balance between the pre-
dictable biodegradability offered by β-TCP, and the resiliency with improved mechanical 
properties offered by HA. 2, 14

Dentin, a natural organic component of teeth, has also been investigated as an effective 
bone grafting substitute material. It has been shown in several human and in-vivo models 
that dentin promotes new bone regeneration with inherent osteoinductive and osteo-
conductive properties. 10, 15-22 Several forms of allogenic and xenogenic dentin forms have 
been investigated as a potential bone replacement material including processed bovine 
dentin, allogenic freeze-dried dentin, demineralized dentin, and dried particulate dentin 
(chips and blocks). 22  

Interventional in-vitro and in-vivo testing of novel bone substitute materials requires reli-
able biological models to evaluate bone healing and compare clinical effectiveness of 
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osteogenesis. In-vivo calvarial critical-size defects animal model is a robust and reliable 
model to test for the healing capacity and osteogenesis pattern of novel bone replacement 
materials. 3, 9, 12, 23 The embryonic origin of the rabbit calvarium develops from a membra-
nous precursor mimicking the intramembranous ossification of the facial bones, making 
the calvarial critical-sized defects a suitable model for translational studies in craniofacial 
research. 8, 24, 25

Our aim in this study was to assess the impact of composite in-situ formed non-demin-
eralized xenogenic dentin particles and biphasic calcium phosphate putty carrier (60% 
HA /40% ß-TCP ratio; Maxresorb inject, Botiss Biomaterials, Berlin, Germany) on graft 
resorption, bone healing, and osteogenesis in a rabbit calvarial model. 
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MATERIALS AND METHODS:

Animals, Anesthesia, and Housing
The procedure was conducted at the Animal Research Centre, Health Sciences Centre, 
Kuwait University. All animals were handled in compliance with European Communities 
Council Directive of 24 November 1986 (86/609/EEC) for the care of laboratory animals in 
experimental procedures and ethical guidelines for animal research. 26 All methods were 
carried out in accordance with the approved guidelines and regulations of the Kuwait 
Health Sciences Center Ethical Committee for the use of Laboratory Animals in Teaching 
and in Research, Kuwait University. 

Ten 8-week-old male New Zealand White rabbits weighing 2.7 to 3.0 kilograms were used 
for the study. The rabbits were sedated thirty minutes prior to the experimental surgery 
with Xylazine HCl 5 mg/kg (Rompun, Bayer, Leverkusen, Germany) by intramuscular injec-
tion and subsequently anesthetized by intravenous injection of 35 mg/kg of ketamine HCl 
(Tekan, Hikma, Amman, Jordan). To ensure a high standard of animal care, a veterinarian 
was administering the sedation, anesthesia, and care-taking of the animals following an 
already used methodology. 15, 19 The animals were kept in separate cages and fed pellets 
and water throughout the duration of the study. The rabbits were cared for accordingly 
per protocol and observed by veterinarian until the end of the study.

Preparation of grafting materials
Xenogenic dentin was prepared from human teeth that were extracted for orthodontic 
reasons. Teeth were prepared by first by drying then sectioning the crowns and roots 
in a vertical way to expose the root canal. The remaining periodontal ligament and pulp 
material were mechanically removed. Dentin was further processed into finer chips 2–3 
mm in diameter by crushing them in a mortar and a 2-mm grid. The processed dentin 
was cleansed from dentin debris by soaking them in 1% chlorhexidine for 5 min and 
then stored dry. For the control grafting intervention and formation of the composite 
graft, a commercially available biphasic ß-TCP/HA injectable putty bone-substitute material 
made of 60% HA/40% ß-TCP ratio was utilized and prepared per manufacturer’s protocol 
(Maxresorb inject, Botiss Biomaterials, Berlin, Germany). ß-TCP/HA putty and dentin chips 
were then mixed together intraoperatively by the same operator to ensure consistency of 
preparation and volume proportion, and to create a moldable grafting mixture. The mix-
ture was made using 0.5 cc of Maxresorb inject (60% hydroxyapatite and 40% β-tricalcium 
phosphate, Botiss Biomaterials, Berlin, Germany) with predetermined volume of dentin 
blocks obtained using the same dental scoop excavator (Figure 1).
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Figure 1: Calvarial defects surgery and insertion of testing materials.

(A) Non-demineralized xenogenic human dentin chips and injectable ß-TCP Mixture (Maxresorb Inject). (B) In-situ 
mixing phase. (C) Formed composite materials. (D) Creation of calvarial defects. (E) Insertion of grafting interven-
tion. (F) Two calvarial defects filled with two different intervention prior to wound closure. 

Preparation of surgical sites in Calvarium
A vertical incision 4 cm in length was performed down to the periosteum using scalpel 
along the midsagittal suture. The periosteum was then incised vertically using the scalpel 
and carefully pushed to the lateral direction using periosteal elevator to expose the calvar-
ial bone. 13 mm full thickness critical-sized defects were created bilaterally in the calvarium 
of NZW rabbits using 1.7 mm Steiger carbide bur with round end (Stryker Instruments, 
Kalamazoo, Michigan, USA) and a surgical handpiece drill operating at 1,500 r.p.m under 
copious irrigation with physiological saline to avoid thermal and traumatic injury to the 
underlying dura. 7 defects were left empty as negative control, 6 filled with β-TCP putty 
(Maxresorb inject, Botiss Biomaterials, Berlin, Germany), and 7 were filled with composite 
in-situ formed non-demineralized xenogenic dentin mixed with biphasic β-TCP (Figure 1). 
Multi-layers wound closure was performed by carefully suturing the galea aponeurotica 
then the skin using resorbable sutures (Vicryl®, Ethicon Inc., New Jersey, USA). 
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Animal sacrifice and qualitative evaluation
Animals were sacrificed at 8 weeks after the operation with an intravenous lethal dose 
of T61 Euthanasia Solution (Embutramide, Mebezonium iodide, Tetracaine hydro-chlo-
ride; Hoechst GmbH, Frankfurt, Germany) after sedation with an intramuscular injection 
of Xylazine HCl 5 mg/kg. Block sections of the calvarial specimens were obtained using 
an oscillating saw maintaining the adjacent galea and soft tissue and fixed in 10% neu-
tral-buffered formalin. The specimens were grossly inspected for inflammation. Specimens 
were subsequently scanned with micro-computed tomography (µCT) before histological 
processing. Healing of the biomaterial-filled defects was compared radiographically and 
by histomorphometry. µCT was utilized to analyze the graft resorption, osteogenesis, and 
healing patterns of the defects with different interventions. Quantitative analysis filling 
volume fraction (%) of the remaining graft material and new bone formation (FV=filling 
volume/TV=tissue volume) and its mean radio-density in the defects filled with each group 
was evaluated.

Acquisition of µCT scans, segmentation, and statistical analysis
After animal sacrifice, the calvarial shelf with defects filled with various materials were har-
vested for ex vivo µCT imaging. To acquire the µCT images, skulls were imaged ex vivo in 
μCT (Tomoscope 30s Duo, CT-Imaging, Erlangen, Germany) according to a protocol previ-
ously described. 27 After positioning in a multimodal bed, skulls were scanned with the μCT, 
a dual energy scan (HQD-6565-360-90) which acquires 720 projections with 1032 x 1012 
pixels with scanning time 90 sec per subscan was used. To cover one skull two subscans 
were acquired. Both tubes of the dual source µCT were operated with voltage of 65 kV and 
current of 1 mA. The μCT data was reconstructed at an isotropic voxel size of 35 μm using 
a Feldkamp type algorithm and a smooth kernel and the Hounsfield units were calibrated 
with a water phantom. For analysis, the μCT data was down-sampled using binning to a voxel 
size of 70 μm. To determine the filling volume fraction and mean density  the 70 µm µCT file 
was analyzed with the Imalytics Preclinical Software (Gremse-IT GmbH, Aachen, Germany) 
(Figure 2). 28 Two cylindrical stencils (diameter 10 mm, height 5 mm) were used to segment 
both defect areas (Figure 3). Each cylinder was created separately to avoid overlapping at 
the inside. A threshold operation below -500 HU was applied to remove air and a threshold 
operation over 600 HU was performed to segment the bones (remaining from surgery and 
newly formed) and the filling material inside the cylinder (Figure 4).Relative volume (filling 
material and bone /tissue volume) and mean radio-density of the bone and bone graft mate-
rial (as HU-calibrated density score) inside the defect area were determined. The statistical 
data was analyzed using GraphPad Prism (Version 7.0 for Windows, GraphPad Software, La 
Jolla, California, USA). To compare the measurements between TCP, composite and control, 
one-way ANOVAs were performed in combination with Tukey post-tests. A p-value below 
0.05 was considered to represent statistical significance.
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Figure 2: Bone regeneration in both defect areas was evaluated using µCT imaging taken at 8 weeks after 
intervention (3D images). 

Figure 3: Segmentation algorithm to determine bone volume and bone brightness via two cylinder-stencils. 

The red cylinders analyze the left defect area, here it is empty representing the control, and the green cylinder 
measures the right defect area, here dentin. Right images depict coronal and sagittal µCT slices. 

Histologic preparation histomorphometry, and statistical analysis 
After µCT image acquisition, the specimens were dehydrated using ascending ethanol gra-
dient (50-100%) prior to embedding in methylmethacrylate resin (Technovit 9100, Heraeus 
Kulzer GmbH, Germany). Coronal sections of the embedded undecalcified specimens were 
obtained at a thickness of about 200 µm using the EXAKT cutting unit (EXAKT Technologies 
Inc., Oklahoma City, Oklahoma, USA), then thinned and polished manually to a final thick-
ness of about 50-70 µm. Final specimens were stained with Masson’s Trichrome (MTC) 
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and Toluidine blue (TB) according to protocol, and were analyzed using light microscopy 
(Leitz, Wetzlar, Germany) at a magnification of 1.25. Histomorphometric evaluation for 
performed with ImageJ software (ImageJ 1.51p, National Institute of Health, Bethesda, 
Maryland, USA) by manually measuring the compartments of new bone area, and remain-
ing grafting materials. Mean percentage of bone formation per total defect volume (%= 
new bone area / total defect area) and standard deviation (SD) were used for each group. 
Statistical analysis conducted using GraphPad Prism and one-way ANOVA was performed 
in combination with a Tukey post-test. A p-value below 0.05 was considered to represent 
statistical significance.
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RESULTS:

Micro-computed tomography imaging
The results from µCT showed that the empty defects expressed only partial bone filling 
with bone, mostly from the margin of the defects (Figure 4). This indicates that after 8 
weeks of healing, ossification did not complete in these defects. However, the two inter-
vention groups with ß-TCP and composite ß-TCP /Dentin showed bridging of bone and 
filling of the defects at the 8-week time. Statistical analysis of the radiographic parameters 
showed that there is significance difference in the Hounsfield unit (HU) between the empty 
negative control defects (241.9 ± 171) and ß-TCP filled defects (858.3 ±441) versus the 
composite (Dentin/ß-TCP) filled defects (1609 ± 552.1), which had the significant highest 
values (Figure 4, Table 1). Likewise, when comparing the percentage filling volume Fraction 
(FV/TV), which represents the percentage of bone (remaining cortical bone and newly 
formed bone) and bone graft material in relation to the tissue, there was a statistically 
significant difference across all groups, with the significant highest percentage of bone 
and bone graft material in the composite Dentin/ß-TCP filled defects (55.81% ± 17.72) 
when compared to the ß-TCP filled defects (39.84 ± 16.06) and the empty, negative control 
defects (19.14 ± 8.787) (Figure 4, Table 1). Additional findings were that Dentin was found 
outside of the right defect area in one single case, whereas ß-TCP materials outside of the 
right defect was present in most skulls (Figure 5).

Table 1. Quantification of the μCT measurements: 

N Filling Fraction (FV/TV) [%] Mean Density [HU]

Control 7 19.14 ± 8.787 241.9 ± 171

ß-TCP 6 39.84 ± 16.06 858.3 ± 441

Composite (Dentin/ß-TCP) 7 55.81 ± 17.72 1609 ± 552.1

Filling volume fraction (FV/TV), and mean radio-density (HU) in control and defect groups, (means ± standard 
deviations).

Histomorphometric analysis
Histological analysis after 8 weeks showed bone healing pattern which correlated well with 
the radiographic findings (Figure 6, Table 2). Both ß-TCP and Dentin/ß-TCP filled cavities 
showed new bone formation (NBA/TDA). Histomorphometric analysis showed higher per-
centage (p < 0.05) of bone formation volume in Dentin/ß-TCP group (59,61% ± 7,3) compared 
to ß-TCP group (36,65% ± 6,16), and the empty filling group (8,43% ± 2,15). Present of resid-
ual grafts was significantly higher (p < 0.0001) in Dentin/ß-TCP groups with grossly visible 
dentin chips (Figure 6, Table 2). On higher magnification, dentin was fused with bone (anky-
losis) with the presence of resorption cavities mostly within the ß-TCP material (Figure 7).
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Figure 4: Filling ratio of bone and graft material and density in both defect areas was evaluated using µCT imaging. 

(A) µCT images of bone regeneration taken at 8 weeks after intervention (top to bottom: 3D image, segmen-
tation with cylinder stencil in the defect area, coronal plane, and axial plane). (B) Quantitative analysis of filling 
volume fraction (FV= volume of graft material and bone / TV=tissue volume) in the defect areas of each group. (C) 
Radio-density (in Hounsfield Units) of the tissue inside the defect region including remaining and newly formed 
bones, filling material, and excluding air. Significant differences are indicated by, *p < 0.05, **p<0.01,**** p < 
0.0001).
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Figure 5: µCT images 8 weeks after intervention of dislocated bone growth on the calvarial surface outside the 
defect areas, different perspectives. 

(A) Dentin outside of the right defect area was found only in one single case (red arrows). (B) TCP outside of the 
right defect area was present in most skulls (blue arrows).

Table 2. Results of histomorphometry measurements

N % Bone Formation % Residual Graft 

Control 7 8,43 ± 2,15 -

ß-TCP 6 36,65 ± 6,16 18,37 ± 4,09

Composite (Dentin/ß-TCP) 7 59,61 ± 7,3 48,11 ± 8,11

(NBA: new bone area, TDA: total defect area, RGA: residual graft area).  % Bone Formation=NBA/TDA×100 and % 
Residual Graft=RGA/TDA in defect groups, (means ± standard deviations)



Bone Regeneration in Rabbit Calvarial Defects 

103

5

Figure 6: 

(A) Histological representation of the filled defects from each group. (B) Histomorphometric analysis representing 
percentage bone formation and percentage residual grafts in the defect area after 8 weeks (% Bone Formation= 
new bone area / total defect area ×100; % Residual Graft= residual graft area / total defect area). Significant 
difference between groups as indicated: ∗P < 0.05, ∗∗P < 0.001, ∗∗∗P < 0.0001 (ANOVA with post hoc test).

Figure 7: Histological representation of the filled calvarial defects. Histological sections of a healed calvarial 
defect 8 weeks after insertion of the grafting intervention using composite dentin/ß-TCP stained with Toluidine 
Blue (A) and Masson’s Trichrome (B). 

Red arrow: residual dentin; black arrow: newly formed bone; green arrow: fused dentin with bone; orange arrow: 
resorption lacunae associated with ß-TCP. Original magnification ×10.
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DISCUSSION: 

In our present comparative study of bone healing and osteogenesis in calvarial defects in 
rabbits, the µCT and histomorphometric analysis results showed improved graft stability 
and higher  radio-density after eight weeks in the composite Dentin/ ß-TCP group, indi-
cating that this hybrid biomaterials have higher osteoconductive properties compared to 
the ß-TCP alone. 

Numerous bone graft substitutes are available in clinical practice including xenogenic 
bone and alloplastic grafts. There is a heterogeneous group of synthetic biomaterial 
substitutes, most common is calcium sulfate, tricalcium phosphate and the recently 
introduced beta phase TCP (ß-TCP). 29, 30 Bone substitute materials based on ß-TCP have 
been further developed in powder granules, blocks, and as injectable paste. A mixture of 
ß-TCP granules in a water-based gel with nano-micro HA granules has been developed 
to create a non-hardening and a moldable putty-like paste, like Maxresorb (Maxresorb 
inject, Botiss Biomaterials, Berlin, Germany). Since they also lack osteoindutive properties, 
alloplastic materials are often subject to prolonged healing time. Moreover, preservation 
of the volume of the graft is dependent on the level of resorbability of the bone substitute 
materials and replacement by bone. 30-32

To alter the resorption properties of β-TCP bone substitutes, the material can be synthe-
sized by changing the mixing ratio of HA and β-TCP, and many studies reported a HA/β-TCP 
ratio between 65:35 and 55:45 to be clinically appropriate and allows for a balanced com-
bination of resorption rate with simultaneous ingrowth of bone formation. 29, 33-35

The HA is less susceptible to resorption and acts as structural scaffold for ingrowing osteo-
genesis and angiogenesis while the dissolution of β-TCP during grafting procedures yields 
Ca and PO4 ions, which have also been suggested to stimulate bone formation. 29, 30, 36

Several previous experimental and interventional studies have demonstrated that delayed 
replantation of teeth with non-viable periodontal ligaments will fuse with bone in a process 
called ankylosis. 15, 37-41 The ankylosed teeth, which are mostly made of dentin, will gradually 
resorb and subsequently undergo osseous replacement in a process called replacement 
resorption, and it is mostly attributed to bone remodeling process. 15, 17-19, 37, 39, 40 Several 
studies have focused on this biological phenomenon to preserve alveolar ridge height and 
width by delayed replantation of teeth or decoronation of the tooth for retention in the 
alveolar process to be slowly replaced by bone, thus maintaining the volume of alveolar 
process and preventing resorption of the bone. 38, 40, 42, 43
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Recent experimental studies in rabbits showed that xenogenic dentin block grafts were 
healed and integrated into native bone with minimal inflammatory reaction, and subse-
quently were slowly remodeled and replaced by new bone. 18, 19 Fusion of bone with dentin 
was seen in 86% of the dentin surface after 3 months and 98% after 6 months. Resorption 
of the dentin and remodeling was also seen after 6 months with osseous replacement 
in the resorption cavities, however, the resorption process was gradual with subsequent 
replace of dentin with new bone. The lack of inflammation during healing noted in several 
studies can be suggestive of the low level of immunogenicity with dentin, and it’s not a 
determining factor in graft healing. 15, 18, 19 

In addition, it has been shown in previous studies that human dentin carries osteoinduc-
tive properties, likely to the inherent reservoir of bone morphogenic protein (BMP) and 
functions as a carrier of these growth factors. 15, 44-46 

Another study by Al-Asfour et. al. evaluated the osteoinductivity of dentin, their results 
showed that xenogenic non-demineralized dentin also has the potential to form new bone 
when inserted in the marrow space of rabbits tibia. 15 Their results also showed that more 
bone was found on the graft when the graft was placed close to native bone, suggesting 
osteoconductive properties are more important than osteoinductive properties. 15 It was 
also shown in another study by the same research group that when dentin was implanted 
in non-osteogenic environment very little bone was formed suggesting that ostoinductivity 
is low in non-demineralized dentin. 17

Mordenfeld et. al. evaluated the effect of demineralization of xenogenic porcine dentin on 
bone formation in an osteoconductive environment in a rat model. 47 Their study demon-
strated higher rate of resorption of the dentin grafts with increasing level of pre-grafting 
demineralization of dentin. 47 On interest was their finding that increasing the degree of 
demineralization also resulted in a significant increase in bone formation, given that inflam-
matory reaction around the dentin graft was minimal. This suggests that inflammatory 
reaction during grafting with dentin plays a crucial role during healing and bone regen-
eration process and dentin can be incorporated in bone when inflammation is absent, 
so that it can gradually resorb and be replaced with bone. 15, 18, 19, 32, 47 Additional finding 
reported by Mordenfeld et. al. was that when dentin blocks were loosely implanted under 
the periosteum of rat skull, fibrous encapsulation compromising graft uptake was seen 
as a result of the micromobility during the osteogenic phase of bone healing. However, 
when dentin blocks were placed in a tighter pocket limiting their mobility of the graft, better 
graft incorporation was seen. 47 This is consistent with other studies demonstrating that 
dentin blocks undergo resorption without inducing bone formation when implanted in 
animal non-osteogenic environment, such as in the muscle or the subcutaneous tissue, 
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due to mobility of the graft and leading to fibrous tissue formation. 15, 17, 48, 49 Therefore, local 
grafting environment, stability of the graft, and susceptibility to inflammatory reactions 
seems to play a crucial role with regard to incorporation of the dentin grafts during healing 
phase. 15, 17-19, 38, 47, 48 Additional study by Al-Asfour et. al. compared only bone regeneration 
pattern in rabbit’s tibia between autogenous bone blocks and xenogenic demineralized 
dentin blocks. Their results demonstrated similar resorption rate and characteristics of 
the xenogenic demineralized dentin blocks to the autogenous bone over 12 weeks period, 
with notable new bone formation through replacement of the integrated dentin at the 
native bone/dentin graft interphase. 16 By forming a mixture of dentin blocks and a ß-TCP/
HA putty, we aimed at improving the surgical handling of the dentin blocks and allowing 
more stability of the composite in the defect to promote the osteogenic potential asso-
ciated with dentin.

Our results show that calvarial defects filled with composite Dentin/ß-TCP showed the 
highest radio-density (Hounsfield Units:1609 ± 552.1) and percentage bone and graft 
volume (FV/TV) at 55.81 ± 17.72 (Figure 4, Table 1). This indicates that both Dentin and 
ß-TCP/HA mixture successfully healed with the native bone. It should be noted that our 
HU values should be higher than values measured with clinical devices, because our high 
resolution preclinical scanner operates at lower x-ray voltages which leads to higher cal-
cium-based signal intensities in HU compared to clinical CT scanners. The higher % filling 
volume fraction can be likely attributed to the dentin grafts, which show a slower rate of 
resorption and may possess inherent osteoinductive properties. This correlated well with 
previous finding reported by Al-Asfour, Andersson, and Mordenfeld groups. 15-19, 47 Our his-
tological findings correlated well with our radiographic findings, suggesting enhanced bone 
formation in the composite groups in addition to higher percentage of residual graft in the 
defects (Figure 6, Table 2). Noteworthy was the presence of a higher percentage residual 
graft in the Dentin/ß-TCP group (48.11 ± 8.11) compared to the ß-TCP group (18,37 ± 
4,09) after a healing period of 8 weeks duration (Table 2). This is consistent with previous 
studies which have demonstrated that dentin exhibits a slower resorption rate during graft 
healing and leading to enhanced maintenance of the graft volume. 15, 16, 18, 19, 32, 47, 48 In our 
study, the ß-TCP/HA mixture was non-hardening, and served the purpose of stabilized the 
dentinal granules to allow osteogenesis and expression of any osteoinductive properties. 
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CONCLUSION: 

Our results show superior graft stability, bone healing and osteogenesis in calvarial crit-
ical-sized defects in rabbits filled with composite Dentin/ß-TCP over ß-TCP and control 
groups. The results suggest that adding non-demineralized dentin to ß-TCP improves 
healing properties and promotes bone new bone formation. This may be of importance 
in the clinic when using bone replacement materials.
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ABSTRACT 

Objectives: The purpose of the present study was to develop an animal model for creating 
alveolar cleft defects with properly simulated clinical defect environment for tissue-engi-
neered bone-substitute materials testing without compromising the health of the animal.  
Cleft creation surgery was aimed at creating a complete alveolar cleft with a wide bone 
defect with an epithelial lining (oral mucosa) overlying the cleft defect.

Methods: A postmortem skull of a New Zealand White (NZW) rabbit skull (Oryctolagus 
cuniculus) underwent an osteological and imaging survey. A pilot postmortem surgery 
was conducted to confirm the feasability of a surgical procedure and the defect was also 
radiologically confirmed and illustrated with micro-computed tomography. Then, a surgical 
in vivo model was tested and evaluated in sixteen (n=16) 8-week-old New Zealand White 
(NZW) rabbits to create in-vivo alveolar cleft creation surgery. 

Results: Clinical examination and imaging analysis 8 weeks after cleft creation surgery 
revealed the establishment of a wide skeletal defect extending to the nasal mucosa sim-
ulating alveolar clefts in all of the rabbits.

Conclusions: Our surgical technique was successful in creating a sizable and predictable 
model for bone grafting material testing. The model allows for simulating the cleft site envi-
ronment and can be used to evaluate various bone grafting materials in regard to efficacy 
of osteogenesis and healing potenital without compromising the health of the animal. 
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BACKGROUND

Congenital alveolar cleft is a malformation occurring as a result of non-fusion of primary 
palate during weeks 4 to 12 of gestation. The goal of alveolar cleft repair is to establish 
bony continuity of the alveolar ridge in the maxilla, seal the communication oro-nasal com-
munication, and create a favorable anatomy for dental rehabilitation. 1-3 Reconstruction of 
the these defects is done via the alveolar cleft bone grafting procedure using autologous 
bone, allogenic and xenogeneic bone grafting materials, along with various tissue-engi-
neered  bone replacement materials. 4-8

Optimising the quality of the existing bone grafting materials and looking for novel and 
better bone-substitute materials is crucial in improving the clinical outcome. Experimental 
testing of various grafting materials requires the pre-establishment of a proper biological 
model to conduct experimental studies and evaluate the clinical effect with respect to 
osteogenesis and healing. Animal models with simulated alveolar clefts are considered 
appropriate as an experimental model for testing of clinical interventions. Several animal 
models have been utlized for testing of alveolar cleft grafting materials including mice, 
rats, rabbits, cats, dogs, swines, goats, sheep and monkeys. 4, 9-24

Development of alveolar clefts in experimental animals can be achieved, either surgically 
created or congenitally induced in utero during embryonic development. 19, 25-27 Previous 
studies on in utero congenitally induced models reported increased need of technical 
expertise, concurrent multiple fetal malformations, and an increased incidence of intrau-
terine fetal death and abortions. In addition, several studies reported that newborn animal 
models with lip defects were less cared by their mothers and some being subjected to 
cannibalism. 28-30 Next to congenitally induced models, surgically created alveolar clefts in 
animals also seem  suitable to experimental studies regarding histologic and biomechan-
ical properties of bone grafting material.

Moreover, it is essential to allow proper timing for healing of the defect and establish 
an alveolar cleft of appropriate width mimicking the human scenario of a skeletal defect 
extending to the nasal mucosa and the adjacent teeth and be suitable for clinical testing. 
Some earlier reported cleft models do not correspond to the clinical situation since a 
bone defect is created and filled in the same session. This is not in accordance to the 
real situation in which the defect is covered by epithelial lining. Hence, it is important to 
achive a bony cleft with its surfaces covered with healthy mucosal tissue at the time of 
placement of graft. For this reason it is necessary to first create the bone defect and then 
in a second stage surgery, after healing with mucosal lining of the cleft has been achieved, 
place the grafting material, otherwise the defect is not corresponding to the real clinical 
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situation. Moreover, compared with congenitally induced alveolar clefts, surgically created 
cleft models in animals can easily be created and allow for controlling the size and extent 
of the bony cleft and properly position the overlying soft tissue to serve the purpose of 
the model. 

Animals used in biomaterial bone research include small animals, such as mice, rats, 
guinea pigs, and rabbits, and large animal category mostly goats, dogs, and primates. 
31-33 Rodent models have inherent limitations when compared to larger models, including 
rabbits. Rodents have smaller long-bones, more fragile cortex, and do not show Haver-
sian-type remodeling in the cortex. 31 Rabbits are considered the largest animals in the 
small animals category, and hence less susceptible to elaborate and exhaustive additional 
clearance requirements usually implemented by the central ethical committees. They 
are non-aggressive, easy to observe, have quicker vital capacity in terms of gestation and 
maturity, and can be locally bread. 31-33 The histology of bone in rabbits is not quite similar 
to bone in humans, and composes of dense Haversian bone and layers primarily vascular 
longitudinal canals. 31-33 However, similarities in bone mineral density and fracture tough-
ness between rabbits and human have been reported in the literature. 32-34 An essential 
issue with rabbits that they express rapid skeletal metabolism and increased bone turn-
over rate, mostly cortical remodeling when compared to primates and some rodents. 
31-33 To properly simulate human in-vivo environment, the rabbit model is an appropriate 
animal model for alveolar cleft experimental studies because the rabbit is reproducible, 
accurate, easy to house and handle, relatively easily anaesthetised, provides large enough 
area for testing and properly sized mammalian that can bear the trauma of surgery. 32, 33 

The aim of this study was to develop a model in New Zealand White (NZW) rabbits, Oryc-
tolagus cuniculus, to enable surgically creating of a healed skeletal alveolar defect extending 
to the nasal mucosa and the adjacent tooth structure as seen in human patients.
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METHODS

Osteological survey of New Zealand White rabbit skull (Oryctolagus cuniculus):
A Skull of a NZW rabbit was obtained from the animal stock library at RWTH Aachen Uni-
versity Hospital (Germany) for inspection of the anatomical landmarks. (Figure 1)

Microfocus Computed Tomography (Micro-CT) for imaging survey:
Imaging with Micro-CT of a rabbit skull were obtained of radiographic analysis of the 
skeletal anatomy for assessment of the feasibility of creating an alveolar cleft defect and 
planning of the cleft creation surgery. Images were evaluated using cross-sectional slices 
and rendered three-dimentional reconstruction. (Figure 2)

Figure 1: Osteological survey of New Zealand White rabbit skull. 

Preserved skull of a NZW rabbit (Oryctolagus cuniculus) showing the depth and orientation of the maxillary incisor 
alveolus after removing the central incisor. The alveolus penetrates into the maxillary bone laterally with strong 
curvature toward the palatal shelf. The tooth extends just shorts of the extensively aerated maxillary sinus.

Postmortem pilot alveolar cleft creation surgery and Micro-CT imaging:
A pilot surgical operation of the planned procedure was conducted on a sacrificed rabbit 
head. There was no need for an animal ethical committee approveal given that the pro-
cedure was performed on a sacrificed animal which was previously been used in another 
animal testing project. The cleft creation surgery was conducted according to the pro-
posed procedure. (Figure 3) Post-operative Microfocus Computed Tomography (Micro-CT) 
was obtained of the rabbit skull to evaluate the created postmortem defect. (Figure 4)
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Figure 2: Imaging survey. 

Micro-CT three-dimensional reconstruction of a preserved skull of a NZW rabbit showing the depth and morphol-
ogy of the extraction socket. Coronal sections at the level of the central incisors show thin bony plates separating 
the tooth from the nasal cavity.

In-vivo alveolar cleft creation surgery: Animals, Anesthesia, and Housing
After evaluation of the correct position and volume of the cleft in the post-mortem pilot 
sixteen 8-week-old New Zealand White rabbits weighing 2.6 to 3.0 kilograms were oper-
ated in the same manner to prove the model in an in vivo setting. The procedure was 
conducted at the Animal Research Centre, Health Sciences Centre, Kuwait University. The 
project was subjected to strict animal testing protocol and the approval by the animal eth-
ical committee at Animal Research Centre, Health Sciences Centre, Kuwait University. The 
rabbits were sedated thirty minutes prior to the experimental surgery with Xylazine HCl 5 
mg/kg by intramuscular injection and subsequently anesthetized by intravenous injection 
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of 35 mg/kg of ketamine HCl. To ensure a high standard of animal care, a veterinarian 
was administering the sedation, anesthesia, and care-taking of the animals following an 
already used methodology. 35, 36 The animals were kept in separate cages and fed pellets 
and water throughout the duration of the study. The rabbits were cared of accordingly 
per protocol and observed by veterinarian until the end of the study.

Figure 3: Postmortem pilot alveolar cleft creation surgery. 

(a) to (i) Postmortem pilot alveolar cleft creation surgery of a sacrificed NZW rabbit showing the modification of 
the extraction socket to expose the nasal lining. The defect can be completely covered by mucosa to allow healing 
and enable mucosal coverage of the cleft surfaces.
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Figure 4: Postmortem imaging. 

Micro-CT imaging of the created cleft in a pilot postmortem surgery.  Coronal view at the level of the anterior 
part of the extraction socket shows a complete cleft 8mm wide extending from the oral cavity to the nasal cavity. 
Coronal view at the apical region of the extracted central incisor shows a residual defect with all bony walls intact.

In-vivo alveolar cleft creation surgery in NZW rabbits (n=16)
Preparation of surgical sites in Maxillary Alveolus:
The surgery was performed with the rabbits in a supine position and under sterile con-
ditions. A linear mucosal incision approximately was performed 2 cm lateral to the left 
central incisor and along the curvature of the tooth, extending to the distobuccal angle 
of the left central incisor, and then extended into the gingival margin of the left central 
incision on the facial aspect to the midline papilla. The gingiva and soft tissue were to 
expose the maxillary alveolus and the periodontal attachment of the central incisor tooth. 
Subsequently a flap was raised subperiosteally to expose the inferior nasal aperture. The 
nasal mucosa was freely protected and elevated using curved periosteal elevator taking 
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care not to perforate the nasal mucosa. Lateral osteotomy along the lateral curvature 
of the left central incisor was performed using a rotary instrument with a round carbide 
bur to create a window exposing the root of the central incisor. The central incisor was 
then gently luxated toward the weakened lateral wall using a small dental elevator and 
eventually extracted using a veterinarian dental extraction forceps for rodents. Further 
osteotomy was carried to remove the superior and inferior bony plates with rongeur 
forceps to expose the nasal mucosa without injuring the mucosa. Bone wax then applied 
to the bony walls of the defect and the oral mucosa was approximated and sutured with 
5 zeros resorbable Vicryl suture (Vicryl, Ethicon, USA) only on the medial and lateral sides. 
The central part of the wound was left open creating a pocket overlooking the bony defect. 
The defect was packed at the end with oxidised cellulose (Surgicel, USA). The nasal mucosa 
was left intact throughout the surgical procedure. The animals were allowed a period of 8 
weeks for healing of the defect and the creation of maxillary alveolar defect. 

The same surgical preparation and the strict protocol was carried at the second stage to 
expose the alveolar defect in preparation of bone grafting. A submarginal incision is made 
in the alveolar defect to separate the oral from the nasal mucosa. The Bony defect was 
exposed and bony walls were lightly freshened with a round diamond bur. The rabbits 
were fed soft diet ad lib directly after the surgery. The rabbits were cared of accordingly 
per protocol and watched by veterinarian until the end of the study after 3 months. 

Post-operative Cone Beam Computed Tomography of the alveolar clefts:
Postoperative imaging with Cone Beam CT of the rabbit skull was obtained 8 weeks after 
cleft creation surgery. (Figure 8)
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Figure 5: In-vivo alveolar cleft creation surgery. 

(a) to (l) In-vivo cleft creation surgery showing the modification of the extraction socket to expose the nasal lining. 
Distance material of bone wax and oxidized cellulose were used to keep the defect open and allow the mucosa 
to cover the cleft surfaces.
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RESULTS

Osteological survey of New Zealand White rabbit skull (Oryctolagus cuniculus):
A visual inspection of a skull of NZW rabbit revealed that in the area of interest to our 
study, the anterior maxilla of a NZW rabbit harboured two paired central incisors and two 
paired accessory palatal incisors. The central incisor was prominent and is in the form of 
half a circle and the accessory palatal incisor was smaller and roughly half the length of 
the central incisor. Examining a skull with an extracted central incisor revealed that the 
prominent tooth traversed the maxillary bone just below the nasal aperture leaving a thin 
layer of bone separating the alveolar socket from the nasal mucosa. The alveolar socket of 
an extracted central incisor formed a pocket-like cavity with a dimention of 7-8 mm made 
it an ideal model for alveolar cleft studies once the superior and inferior bony plate was 
resected to create a continuous defect simulating what is commonly seen in patients with 
congenital alveolar cleft. (Figure 1)

Microfocus Computed Tomography (Micro-CT) for imaging survey:
Three-Dimessional Micro-CT reconstruction of the rabbit skull and the Micro-CT imaging 
revealed high level of accuracy and clear view of the maxillary alveolar socket for volume 
analysis and measurement of bony landmarks. (Figure 2)

Postmortem pilot alveolar cleft creation surgery and Micro-CT imaging:
Simulation of the alveolar cleft surgery on a sacrificed rabbit skull revealed the feasabilty 
of creating an adequately sized defect. The defect could be easily extended to the nasal 
mucosa to simulate a real clinical defect. Soft tissue closure and suturing of the mucosa 
was readily performed. (Figure 3) Three-Dimessional reconstruction of the defect revealed 
a triangular alveolar cleft defect with a width of 8 mm that extended to the nasal cavity with 
the apex of the defect posting posteriorly and toward the depth of the alveolar socket. This 
simulates the clinical findings in patients with alveolar cleft defect. (Figure 4)

In-vivo alveolar cleft creation surgery in NZW rabbits
The surgery for each rabbit took between 15 to 30 min, and all procedures could be car-
ried out during Ketamine anesthesia without endotracheal intubation. (Figure 5) In a few 
cases an extra injection of Ketamine was required. Bleeding was minor and not a clinical 
issue during or after the cleft creation surgery. The animals were active and behaved 
adequately immediately after the surgery. They all started eating already during the first 
days after surgery. The animals were fed ad libitum well throughout the study. All the 
rabbits survived during the 8 weeks postoperatively until day of the sacrifice. (Figure 6 
and 7) The methodology and results of this in vivo-study will be reported more in detail 
in later separate papers.
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Figure 6: Wound healing. 

Healing of the surgery site one week after surgery (a) and 3 weeks after surgery (b). (c) Healed cleft site 8 weeks 
after surgery and before exposure of the alveolar cleft for bone grafting. Note the fistula overlying the cleft side 
indicating the establishment of an underlying bone defect. 

Figure 7: Grafting of the defect. 

(a) Healed alveolar cleft site 8 weeks after surgery and before grafting intervention. (b) Grafting intervention in 
the established alveolar cleft. (c) Final coverage of the cleft with oral mucosa. Complete coverage of the defect is 
achieved without wide mobilization of the soft tissue.

Post-operative Computed Tomography of the alveolar clefts:
After 8 weeks healing, computed tomography was carried out in one animal. A three-di-
mensional reconstruction of the defect revealed a triangular alveolar cleft defect with a 
width of 8 mm and extending to nasal cavity with the apex of the defect posting posteriorly 
and toward the depth of the alveolar socket was verified. (Figure 8)
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Figure 8: Postoperative imaging. 

(a) Cone Ceam CT imaging of the created alveolar cleft after 8 weeks of healing shows a complete cleft extending 
from the oral cavity to the nasal cavity.  (b) Alveolar cleft 8 weeks after grafting the defect with bone substitute 
material.



Chapter 6

126

DISCUSSION

Alveolar maxillary defects are unique defects with regard to their overlying soft tissues; 
the oral mucosa inside the mouth and the nasal mucosa as the nasal floor lining. The 
topography of such defect makes it susceptible to two biologically distinctive anatomical 
compartments each with a particular bio-environment. The aim of alveolar bone grafting 
is to obtain a proper reestablishment of these anatomical structures and provide a new 
bone structure that are acceptable in regard to volume and bone quality. Utilization of 
an animal model with a healed alveolar cleft defect, which mimics the three dimensional 
morphology in human patients with cleft lip and palate and extending to the nasal mucosa, 
would be best model to test the healing pattern of bone graft materials and the establish 
the proper anatomical structure. 

Proper grafting of alveolar cleft deformities is an essential step to re-establish the dental 
arch in patients with cleft palate. This depends on the type of the grafting material that 
aims to restore form, volume and the functional establishment of a skeletal biological 
medium that would allow the eruption of the permanent teeth. Recent advances in tis-
sue-engineered bone substitute materials and biomedical science have prompt further 
improvements in existing testing animal models to better evaluate the osteogenic efficacy 
and healing efficiency of the new grafting materials. 4-8, 37

Several models have been proposed as alveolar cleft model for testing of tissue-engi-
neered bone replacement material. These ranging from mice, rats, rabbits, cats, dogs, 
swines, goats, sheep and monkeys. 4, 9-24 Prior description on rats models were able to 
create defects simulating alveolar defects because of their ease of handling and cost effec-
tiveness, however, these defects tend to be significantly smaller in volume than human 
alveolar defects making it technically challenging to properly perform the grafting testing 
procedure. 13, 17, 18, 21, 24 

The first description in the litature on an animal model for creating an alveolar cleft was 
reported by Harvold. He described the creation of an alveolar and palatal cleft 2 mm wide 
in 2 Rhesus monkeys. 38 The skeletal metabolism and bony macrostructure is small rodents 
tends to be far more active than bigger mammals and this may compromise the applicabil-
ity of the animal testing findings.  Thus bigger animals were considered a closer models to 
the human counterparts and able of mimicking skeletal defects and several attempts have 
been trying to describe further surgical techniques and modifications on previously reported 
methodologies mostly on monkeys and dog models. 11, 12 In recent years, attempts have been 
made to create more effective, economical and smaller animals to create acceptable alve-
olar cleft defects. Despite the increased descriptions of several animal models for alveolar 
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bone grafting materials testing, most of the in vivo animal models using small animals were 
not able to function as reliable alveolar cleft model simulating that in human. This is mostly 
because of the limited anatomical size in these models which lead to difficulties in handling 
intraoral surgical procedures. This results in a compromise in designing and establishing 
proper sizable defects mimicking three-dimensional triangular defect extending to the nasal 
mucosa and the adjacent tooth as seen in human patients. 12, 18, 39

Most current reports in the literature illustrated the creation of simple non-anatomical 
defects in the maxilla of small animals by creating a maxillary or palatal window to establish 
a communication between the oral cavity and the nasal cavity, as described by Nguyen et. 
al., Raposo-Amaral et. al., Mostafa et. al., Takano-Yamamoto et. al. and Kim et. al. in rats, 
and by Sawada et. al. and Puumanen et. al. in rabbits. 17, 18, 21, 22, 39-41 Xu et. al. described 
the establishment of a cleft model in rats by extracting a molar tooth and applying bone 
wax. 24 Their model has succeeded in controlling the osseos healing process but the ana-
tomical location of the defect does not correspond to a tridimentional maxillary alveolar 
cleft defects as encountered clinically. In some studies the defects were created and 
were not allowed to heal to establish a true non-healing critical defect and the insertion 
of the grafting material was performed simultaneously during the cleft creation surgery 
as seen in the models described by Takano-Yamamoto et. al, Sawada et. al., Puumanen 
et. al., Pilanci, and Kim et. al. 20, 22, 39-41 The immediate grafting of the created defect leads 
to masking the effect of the native bone healing, and thus it would be difficult to attribute 
the new bone formation to the potential of the inserted graft rather than the native bone 
healing. El-Bokle et. al. described a rabbit model for creating an alveolar cleft defect by 
extracting the central and lateral incisor and creating a wide defect and splitting the nasal 
mucosa to suture it the oral mucosa and leaving 1 cm defect. 11 In our opinion, a wide 
skeletal defect is plausible in creating alveolar cleft but 1cm oronasal communication rarely 
correlates with clinical scienarios. A meta-analysis by Bykowski et. al. evaluated the rate of 
oronasal fistula after primary cleft repair surgery and reported that most of the significant 
oro-nasal fistulas leading to clinical symptoms occurred posterior to the incisive foramen 
with the highest incidence at the soft-hard palate junction, and the lowest incidence of 
the fistula occurring at the maxillary alveolus. 42 In addition, splitting and suturing the 
nasal mucosa in a rabbit model is challenging given the anatomical limitation and would 
significantly incerase the operating time and may compromise the health of the animal 
due to incerased anesthetic requirement, compromise oral intake postoperatively, and 
increase the risk of aspiration and bleeding into the nasal cavity. 

In our model we were able to achieve a reliable and consistent alveolar cleft in the maxillary 
front region and extending to the nasal mucosa, along with a nearby tooth which simulates 
the local anatomy of maxillary alveolar cleft in cleft lip and palate patients. Extracting an 
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incisor by removing bone lateral to the incisor and luxate the tooth laterally has recently 
been described by Maslamani et al in an experiemental tooth replantation study. 43 Due 
to the extremely curved rabbit incisor it is not possible to extract through the longitudinal 
axis of the tooth but instead through lateral luxation after some bone removal. 

Preparation of the cleft by keeping the nasal mucosa intact was possible and the surgery 
can be carried in 15-20 minutes and without general inhalation anesthesia or intubation, 
and without major risk of aspiration.The control of the space preventing it from bony 
ingrowth  with simple bone wax seems to be consistently efficent in limiting bone healing, 
and the oxidized cellulose help in maintaing a spaced and aiding in prevent the collapse 
of the defect by extensive fibrous tissue. Allowing 8 weeks for cleft creation surgery seems 
to be enough to assume critically sized defect.

Our study shows that it is possible to produce a reliable and predictable animal model in 
rabbits to perform alveolar bone grafting. The surgical site area is of similar size and in the 
same region as that of pediatric population in human subjects, and the procedure does 
not require magnifying apparatus or micro instruments. 

CONCLUSIONS

A simple and predictable rabbit model with alveolar cleft for the clinical testing of e.g. 
tissue-eingineering bone substitute materials can be created by following the existing 
anatomy and extraction of a central incisor tooth, modification of the extraction socket 
by extending it to the nasal mucosa, and the application of simple bone wax and oxidized 
cellulose material to help modulating the healing phase in the cleft area and avoid rapid 
bone generation and filling of the defect. Allowing 8 weeks of healing yields a predictable 
and good sized defect that can be used for later grafting procedures. 
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ABSTRACT 

Background: Alveolar cleft repair is performed via bone grafting procedure to restore the 
dental arch continuity. A suitable bone substitute material should possess osteoinductive 
and osteoconductive properties, to promote new bone formation, along with a slowly 
resorbable scaffold that is subsequently replaced with functionally viable bone. Calcium 
phosphate biomaterials have long proved their efficacy as bone replacement materials. 
Dentin in several forms has also demonstrated its possibility to be used as bone graft 
replacement material in several studies.  The purpose of this study was to evaluate bone 
regeneration pattern and quantify bone formation after grafting pre-established expimen-
tal alveolar clefts defects model in rabbits using composite xenogenic dentin and ß-TCP 
in comparison to ß-TCP alone. 

Methods: Unilateral alveolar cleft defects were created in 16 New Zealand rabbits accord-
ing to previously described methodology. Alveolar clefts were allowed 8 weeks healing 
period. 8 defects were filled with ß-TCP, whereas 8 defects filled with composite xenogenic 
dentin with ß-TCP. Bone regeneration of the healed defects was compared at the 8 weeks 
after intervention. Quantifiation of bone formation was analyzed using Micro-computed 
tomography (µCT) and histomorphometic analysis. 

Results: µCT and histomorphometric analysis revealed that defects filled with composite 
Dentin/ß-TCP showed statistically higher bone volume fraction, bone mineral density and 
percentage residual graft volume wgeb compared to ß-TCP alone. An improved surgical 
handling of the composite dentin/ß-TCP graft was also noted. 

Conclusions: Composite xenogenic Dentin/ß-TCP putty expresses enhanced bone regen-
eration compared to ß-TCP alone in the reconstruction of rabbit alveolar clefts defects. 
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BACKGROUND

Maxillary alveolar cleft is a congenital malformation occuring during fetal development 
leading to a compromised dental arch anatomy and disrupted sequnce teeth eruption. 
Alveolar cleft repair is performed during childhood via bone grafting procedure with the 
goal to restore the bony continuity of the dental arch, seal the oro-nasal communication, 
and create a favorable anatomy for dental rehabilitation. 1-5 Alveolar bone cleft is rounitley 
grafted with autogneous bone obtained from various anatomical donor sites, however, 
autogenous bone is associated with inherent technical limitations such as donor site 
supply limitation and surgical morbidity, increased operative time and costs, and several 
clinical reports on its increased resorption rate with unpredictable graft stability. 5-12

To overcome these shortcomings with autogenous bone, various regenerative bone sub-
stitute materials have been developed for skeletal grafting including processed xenogeneic 
bone 13, allogenic bone 14, 15, several biodegradable alloplastic materials such as polymer 
based polyether ketone and fiber-reinforced bioactive glass materials 16, 17, and various 
degradable bioactive ceramics like tricalcium phosphate and hydroxyapetite. 6, 9, 11, 12, 15, 18, 19

 
Biocompatible calcium phosphate ceramics have shown in in several human and animal 
studies to express osteoconductive properties leading to enhanced bone formation and 
the ability to function as a bone grafting substitute materials. 3, 14, 15, 17-20 Several types of 
calcium phosphate currently exist for clinical applications, with biphasic beta tri-calcium 
phosphate (β-TCP) and calcium hydroxyapatite (HA) being the most common utilized. 
β-TCP and HA are mixed in a proportionate manner to combine the resiliency and 
improved mechanical properties offered by hydroxyapatite (HA), along with the reliable 
biodegradability offered by tri-calcium phosphate (β-TCP) to yield a suitable bone replace-
ment materials with balanced clinical efficacy. 18, 20

Dentin, a natural hard tissue component of teeth and similar in its chemical composition 
to bone, has likewise been explored as a bone replacement material. Several human and 
in-vivo studies have demonstrated the ability of dentin to promote bone formation due 
to its innate osteoconductive and osteoinductive properties. 13, 21-28 The osteoconductive 
potential of dentin was evaluated in its non-demineralized form in an animal model by 
implanting 2-3 mm dentin blocks into bone marrow of rabbits, and subsequently leading 
bone formation close to the native tibia bone wall indicating the ability of the dentin blocks 
to induce osteogenesis. 21  In addition to its known clinical effect in promoting bone forma-
tion and fusing with bone in a process of ankylosis as seen in several studies evaluating the 
replantation of avulsed teeth in human without the process of demineralization. 23, 24, 29-31 
Several studies also demonstrated such onsteoinductivity potential of dentin when used in 
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demineralized form, however, higher degree of dentin resorption rate and thus lower graft 
volume maintenance rate was report in these studies. 22, 27, 32, 33 Dentin has also been stud-
ied in various allogenic and xenogenic forms to explore its efficacy as bone replacement 
material including mineralized dried dentin as particulate chips and blocks, demineralized 
dentin, freeze-dried allogenic dentin, and processed bovine dentin. 13, 22, 25-28, 34  

Despite recent biotechnological developments of bone substitute materials, optimising 
the quality of the existing regenerative  materials and looking for novel and more effective 
materials  is essential in developing a clinically suitable material. The establishment of a 
proper in-vivo biological model simulating alveolar clefts is essential in order to conduct 
experimental testing of bone grafting materials  and evaluate the clinical effect with respect 
to osteogenesis and healing, and thus far several animal models have been developed in 
mice, rats, rabbits, cats, dogs, swines, goats, sheep and monkeys. 2, 6, 35-49 

In a recent paper, an in-vivo rabbit model with surgically created alveolar clefts for the 
clinical testing was presented (45). The advantage with this model is that the cleft is kept 
open during the healing to avoid rapid bone generation and filling of the defect, enabling 
conditions similar to clefts seen in clinical practice. 50

Giving the prevoiusly reported healing capacity of non-deminiralized dentin when used as 
bone replacement material, we wanted to investigate the effect of combining non-demi-
niralized dentin with the well-established ß-TCP, and report on any ehancement in bone 
volume fraction, which may have caused by the adding dentin to ß-TCP. We propose that 
adding dentin would enhance the overall bone formation in the defect, including the 
fusion of the dentin particles to the healed graft though osseos integration with the newly 
formed bone, and undergoing a gradual and slow resorption process, thus maintaining 
a higher BV/TV ratio and improved graft volume maintenace rate. The aim of the current 
study was to evaluate bone regeneration potential and quantify the overall bone formation 
after grafting pre-established expimental alveolar clefts defects in a rabbit model using 
in-situ formed composite xenogenic non-demineralized dentin and ß-TCP in comparison 
to ß-TCP alone.
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METHODS

Animals, Anesthesia, and Housing
A New Zealand White rabbit model for alveolar cleft testing was previously described 
by the authors in detail (Figure 1). 50 The experimental procedure was conducted at the 
Animal Research Centre, Health Sciences Centre, Kuwait University. The project was sub-
jected to strict animal testing protocol and the approval by the animal ethical committee 
at Animal Research Centre, Health Sciences Centre, Kuwait University. Sixteen 8-week-
old New Zealand White rabbits weighing 2.6 to 3.0 kilograms were operated in the same 
manner to prove the in-vivo model. The rabbits were sedated with Xylazine HCl 5 mg/kg 
by intramuscular injection thirty minutes prior to operation and subsequently anesthe-
tized with 35 mg/kg of ketamine HCl by intravenous injection. To ascertain the highest 
standard of animal care, a veterinarian was administering the sedation, anesthesia, and 
care-taking of the animals according to previously used methodology. 21, 25, 50 Throughout 
the duration of the study, rabbits were kept in separate cags and fed rabbit pellets and 
water mixture, and were cared of accordingly and observed by veterinarian until the 
completion of the study.

Preparation of grafting material
Human teeth, extracted for orthodontic reasons and then stored dry, were prepared 
by first removing the crowns then sectioning the roots vertically to expose the pulp and 
root canal. The periodontal ligament and pulp were removed mechanically, and dentin 
chips 2–3 mm in diameter were prepared by crushing the remaining dentin in a mortar 
and passing it through a 2-mm grid to maximize the size of the chips. The chips were 
cleaned from smaller dentin particles by soaking them in 1% chlorhexidine for 5 min 
and then stored dry. For the comparative grafting intervention, a commercially available 
hydroxyapatite/biphasic tricalcium phosphate injectable putty bone-substitute material 
made of 60% HA /40% ß-TCP ratio (Maxresorb inject, Botiss Biomaterials, Berlin, Germany) 
was utilized and prepared per manufacturer’s protocol. Dentin particles and ß-TCP/HA 
putty were subsequently mixed together intraoperatively by the same operator for all 
interventions to ensure consistency of preparation and volume proportion and to create 
a moldable grafting mixture (Figure 2). The mixture was made using 0.5 cc of Maxresorb 
inject (60% hydroxyapatite and 40% β-tricalcium phosphate, Botiss Biomaterials, Berlin, 
Germany) with predetermined volume of dentin blocks obtained using the same dental 
scoop excavator. 
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Figure 1: Alveolar cleft model. 

(A) Osteological representation of the created alveolar cleft extending to the nasal mucosa on a New Zealand 
White rabbit skull. (B) Micro-CT imaging of the created cleft 8 weeks after cleft creation surgery repesenting the 
three-dimensional morphology of the healed residual defect.  (C) Surgical exposure of the healed alveolar cleft for 
insertion of the grafting intervention 8 weeks after cleft creation surgery. (D) Coronal histological representation 
of the healed alveolar cleft 8 weeks after cleft creation surgery with cleft area fully lined by mucosal tissue (MI1: 
first maxillary incisor; MI2: second maxillary incisor; MC: maxillary cleft).

Preparation of surgical sites in Maxillary Alveolus
The surgery was conducted under sterile conditions with the rabbits in a supine position. 
A buccal gingival flap was raised subperiosteally to expose the periodontal attachment 
of the central incisor tooth and the inferior nasal aperture as previously described in our 
model. 50 Osteotomy was performed along the lateral curvature of the left central incisor 
using a rotary instrument to expose the root of the central incisor, then tooth was gently 
luxated laterally and extracted using extraction forceps. Further osteotomy was carried 
under protection of the nasal mucosa to remove the superior and inferior bony plates and 
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create an oral-nasal defect with intact nasal mucosa. Bone wax (Ethicon Inc., Somerville, 
New Jersey, USA) then applied to the bony walls of the defect and the oral mucosa was 
approximated and sutured on the medial and lateral sides with 5 zeros resorbable Vicryl 
suture (Ethicon Inc., New Jersey, USA) leaving the central part of the wound open to create 
a pocket into the cleft defect, into which Surgicel oxidised cellulose (Johnson & Johnson, 
New Brunswick, New Jersey, USA) was packed. The animals were allowed a period of 8 
weeks for healing of the defect and the creation of maxillary alveolar defect. 50

Figure 2: Graft preparation. 

(A) Injectable ß-TCP/HA putty (Maxresorb inject, Botiss Biomaterials, Berlin, Germany), dentin blocks, and the 
in-situ formed composite dentin/ß-TCP mixture in preparation for grafting intervention. (B) Insertion of the 
grafting intervention in the alveolar cleft defect at 8 weeks after cleft creation surgery. (C) Tension-free closure 
of the oral mucosa over the grafted alveolar cleft defect. (D) Block sections of the maxilla specimens contained 
the repaired alveolar clefts 8 weeks after insertion of the grafting intervention.
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Exposure of the maxillary alveolus defects and insertion of the bone substitute materials:
The same surgical preparation and the strict protocol was carried during the second 
surgery to expose the alveolar defect in preparation of bone grafting. An incision in the 
non-keratinized mucosa is made in the alveolar defect area to separate the oral from the 
nasal mucosa. The bony defect was exposed and bony walls were lightly freshened with a 
round diamond bur. In 8 rabbits the defects were filled with composite xenogenic dentin 
with beta-tricalcium phosphate (intervention), whereas in 8 rabbits the defects were filled 
with beta-tricalcium phosphate alone (control) as seen in Figure 2. The grafting material 
was lightly placed into defect without compression. Primary wound closure was performed 
using 5 zeros resorbable Vicryl suture (Ethicon Inc., Somerville, New Jersey, USA). The 
rabbits were fed soft diet ad lib directly after the surgery. The rabbits were cared of 
accordingly per protocol and watched by veterinarian until the end of the study 3 months. 

Animal sacrifice and qualitative evaluation
Animals were sacrificed at 8 weeks posoperatively with an intravenous lethal dose of 
T61 Euthanasia Solution (Embutramide, Mebezonium iodide, Tetracaine hydrochloride) 
after sedation with an intramuscular injection of Xylazine HCl 5 mg/kg. Block sections of 
the maxilla specimens were obtained using oscillating saw maintaining the adjacent soft 
tissue and fixed in 10% neutral-buffered Formalin (Figure 2). The specimens were grossly 
inspected for inflammation. Specimen were subsequently scanned with µCT before histo-
logical processing. Healing of the biomaterial-filled defects was compared radiographically 
and by histomorphometry. Micro-computed tomography (µCT) was utilized to analyze the 
osteogenesis and healing patterns of the defects with different interventions. Quantitative 
analysis of bone mineral density (BMD) and bone volume fraction (%) of the new bone 
formation (BV=bone volume/TV=tissue volume) was evaluated in the defects filled with 
each group.

Acquisition of micro-CT scans, segmentation, and statistical analysis 
After animal sacrifice, the maxillas including the created alveolar defects with filling mate-
rials were harvested for ex vivo micro-CT imaging and histological analysis. To acquire the 
micro-CT images, maxillas were imaged ex vivo in μCT (Tomoscope 30s Duo, CT-Imaging, 
Erlangen, Germany) according to a protocol previously described by authors. 51 After posi-
tioning in a multimodal holder, mandibles were scanned with the μCT. A dual energy scan 
(HQD-6565-360-29) which acquires 720 projections with 1032 x 1012 pixels with scanning 
time 90 sec per subscan was used. To cover one maxilla, two subscans were acquired. 
Both tubes of the dual source µCT were operated with voltage of 65 kV and current of 1 
mA. The μCT data was reconstructed at an isotropic voxel size of 35 μm using a Feldkamp 
type algorithm and a smooth kernel. For analysis, the μCT data was down-sampled using 
binning to a voxel size of 70 μm. To determine the bone mineral density score and the 
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new formed bone volume the 70 µm µCT file was analyzed with the Imalytics Preclinical 
software. 52 To segment the alveolar cleft, scribbles were drawn slice-wise to delineate the 
boundaries of the fillings and newly formed bones. A threshold over 600 HU was applied 
to segment the bones inside the area. Relative bone volume and mean intensity (as bone 
density score) inside the segmented class were determined as volumetric ratio. As an 
added measure to reduce bias in the measurement readings of the defect size on µCT 
images, measurements of defect size determination were scored independently by two 
imaging specialists and confirmed by the operator. The statistical data was analyzed using 
GraphPad Prism (Version 6.0 for Windows, GraphPad Software, La Jolla, California, USA)). 
To compare the measurements between TCP and dentin, unpaired t-test was performed 
in combination with a Tukey post-test. A p-value below 0.05 was considered to represent 
statistical significance.

Histologic preparation histomorphometry, and statistical analysis 
After µCT image acquisition, the specimens were dehydrated using ascending ethanol 
gradient (50-100%) prior to embedding in Methylmethacrylate resin (Technovit 9100, Her-
aeus Kulzer GmbH, Frankfurt, Germany). Coronal sections of the embedded undecalcified 
specimens were obtained at a thickness of about 200 µm using the EXAKT cutting unit 
(EXAKT Technologies Inc., Oklahoma City, Oklahoma, USA), then thinned and polished 
manually to a final thickness of about 50-70 µm. Final specimens were stained with Mas-
son’s Trichrome (MTC) and Toluidine blue (TB) according to protocol, and were analyzed 
using light microscopy. Three slides for each defect was obtained in the coronal section 
through the center grafted defect after visual inspection of the embedded specimens. 
The middle slice was selected for analysis in all the cases. Histomorphometric evaluation 
for performed with ImageJ software (ImageJ 1.51p, National Institute of Health, Bethesda, 
Maryland, USA) by manually measuring the compartments of new bone area, and remain-
ing grafting materials. Mean percentage of bone formation per total defect volume (%= 
new bone area / total defect area) and standard deviation (SD) were used for each group. 
Statistical analysis conducted using GraphPad Prism (Version 6.0 for Windows, GraphPad 
Software, La Jolla, California, USA) using unpaired t-test was performed in combination with 
a Tukey post-test. A p-value below 0.05 was considered to represent statistical significance.    
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RESULTS

Surgical procedure and experimental observations
All rabbits survived the surgical procedure. In a few cases an extra injection of Ketamine 
was required. Handling of the putty ß-TCP/HA during surgery was very effective and facil-
itated the in-situ mixing with dentin chips and insertion of the composite graft in the 
alveolar defect without the need of any additional handling, such as wetting or drying. 
The graft showed acceptable dimensional stability and retained in the defect adequately. 
Intraoperative and postoperative bleeding was minimal and did not result in any clinical 
issues. The animals were active and behaved adequately immediately after the surgery. 
They all started eating already during the first day after surgery. The animals were fed soft 
pellets ad libitum throughout the study and gained weight. All the rabbits survived during 
the 8 weeks postoperatively until day of the sacrifice. 

Figure 3: µCT Imaging. 

µCT imaging reconstruction of the created alveolar clefts 8 weeks after cleft creation surgery, and 8 weeks after 
insertion of the grafting intervention with ß-TCP and Dentin/ß-TCP composite. 

µCT imaging of the filled alveolar defects:
The results from µCT imaging showed that in both defect groups there were bridging of 
bone and filling of the defects at the 8-week time (Figure 3). Statistical analysis of the imag-
ing parameters (Table 1) showed that there was significance difference in the Hounsfield 
unit (HU) between clefts filled with Dentin/ß-TCP (3455 ± 150.3) versus defects filled with 
ß-TCP (3421 ± 103.2). Furthermore, there was a statistically significant higher amount 
of percentage bone volume fraction (BV/TV)noted in the composite Dentin/ß-TCP filled 
defects by µCT (78.46 ± 4.16) compared to ß-TCP group (60.39 ± 4.5), likely representing 



Bone Regeneration in Experimental Alveolar Cleft Repair in a Rabbit Model 

145

7

higher bone formation activity (Figure 4). The Bone Mineral Density (BMD) comparison 
correlated also with these radiographic findings with significantly higher values in the 
composite Dentin/ß-TCP filled defects (1185 ± 34.68) when compared to the ß-TCP filled 
defects (1028 ± 41.87) (Figure 4).

Table 1. Results of the µCT measurements 

Nr. of 
Clefts

Defect Size mm³ Hounsfield Unit 
(HU)

% Bone Volume 
Fraction (BV/TV)

Bone Mineral 
Density (BMD)

ß-TCP 8 119.84 ± 32.88 3421 ± 103.2 60.39 ± 4.5 1028 ± 41.87

Dentin/ß-TCP 8 151.38 ± 29.53 3455 ± 150.3 78.46 ± 4.16 1185 ± 34.68

Mean Difference -31.54 ± 15.62 33.95 ± 182.3 18.07 ± 6.13 156.8 ± 53.9

P-Value 0.063 0.0121* 0.0122 *

95% CI of MD -65.05 to 1.97 4.726 to 31.42 40.4 to 273.30

Mean Hounsfield unit (HU), % Bone Volume Fraction (BV/TV), and Bone Mineral Density (BMD) in defect groups, 
(means ± standard deviations), CI: Confidence Interval, MD=mean difference. 
* statistically significant.

Histomorphometric analysis 
Histological analysis after 8 weeks showed bone healing pattern which correlated well with 
the µCT findings. Both ß-TCP and Dentin/ß-TCP filled cavities showed enhanced new bone 
formation. Histomorphometric analysis showed higher percentage of bone volume frac-
tion (p < 0.05) in Dentin/ß-TCP group (55,06% ± 7,20) compared to ß-TCP group (30,08% 
± 9,08) (Table 2, Figure 5, Figure 6). Percentage residual graft was also significantly higher 
(p < 0.001) in Dentin/ß-TCP groups (47,44% ± 6,72) with grossly visible dentin chips com-
pared to the ß-TCP group (22,46% ± 2,80), which also showed a lower graft area on gross 
examination of the slides (Figure 5). Areas of fused dentin with bone (ankylosis) was noted, 
and resorption cavities in the dentin were also noted (Figure 6). 

Table 2. Results of histomorphometry measurements 

N % Bone Formation % Residual Graft

ß-TCP 8 30,08 ± 9,08 22,46 ± 2,80

Dentin/ß-TCP 8 55,06 ± 7,20 47,44 ± 6,72

Mean Difference  -24.98 ± 3.71 -28.17 ± 2.92

P-Value  0.0114 * 0.0017 *

95% CI of MD -32.93 to -17.02 -37.24 to -20.73

% Bone Formation=NBA/TDA×100 and % Residual Graft=RGA/TDA in defect groups, (means ± standard devia-
tions)
NBA: new bone area; TDA: total defect area; RGA: residual graft area); CI: Confidence Interval; MD, mean differ-
ence. 
* statistically significant.
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Figure 4: µCT Imaging analysis of the repaired alveolar clefts. 

(A) Healed alveolar cleft 8 weeks after insertion of the grafting intervention with ß-TCP and Dentin/ß-TCP, color 
outlining the residual volume of the grafted area.  (B) Quantitative analysis of bone mineral density (BMD) of 
defect areas filled with ß-TCP or Dentin/ß-TCP. (C) Bone volume fraction (%) of the bone volume fraction (BV=bone 
volume/TV=tissue volume) in the defect area of each group. (* indicates p < 0.05)
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Figure 5: Histological representation of the repaired alveolar clefts. 

(A) Coronal sections of the repaired alveolar clefts 8 weeks after insertion of the grafting intervention stained with 
Masson’s Trichrome and Toluidine Blue. (B) Quantitative analysis of percentage bone formation and percentage 
residual grafts of defect areas filled with ß-TCP or Dentin/ß-TCP. (* indicates p < 0.05, ** p < 0.01)
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Figure 6: Histological representation of the repaired alveolar clefts. 

Histological sections of the repaired alveolar clefts 8 weeks after insertion of the grafting intervention stained 
with Masson’s Trichrome (A) and Toluidine Blue (B). Red arrow: residual dentin; yellow arrow: newly formed bone; 
fused dentin with bone; orange arrow: resorption lacunae associated with ß-TCP.
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DISCUSSION

Maxillary alveolar defects are anatomically unique with regard to their overlying soft tis-
sues; the oral mucosa inside the mouth and the nasal mucosa as the nasal floor lining, 
each with distinct bio-environment. This study demonstrated the feasibility of establishing 
a reliable skeletal defect in rabbits prior to the later grafting of the defect in a two stage 
surgery to study alveolar cleft repair healing pattern using various novel biomaterials in 
three-dimensional form similar in morphology to human patients. 50 Many previous studies 
in the literature have only filled a created a bone defect in a one stage surgery 45, 47, 53-55, 
which is not in accordance with closing a cleft clinically where oral and nasal epithelium 
is lining the defect. 

A suitable bone substitute grafting material for alveolar cleft repair should have osteoin-
ductive and osteoconductive properties, to promote new bone formation, in addition to 
reliably resorbable scaffold that is subsequently replaced with functionally viable bone that 
would allow teeth movement into the defect and eruption of teeth. 2, 3, 6, 9-12, 56 The major 
issue encountered in alveolar cleft repair is the inherent resorption rate associated with 
autogenous bone grafts, therefore, several studies have focused on attempting to develop 
new bone substitute materials for bone regeneration that would be less susceptible to 
bone resorption through several methods including cell therapy with enhanced tissue-en-
gineered scaffolds using mesenchymal stem cells (MSC) or osteoblasts (OB), application 
of growth factors such as bone morphogenic proteins (BMP), platelet rich plasma (PRP), 
platelet derived growth factors (PDGF), or various alloplastic biocomposites including cal-
cium phosphate (TCP), hydroxyapatite (HA), or bioglass. 4, 8, 11, 12, 56, 57

Calcium phosphate ceramics are widely utilized in clinical practice as bone substitute 
materials and contain various forms of alloplastic biomaterials, mostly as calcium sul-
fate, tricalcium phosphate and the recently introduced biphasic TCP (ß-TCP). 58, 59 ß-TCP 
is available as bone grafting materials in powder granules, blocks, and as injectable paste 
with nano-micro hydroxyapatite granules to create a non-hardening a moldable mixture, 
like Maxresorb (Botiss Biomaterials, Berlin, Germany). Calcium phosphate ceramics are 
often subject to prolong healing time given their lack of osteoindutive properties and 
their graft volume maintenance depends on the level of resorbability of these alloplastic 
materials and their replacement rate by bone. 59-61 For modification of the β-TCP resorption 
properties, a balanced ratio of HA and β-TCP is created to achieve a suitable resorption 
rate to allow bone formation by replacement, with most studies reporting optimal clinical 
HA/β-TCP ratio between 65:35 and 55:45. 58, 62-64
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Since HA particles are less susceptible to resorption and acts as structural scaffold for 
ingrowing osteogenesis and angiogenesis while the dissolution of β-TCP during grafting 
procedures yields Ca and PO4 ions, which have also been suggested to stimulate bone 
formation. 58, 59, 65 De Ruiter et. al. has compared bone healing with ß-TCP and autogenous 
bone in alveolar cleft repair in a goat model and reported that ß-TCP resulted in bone 
healing similar to iliac crest bone. 2 They reported increased histologic bone formation 
area in ß-TCP group (22.90%, SD 5.62) compared to autogenous iliac crest (20.87%; 5.40), 
however, no statistical difference was found between the results. 2 A later study by Janssen 
et. al. evaluated microstructured ß-TCP granules, embedded in a carboxymethyl cellulose 
in glycerol (CMCG)  putty as alternative grafting material in comparison to autogenous 
iliac crest bone for alveolar cleft repair in a goat bilateral alveolar cleft model. 3 They 
reported an improved surgical handling of the ß-TCP material during alveolar cleft repair 
with volumetric µCT and histomorphometric analyses demonstrating integration of both 
autogenous and ß-TCP/CMCG with no significant differences between both groups in 
percentages of bone formation on the histological sections or reconstructed bone volume 
with µCT. 3

Previous studies on teeth replantation have demonstrated that delayed replantation of 
teeth, where the periodontal ligament has become injured and necrotic e.g. by extensive 
drying, the dentin will fuse with bone and undergo ankylosis. 21, 29-31, 66, 67 The ankylosed 
teeth, which made mostly of dentin, undergo gradual resorption process and later go 
through osseous replacement in a process called replacement resorption where the 
dentin is replaced by bone.21, 23-25, 29, 30, 66 This has prompt further investigations into dentin 
as bone grafting materials. Additional studies have utilized this clinical phenomenon to 
preserve alveolar ridge height and width through decoronation of tooth or delayed replan-
tation of teeth into the alveolar process to be slowly replaced by newly formed bone, thus 
maintaining the volume of alveolar process and preventing its resorption. 31, 66, 68, 69

Further experimental studies in rabbits demonstrated the ability of human xenogenic 
dentin blocks grafts to integrate into native bone and then slowly replaced by new bone 
with minimal inflammatory reaction. 24, 25 They reported integration of the dentin grafts 
with bone in 86% of the dentin surface after 3 months and 98% after 6 months. Interest-
ing was their findings of showing continuous resorption of dentin with bony remodelling 
after 6 months with osseous replacement in the resorption cavities in a gradual process 
with subsequent replacement of dentin with new bone. Several studies demonstrated the 
lack of inflammation during healing which can be suggestive of the low level of immuno-
genicity with dentin. 21, 24, 25  indicating that this is mere a remodelling resorption process 
than infective related. 29, 66
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Additional studies have shown that human dentin possesses osteoinductive properties, 
likely explained by its inherent reservoir of bone morphogenic protein (BMP) and its func-
tion as a carrier of these growth factors. 21, 32, 70, 71 The osteoinductivity potential of dentin 
was further investigated in a study by study by Al-Asfour et al, they demonstrated that 
xenogenic non-demineralized dentin can promote new bone formation when placed in 
the marrow space of rabbits tibia. 21 In their study, more bone formation was seen on the 
dentin when the graft was placed close proximity to native bone, suggesting a bigger role 
of osteoconductive properties of dentin during graft healing in comparison to the osteoin-
ductive properties. 21 Additional work by the same research group demonstrated minimal 
bone formation when dentin was implanted in non-osteogenic environment suggesting a 
decrease role ostoinductivity non-demineralized dentin. 23

Mordenfeld et. al. investigated the effect of demineralization of xenogenic porcine dentin 
on bone formation in an osteoconductive environment in a rat model and noted a higher 
rate of resorption of the dentin grafts with increasing level of graft demineralization. 33 
Their results also demonstrated a significant increase in bone formation with increasing 
the degree of demineralization of the dentin, as long as minimal inflammatory process 
was present around the dentin graft. This suggest that bone regeneration and healing 
of the dentin graft was closely related to the inflammatory process during healing phase, 
and that incorporation of dentin with native bone was seen when inflammation is absent, 
with subsequent gradual resorption and replacement with bone. 21, 24, 25, 33, 61 Mordenfeld 
et. al. study also demonstrated that grafting dentin resulted in fibrous encapsulation and 
compromised graft healing when dentin blocks were placed loosely beneath the perios-
teum of rat skull, likely as a result of the micromovements caused by non-fixation of the 
dentin graft during bone healing phase. On the other hand, superior graft healing and 
incorporation into bone was seen when dentin blocks were inserted into a tighter pocket, 
which restricted the mobility of the graft. 33 These results are consistent with findings from 
other animal studies which demonstrated that dentin blocks undergo resorption when 
implanted in a non-osteogenic environment, such as in the muscle or the subcutaneous 
tissue, due to mobility of the graft leading to fibrous tissue reaction and inability to induce 
bone formation. 21, 23, 34, 72 For this reason, the stability of the dentin graft, local tissue envi-
ronment around the graft, and the susceptibility to inflammatory process seems to have 
an essential role in healing of the dentin grafts and its incorporation into bone. 21, 23-25, 31, 33, 34 
Further comparative study of bone regeneration pattern in rabbit’s tibia between autoge-
nous onlay bone blocks and xenogenic deminerlaized dentin onaly blocks were conducted 
by Al-Asfour et. al, and demonstrated notable new bone formation through replacement 
of the integrated dentin at the native bone/dentin graft interphase with similar resorption 
rate and pattern of the dentin blocks to the autogenous bone over 12 weeks period. 22 By 
constructing a composite putty ß-TCP/HA and dentin blocks mixture, we aimed at improv-
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ing the handling properties of the dentin blocks during graft insertion into alveolar clefts 
and restricting dentin grafts mobility, hence achieving better graft stability in the defect to 
evaluate of the regenerative potential of dentin/ ß-TCP graft on osteogenesis.

Our results show that alveolar clefts defects filled with composite Dentin/ß-TCP showed 
the highest number of bone volume fraction (BV/TV) at (78.46% ± 4.16), and bone mineral 
density (BMD) (1185 ± 34.68) when compared to the alveolar defects filled with ß-TCP 
alone. (Table 1) These differences were statistically different (alpha < 0.05) suggesting that 
the composite Dentin and ß-TCP/HA mixture has successfully healed with the native bone. 
The higher % Bone Volume Fraction and BMD can be likely attributed to the residual dentin 
grafts, which show a slower rate of resorption and may possess inherent osteoinductive 
properties. This correlated well with previous finding reported by Al-Asfour, Andersson, 
and Mordenfeld groups. 21-25, 33 Our histological findings correlated well with our radio-
graphic findings with composite Dentin/ß-TCP demonstrating statistically higher (alpha 
< 0.05) bone volume fraction (55,06% ± 7,20) compared to ß-TCP group (30,08% ± 9,08), 
suggesting superior overall bone volume formation in the composite group. Of note was 
the significantly higher percentage residual graft in the in addition to higher percentage 
of residual grafts in the Dentin/ß-TCP group (47,44% ± 6,72) compared to the ß-TCP group 
(22,46% ± 2,80) after 8 weeks healing period (Table 2), which is consistent with previous 
studies reporting slower resorption rate of dentin grafts which leads to better graft volume 
maintenance. 21, 22, 24, 25, 33, 34, 61 In our study, the ß-TCP/HA mixture was non-hardening, and 
served the purpose of stabilized the dentinal blocks to allow osteogenesis and expression 
of any osteoinductive properties. 

The results of this study demonstrated a reliable alveolar cleft animal model of testing of 
novel bone substritute materials after successull grafting and bone formation, and that 
alveolar cleft defects repair with Dentin/ß-TCP achieved higher graft residual volume and 
bone volume fraction when evaluated by µCT and histomorphometry. 



Bone Regeneration in Experimental Alveolar Cleft Repair in a Rabbit Model 

153

7

CONCLUSIONS

Grafting of alveolar cleft defects in rabbits with composite xenogenic dentin with beta-tri-
calcium phosphate achieved supererior bone volume fraction and residual graft volume 
to clefts repaired with beta-tricalcium phosphate alone when evaluated radiographically 
and histologically. 

ABBREVATIONS:

BMD: Bone mineral density
β-TCP: Beta-Tricalcium Phosphate.
BV/TV: % Bone Volume Fraction
HA: Hydroxyapetite
HU: Hounsfield unit
µCT: Micro-CT
NZW: New Zealand White rabbit.
SD: Standard deviation
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EPILOGUE 

Dentofacial Deformities - Global Healthcare Burden 
Treatment of alveolar cleft deformities requires a thorough understanding of the local 
tissue environment, the expected functional need and an elaborate appraisal of future 
oral rehabilitation options, mainly consisting of biomechanical orthodontic therapy or 
endosseal dental implant placement to restore occlusion. The clinical manifestation of 
these deformities extends beyond the deformation of the facial skeleton. An increasing 
number of epidemiological and public health studies have investigated this topic to reveal 
the burden of this deformity on society at large. Given the multi-stage repair required in 
genetically determined deformities, the social and behavioural ramification must be eval-
uated over an extended time frame from early childhood to adulthood. Not to mention, 
patients with cleft lip and palate deformities presenting with complex orofacial malfor-
mations, which require sequential treatment and interdisciplinary care among several 
specialities, cause a tremendous burden on the family, the society, and the healthcare 
system. Throughout our study, we found an increase in healthcare resources being allo-
cated for the improvement of patients with cleft lip and palate across all continents. There 
seems to be consensus, that improving the health resources for patients with this congen-
ital deformity can provide a positive contribution to the society overall, when evaluating 
the condition from a psychological and economical standpoint. The funding of medical 
research to improve the clinical outcomes for novel interventional therapies in this dis-
cipline seems to be on the rise, given the increased number of clinical and preclinical 
studies exploring the whole spectrum of medical technology from utilizing biocompatible 
materials to biologic active materials and stem cell therapies. 

Current Bone Grafting Options and 
Technological Advancements in the Field of Biomaterials
Our systematic review revealed a plethora of autogenous and bone substitute materials 
being used in humans for alveolar cleft bone grafting. We limited our analysis to studies 
reporting standardized outcomes to improve analysis and reportability.  The majority of 
the cases were treated with autogenous bone, being the current gold standard in bone 
grafting, yet multiple types of donor bone were utilized. Many comparative studies were 
also noted from several decades back, which points out to the earlier recognition for 
the need to advance this field of therapeutic medicine. There was plausible evidence in 
the literature suggesting that autogenous bone, other than the iliac crest, can be used 
with success in bone grafting and resulted in better volume maintenance. In particular 
calvarial and symphysis bone grafts showed a promising outcome. This improvement 
of graft volume in craniofacial grafting could be related to the origin of calvarial and 
symphyseal bone, which is intramembranous in nature, similar to the craniofacial skel-
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eton. The varying outcome of grafting success obtained by each bone source provides 
hope for the use of other bone grafts to further improve the graft stability and long-
term volume retention. In our cadaveric observational study evaluating bone specimens 
from various anatomical locations, we found significantly higher structural bone indices 
including bone mineral density in bone specimens obtained from the calvarium, man-
dibular ramus, mandibular symphysis, and the tibia when compared to the iliac crest 
bone and maxillary tuberosity. This is also reported in the literature and some of these 
bone grafts with better structural indices are currently being used in multiple centers 
with expertise in bone grafting.  

In our systematic review, we also analyzed the utilization of various bone grafting sub-
stitutes; these materials ranged from growth factors, hematogenic factors, processed 
allogenic or xenogenic bone, tissue-engineered cells on scaffolds, to various alloplastic 
materials like calcium phosphate, calcium sulfate, bio-polymers, nanocomposites, and 
bio-glass. Our compiled meta-analysis showed no significant difference in bone filling 
capacity of bone substitute materials when compared to autogenous bone grafts. This 
shows promising results with regard to novel bone replacement materials being utilized in 
alveolar bone grafting. Further interventional studies testing more biomaterials for grafting 
are needed to improve our understanding of graft healing. Calcium phosphate biomate-
rials have shown great success in grafting, and have been used as a solo material, or in 
combination with other bone materials in alveolar cleft bone grafting. Dentin, on the other 
hand, was also used in several interventional and clinical studies as a grafting replacement 
material with encouraging results. However, there were no studies in the literature with 
composite Dentin/ß-TCP mixture as bone grafting materials.

Experimental Animal Testing – The Cornerstone of Translational Medicine
Even though the current literature showed the availability of many animal models with 
alveolar cleft defects simulating those in humans for testing bone grafting materials, some 
models were either difficult or costly to create, small in its size, not reproducible, or the 
animal was not suitable for our purpose of study. Earlier models have mainly used a direct, 
one stage, approach. To achieve a more valid situation, a proper three-dimensional skel-
etal platform has to be reconstructed with viable bone and cellular components to allow 
for a dynamic and physiologic reconstruction of the maxillary arch continuity. The develop-
ment of an animal model in New Zealand White rabbits proved to be effective in creating 
a robust model. It can reliably be used for alveolar cleft grafting interventions and would 
result in normal healing and assessable bone regeneration by µCT or histomorphometry 
parameters, as we saw it in our 16 animals. In addition, we were successful in perform-
ing both the alveolar cleft creation surgery and the cleft exposure with interventional 
grafting under intravenous anesthesia and without the need for endotracheal intubation. 
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Our animals tolerated both procedures well without any perioperative or postoperative 
complications, and were fed, alive, and functioned normally until the end of the study. 
This makes this animal model valid for reproducible testing, useful for short operations, 
and does not pose any major risks to the animals, which is attributed mostly to the short 
duration of the procedure and maintenance of the nasal mucosa. Standardization of the 
defect size seems to be difficult to achieve due the rapid healing phase after the cleft 
creation surgery. Further work needs to be done to standardize the size of these defects 
to eliminate bias during interventional testing. 

The calvarial critical-size defects proved itself to be an effective tool in assessing bone 
regeneration under standardized conditions. We have successfully utilized this model to 
assess the osteogenic potential for our intervention in combination with the cleft defects. 
This adds scientific value to the experiment being tested in two separate sites, enabling 
a better evaluation of the healing potential of the testing materials in two anatomically 
different locations with distinct local tissue environment and biologic interactions.

Dentin and ß-TCP – A synergic Outcome of Bone Regeneration 
In both, the calvarial defect and the alveolar cleft model, the in-situ formed dentin/ß-TCP 
composite graft was successfully incorporated with superior bone formation to ß-TCP 
alone. In addition, the volume of the residual grafts was significantly more in comparison 
to ß-TCP alone, which was mostly resorbed. The inflammatory reaction was minimal in 
both groups, which further improved the bone healing process. By utilizing the putty form 
of ß-TCP/HA, we were able to obtain superior surgical grafting of the material, that was 
non-setting, and easily mouldable into the defects without dimensional instability. The 
composite did not actively bind to the local bone, however, the formability of the graft 
made it easier to handle the dentin particles and keep the graft in a dimensionally stable 
form. It seems to be critical to stabilize the graft and prevent its movement. Previous 
studies have reported increasing fibrous encapsulation of the grafts which was mostly 
due to graft instability and micro-mobility, which we succeeded to eliminate by using the 
putty formulation. 

Dentin is human tissue that is widely available, especially by extraction for orthodontic 
reasons. Its cost is minimal, and can easily be processed. However, it still needs to be 
treated like other processed allogenic tissues and must be properly prepared for use as 
grafting material. Further work needs to be conducted to evaluate the effect of various 
sterilization techniques, including gamma radiation, on its healing characteristics. 
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Future Direction, Hopes, and Aims
In our test setting, we were able to test the feasibility of dentin/ß-TCP in an injectable mixed 
form as an effective bone grafting substitute in two anatomical subsites. This study will 
prompt further investigations on the dentin processing techniques, and concentrations 
in the injectable ß-TCP/HA putty mixture to achieve an effective, dimensionally balanced 
graft. The addition of the dentin chips to the graft material seems to enhance bone forma-
tion, and provides better graft volume, because of its low rate of resorption and inherent 
osetoconduction potential. This would allow for the development of an affordable bone 
graft substitute material that would overcome the drawback of autogenous bone grafting. 
We propose that establishing a decalcified dentin tissue bank would help further clinical 
research and development of better grafting materials. 
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VALORISATION ADDENDUM

Cleft lips and palates are the most common congenital human facial deformities, which 
can affect up to 1/500 new-borns depending on the geographic region and the ethnic 
variation. 1, 2 Epidemiological reports from European registries on orofacial clefts stratified 
by country demonstrated major differences in the prevalence of cleft lip and palate across 
different European countries ranging from 2 per 1,000 births in Northern Europe to 1 
in 1,000 births in Italy. 1, 2  The highest prevalence of non-syndromic/non-chromosomal 
cleft lip and palate was noted to be in Germany, Denmark, and the Netherlands with a 
prevalence around 2 per 1,000 births, whereas the lowest prevalence was recorded in 
Italy, Spain, and Portugal with less than 1 per 1,000 births. 1, 2  The ramifications of these 
craniofacial malformations are not limited to its aesthetic disfigurements, but extend far 
beyond to directly affect patient’s quality of living and their functional capacity in speaking, 
hearing, swallowing, chewing and breathing. This constellation of clinical impairments 
prompts a comprehensive treatment planning approach, and a complex interdisciplinary 
care to address all anatomical deficiencies and symptoms, including nursing, corrective 
surgery, otolaryngology, speech therapy, audiology, psychological and genetic counselling, 
orthodontics and dental treatment. Most children undergo several primary and secondary 
corrective surgeries starting soon after birth, their late teenage years and their adulthood 
in order to correct these multi-faceted craniofacial malformations. 3 Therefore, the treat-
ment of this orofacial malformation prompts a significant economic burden on families, 
the society, and the healthcare system in general. Many highly specialized centers have 
been established to optimize treatment protocols and monitor clinical outcomes.

Nevertheless, these deformities continue to inflict a life-long significant psychological 
impact on the patients and their families, especially in issues related to an altered body 
image. Several studies in the literature have evaluated the psychological impact on patients 
with cleft lip and palate deformities, and reported heterogeneous psychological disorders 
affecting self-attributes in children as well as in adults, including: anxiety, behavioural 
disturbances, inferior cognitive development, depression and dissatisfaction with body 
and face image. 4, 5 Moreover, further studies reported significant impact on interactional 
relationships of the affected patients, such as higher levels of sibling rivalry, along with 
internal feeling of embarrassment, guilt, and neglect. 5 There is also clinical evidence that 
these facial disfigurements may interfere with the mother-child bonding, which is consid-
ered to be an important determinant of personality and psychological adjustment later 
in adult life. 3 This facial malformation also affect the dynamics of verbal and non-verbal 
communication, through phonation and facial expression, and the interaction with the 
family, friends, and the society, and thus has also been described as a “social pathology”. 6
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Thus, disfigurement of the maxilla and the dental arch presents only one aspect of the 
life-long suffering of children with cleft lip and palate. However, the manifestation of an 
alveolar cleft defect is presented during a critical phase of the child’s development during 
school age, and a time of intense social interactions with the surrounding community. For 
children, school is the first place for open social interactions with others, and it plays an 
essential role in the social integration process and formation of the child’s personality. 6 
By correcting the alveolar cleft deformity during the childhood years, and establishing a 
favourable dental anatomy, this would decrease the functional limitation of the patient, 
improve their oral rehabilitation, increase their social acceptance among peers, and nor-
malize their facial appearance and their interactional abilities which would hopefully result 
in improvement of the overall psychological status of these patients.

By improving the methods of alveolar bone grafting, which is carried during school age, 
and decreasing the surgical morbidity and improving its outcomes, we would positively 
affect these children’s experiences and promote their psychological wellness as well. How-
ever, bone harvesting may be difficult in small children. The biotechnology market has 
been responsive to these demands in recent years, and played a vital part in translating 
basic sciences from bench-side to bed-side clinical applications. Continuous testing of 
novel bone grafting substitutes has thus led to optimisation of bone grafting techniques 
in various disciplines. In our studies, we propose the utilization of autogenous or xen-
ogenic dentin as an effective adjunct to existing bone substitute materials to maintain 
volume retention and a stable filling capacity over a long-term period. The feasibility of 
implementing this in clinical practice sounds promising, given the ease of collection of 
this natural tissue. 
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SUMMARY

The comprehensive objective of our studies was to conduct a methodological analysis of 
the various grafting materials available in alveolar bone grafting in order to improve the 
overall treatment outcomes of alveolar cleft repair in children with cleft lip and palate.

Chapter 1 The introduction describes the clinical perspectives of cleft lip and palate and 
the epidemiology. Cleft lip and palate is a congenital malformation that can be manifested 
either as syndromic or non-syndromic deformity. There is a regional and ethnic predilec-
tion for increased prevalence of this malformation among newborns in different parts of 
the world. However, the exact pathology and mechanism for developing this malformation 
remains unclear. The malformation results in a structural deficiency in the upper jaw sig-
nificantly affecting the formation of a continuous dental arch leading to missing teeth, and 
difficulties in speaking and swallowing. This has a great impact on the patient’s quality of life 
from birth into adulthood. Our aim was to investigate novel options to repair the skeletal 
deformity as a result of cleft and palate in a biologically reliable and feasible animal model.

In Chapter 2 a comprehensive literature search on various grafting materials currently 
used for alveolar cleft repair was conducted. In order to assess the success of each grafting 
intervention, a clinical outcome was defined to evaluate the success of bone grafting. The 
percentage of bone filling of the cleft defect after grafting based on three-dimensional 
imaging modalities, which have been widely used for surgical assessment and planning 
in recent years, was used as the clinical outcome for the included studies. The search 
was performed electronically on MEDLINE, EMBASE, SCOPUS, Web of Science, and grey 
literature was conducted according to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines. A total of 25 studies were included in 
the meta-analysis to compare the volumetric bone filling percentage. After stratifying the 
intervention groups, a pooled analysis of 25 studies using autogenous bone revealed a 
statistically significant reduction in cleft volume equivalent to 62.0% bone fill (95% CI), in 
contrast to 10 studies using tissue-engineered material with a bone filling percentage 
of 68.7% (95% CI). This demonstrates that there was no significant difference between 
autogenous bone grafts and novel tissue-engineered materials with regard to cleft filling 
capability. This was a noteworthy finding and indicated an increased efficacy of bone sub-
stitute materials as an effective option to autogenous bone grafts, which have long been 
considered the gold standard for grafting procedures. 

In Chapter 3 we compared the three-dimensional morphometric microstructure in human 
cadaveric bone specimens taken from various commonly utilized donor sites for autoge-
nous bone grafting. The morphometric analysis was conducted using µCT, which generates 
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high-resolution datasets of bone structures and calcifications making this modality versa-
tile for microarchitecture analysis and quantification of bone. Six bone specimens were 
obtained from various anatomical sites from 10 human dentate cadavers. The specimens 
were scanned and volumetrically reconstructed. We utilized analytical software to ana-
lyze the bone mineral density and structural morphometric analysis using bone indices: 
relative bone volume, surface density, trabecular thicknesses, and trabecular separation 
for each group. Morphometric analysis revealed statistically significant differences in the 
bone mineral density and relative bone volume index in the calvaria, mandibular ramus, 
mandibular symphysis groups when compared to those in the iliac crest and maxillary 
tuberosity, suggesting higher bone quality in the former groups than in the latter; tibial 
specimens expressed variable results. These findings further support previous studies 
suggesting that autogenous bone from different donor sites expresses variable bone 
quality and structural characteristics, with variable levels of success and healing outcome.
 
In Chapter 4 we investigated whether xenogenic dentin particles inserted into the marrow 
space of rabbit tibia, a space where there is no solid bone tissue initially, would contribute 
to new bone formation. We knew from previous interventional studies that dentin pos-
sesses bone-forming properties and may possibly also be used as a bone augmentation 
material prior to implant placement. This phenomenon is seen in cases of dentoalveolar 
ankylosis, in which exposed dentin results in osseous replacement and formation of new 
bone. To test this hypothesis, dentin chips from human teeth were inserted into tibias of 
ten New Zealand White rabbits and histological processing was performed after 6 months. 
Bone formation was seen to a larger extent on dentin grafts located close to the native 
tibial bone wall and there was only minor inflammation. This was suggestive that dentin 
promotes new bone formation when located close to native cortical bone and may have 
a potential as a bone augmentation material.

In Chapter 5 we further conducted an interventional testing of dentin as potential grafting 
in combination with ß-TCP, which is widely used for bone grafting in clinical practice, in 
the robust calvarial critical-size defects in ten New Zealand White rabbits. The purpose of 
this study was to evaluate bone healing in calvarial defects using two bone graft substitute 
materials; ß-TCP/HA versus composite non-demineralized xenogenic dentin with ß-TCP/
HA mixture. We analyzed the osteogenesis and healing patterns of the defects at eight 
weeks after grafting using µCTƒ. Quantitative analysis of bone mineral density (BMD) and 
bone volume fraction of the new bone formation (BVTV) in the defects were also evaluated. 
We showed that defects filled with composite non-demineralized xenogenic dentin with 
biphasic ß-TCP expressed higher percentage bone volume fraction (BV/TV) than defects 
filled with ß-TCP only, suggesting a higher ratio of new bone formation. Histological anal-
ysis showed a significant percentage increase in bone formation and residual graft in the 
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composite dentin/ß-TCP group after eight weeks. This suggests that composite xenogenic 
dentin with ß-TCP shows improved osteogenesis when compared to biphasic ß-TCP alone.

Chapter 6 describes a novel animal model in New Zealand White rabbits for creating 
alveolar cleft defects with a properly simulated clinical defect environment for tissue-engi-
neered bone-substitute materials testing without compromising the health of the animal.  
Cleft creation surgery was aimed at creating a complete alveolar cleft with a wide bone 
defect with an epithelial lining (oral mucosa) overlying the cleft defect. The defect was sur-
gically created using simple methodology without the need for intubation, and the defects 
were allow to heal for a eight-week period. Clinical examination and imaging analysis eight 
weeks after cleft creation surgery revealed the establishment of a wide skeletal defect 
extending to the nasal mucosa simulating alveolar clefts in all of the sixteen rabbits. The 
model allows the simulation of the cleft site environment in a biological model and can be 
used to evaluate various bone grafting materials with regard to efficacy of osteogenesis 
and healing potenital without compromising the health of the animal.

In Chapter 7 we conducted an interventional testing to evaluate the bone regeneration 
pattern and quantify bone formation after grafting the expimental alveolar clefts defects 
model in rabbits using composite xenogenic dentin and ß-TCP in comparison to ß-TCP 
alone. The unilateral alveolar cleft defects were created in sixteen New Zealand White 
rabbits according to the previously described methodology. Eight defects each were filled 
with ß-TCP, and composite xenogenic dentin with ß-TCP respectively. Bone regeneration 
of the healed defects was compared 8 weeks after intervention. Quantification of bone 
formation was analyzed using micro-computed tomography (µCT) and histomorphometric 
analysis. µCT and histomorphometric analysis revealed that defects filled with composite 
dentin/ß-TCP showed statistically higher bone volume fraction, bone mineral density and 
percentage residual graft volume compared to ß-TCP alone. We also noted an improved 
surgical handling of the composite dentin/ß-TCP graft. In this chapter we showed that com-
posite xenogenic Dentin/ß-TCP putty expresses enhanced bone regeneration compared 
to ß-TCP alone in the reconstruction of rabbit alveolar cleft defects. 

In Chapter 8 the above findings were discussed in a comprehensive context. The majority 
of the alveolar cleft defects are being treated with autogenous bone, still being the gold 
standard in bone grafting, yet multiple types of donor bone were utilized. On the other 
hand, there has been an increasing application of tissue-engineered materials and var-
ious bone substitute materials in clinical practice in recent years. Recent interventional 
reports in the literature suggest improved clinical outcomes associated with these novel 
bone substitute materials. They may well be part of the daily clinical practice in the near 
future. Thus, there will be an increased need to perform interventional testings in reliable 
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animal models to evaluate healing and efficacy of these materials, and to optimize their 
physical and biological characteristics, such as graft resorption rate, osteoconductivity, 
and osteoinductivity. 

Bone grafting techniques seem to be in a dynamic phase of development. With the recent 
technological advances in the field of biomaterials, and the enormous improvement in the 
diagnostic and treatment modalities, we should expect a vast increase in the amount of 
bone grafting replacement biomaterials with the hope to overcome the shortcomings of 
conventional grafting techniques, mainly the limited donor supply, the need for an extra 
surgical procedure, risk of wound infection, blood loss, and increased pain and discom-
fort for the patients. Bone grafting is one of the most widely used routine procedures in 
clinical practice, in dental implantology, traumatology, oncology, craniofacial surgery, and 
cosmetic surgery. Alveolar bone grafting represents only one aspect of skeletal defects 
in addition to several other developmental anomalies, traumatic conditions, oncologic 
resections, infections, and pathological conditions leading to defects in the bony skeleton 
ultimately requiring bone grafting procedures. Optimizing the grafting modality in each of 
these conditions is the responsibility of scientists and health care professional involved in 
scientific research on grafting materials. 
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