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Abstract
This study focuses on the development of a bone collecting device for intra-oral bone harvesting and
on the introduction of a new bone graft donor site, zygomatic bone.

A bone collector was constructed and tested in vitro. This bone collector is suitable and efficient
in dental implant related bone grafting surgery. It was also found to be more efficient and with a larger
capacity in bone harvesting when compared to the two commercially available bone collectors. 

A zygomatic bone harvesting technique is introduced in this study. The safety and morbidity of
the method was assessed in a cadaver and a prospective clinical study. In the cadaver study, 40
procedures were performed. The complications during the cadaver harvesting included 15
perforations into the maxillary sinus and 7 perforations into the infratemporal fossa. The only intra-
operative complication in 32 clinical operations was perforation of the maxillary sinus in 33% of the
zygomatic sites. None of these patients experienced any post-operative problems related to the
perforation. Patients needed pain medication for a mean time of four days and they did not
demonstrate any paresthesias or altered sensations in the donor area.

The yield of the bone graft from zygomatic bone was quantified in cadaver and clinical studies. In
the cadaver study, the average yield of the graft was 0.59 ml. In the clinical study the average graft
volume was 0.90 ml. The required reconstructions were accomplished in all clinical cases.

In the prospective clinical study, the bone grafts from the zygomatic bone were used
simultaneously with one-stage dental implants placement. Bone grafting was employed at 72 of the
82 implant sites. Two of the bone grafted implants failed, yielding a survival rate of 97.2% for bone
grafted implants and 97.6% for the whole study group. Grafted sites healed remarkably well, and no
obvious signs of graft resorption were noted during the 26.9 months follow-up period.

The bone collector developed in this study is an effective instrument in intra-oral bone harvesting.
The zygomatic bone can be regarded as a safe bone harvesting donor site and the yield of bone graft
from this area is sufficient for moderate defects in resorbed alveolar ridges.

Keywords: autogenous bone grafts, bone graft volume, donor site morbidity, zygomatic
bone
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 Abbreviations 

BMP  bone morphogenetic protein 
CT  computed tomography scanning 
DNA  deoxyribonucleic acid 
DO  distraction osteogenesis 
GBR  guided bone regeneration 
GM-CSF granulocyte macrophage colony stimulating factor 
e-PTFE  expanded polytetrafluoroethylene 
IGF  insulin-like growth factor 
IL  interleukin 
N2O/O2  nitrous-oxide oxygen sedation 
OCT® Osseous coagulum trap® 
OP-1  osteogenic protein -1 
PRP  platelet-rich-plasma 
SLA®  sand-blasted, large grit, acid-etched® 
TGF-β  transforming growth factor –beta 
TMJ  temporomandibular joint 
TNF  tumor necrosis factor 





 Glossary of terms 

Allograft:  A graft derived from tissue taken from another individual of  
   the same species. 
Alloplastic graft:  Synthetic graft material.  
Autograft:  A graft derived from tissue of the same individual. 
Alveolar bone: That portion of bone in either the maxilla or the mandible 

which surrounds and supports the teeth. 
Bone graft: Bone tissue to repair or replace diseased or missing anatomical 

structures. Bone transplanted from a donor site to a recipient 
site. 

Distraction osteogenesis: Bone lengthening after an osteotomy by gradual mechanical 
distraction. 

Le Fort osteotomy: An osteotomy often done to correct a maxillary skeletal 
deformity. Classified as Le Fort osteotomy I, II, or III, 
depending upon the location. 

Mandibular corpus: The body of the mandible between the ramus and symphysis. 
Mandibular ramus: The posterior ascending part of the mandible. 
Mandibular symphysis: The most anterior part of the body of mandible between the 

canine teeth. 
Mandibular torus: An exostosis protruding from the lingual aspect of the 

mandible, usually opposite the premolar teeth. 
Maxillary tuberosity: The bulging lower extremity of the posterior surface of the 

body of the maxilla, behind the root of the last molar tooth. 
Osseointegration: A direct structural and functional connection between living 

bone and the surface of an implant. 
Osteoconduction: Bone formation by the ingrowth from the bone graft recipient 

bed into the graft by capillaries, perivascular tissue and 
osteoprogenitor cells. 

Osteogenesis: The formation of new bone from osteocompetent cells. 
Osteoinduction: New bone is produced in an area where there was no bone 

before, where one tissue or its derivative causes another 
undifferentiated tissue to differentiate into bone. 
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1 Introduction 

Bone grafting of the resorbed dental alveolus is often necessary prior to dental 
implantation. Many allografts and alloplastic materials have been used as bone graft 
substitutes, but autogenous corticocancellous bone grafts have still remained the gold 
standard for the reconstruction of alveolar bone. Research in the field of oral and 
maxillofacial surgery has produced new surgical techniques and bone harvesting donor 
sites for bone augmentation in deficient sites. The goal of these studies is the same - to 
reduce complications and post-operative morbidity, and to minimize the economic costs 
of the treatment. The use of the extra-oral bone harvesting donor sites, such as the 
anterior and posterior iliac crest, is still the standard when large reconstructions are 
performed in the maxillo-mandibular region for example after tumor surgery or in dental 
implant treatment to totally edentulous jaws. However, the current trend when implant 
surgery is done to partially edentulous resorbed dentoalveolar ridges is to harvest bone 
from an intra-oral donor site (Jensen & Sindet-Pedersen 1991, Misch 1997, Cordaro et al. 
2002, Cordaro 2003). 

The use of the dental implants for the reconstruction of edentulous jaws has been a 
progressively growing treatment modality since the late 1970´s. Brånemark and co-
workers published their first follow-up report of osseointegrated implants in the treatment 
of the edentulous jaw in 1977 (Brånemark et al. 1977). Bone grafting of the resorbed 
alveolus for dental implants was employed later and Breine and Brånemark (1980) 
Kahnberg (1989), Sailer (1989) and Adell (1990) reported results on prosthetic 
reconstruction of the resorbed edentulous jaws with autologous bone grafts and dental 
implants (Kahnberg et al. 1989, Sailer 1989, Adell et al. 1990). Boyne and James were 
the first to report experiences with inlay bone grafting of the maxillary sinus for dental 
implants (Boyne & James 1980). After these studies dozens of articles were published 
concerning alveolar bone augmentation in edentulous or partially edentulous alveolar 
ridges prior to or in conjunction with dental implant placement.  

The first reports of intra-oral bone harvesting and bone grafting for dental implants 
were published at the beginning of the 1990´s (Jensen & Sindet-Pedersen 1991, Misch et 
al. 1992). Most of these reports highlighted the intra-oral harvesting sites as having 
convenient surgical access. The ischemic time of the bone graft has reported to be short. 
Furthermore, since both the donor and recipient sites are intra-oral, there was no 
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morbidity from a second surgical site. The morbidity associated with intra-oral donor 
sites was also found to be lower compared to extra-oral donor sites and the use of a trans-
oral approach does not cause visible scarring. One major disadvantage of intra-oral bone 
harvesting was also found - the limited amount of available bone (Sindet-Pedersen & 
Enemark 1988, 1990, Jensen & Sindet-Pedersen 1991, ten Bruggenkate et al. 1992, 
Misch et al. 1992, Jensen et al. 1994). 

The most commonly utilized intra-oral bone harvesting donor sites in dental implant 
related surgery are the mandibular symphysis, (Jensen & Sindet-Pedersen 1991, Misch et 
al. 1992) and ramus (Misch 1996). Smaller amounts of particulated bone graft may be 
harvested from the maxillary tuberosity, extraosseous tori or with residual alveolar ridge 
osteoplasty (ten Bruggenkate et al. 1992, Misch & Misch 1999). 

The present study focused on developing better bone harvesting instruments and to 
find an alternative for the already known intra-oral bone harvesting donor sites with 
minimal complications and patient discomfort. Better bone harvesting instruments and 
techniques should make it possible to reduce patient morbidity and the economic costs of 
the treatment.  



2 Review of the literature 

2.1  Bone biology and bone graft healing 

The transplantation of tissues and organs represents one of the most fascinating strategies 
to repair or replace diseased or missing anatomical structures. Bone, by its character, 
differs substantially from solid organs and immediately revascularized tissues with 
respect to transplantation. Bone regenerates, and does so with autogenous resources 
including cells, cytokines and blood vessels, regardless of the source of graft material. 
Bone also shares, with other transplantable organs and tissues, the ability to induce a 
variety of immunological responses reflecting its nature (Friedlaender 1987).  

The process of bone regeneration is common to skeletal homeostasis, the repair of 
fractures and the incorporation of bone grafts. The cascading sequence of biologic events 
common to this wide spectrum of regenerative activity is often described as the 
remodelling cycle. Cell populations are activated and become committed to resorption of 
pre-existing bone matrix (osteoclasts) followed by the accretion of new mineralised tissue 
(osteoblasts) (Heiple et al. 1963, Burchardt 1983, Friedlaender 1987). These events 
require a blood supply as well as a system of humoral factors (cytokines) that integrate 
and regulate these events. The circular sequence, or continuum of cellular and molecular 
events, is in large measure regulated by soluble factors, cytokines that facilitate cell-cell 
interactions and modulate their activities in an autocrine or, more frequently, paracrine 
fashion (Goldring & Goldring 1996, Mundy 1996). 

Cytokine families include interleukins (IL-1, IL-6), tumour necrosis factor (TNF), 
insuline-like growth factors (IGF) and particularly members of the transforming growth 
factor –beta (TGF-β) super family, such as bone morphogenetic proteins (BMPs), and 
granulocyte macrophage colony stimulating factor (GM-CSF). Many of these factors 
have multiple and overlapping activities. They have been found to be produced by and 
influential in more than one biological system (Goldring & Goldring 1996). Several 
members of the TGF-β super family have been shown to cause the recruitment of 
mesenchymal stem cells and their differentiation into chondrogenic and osteogenic 
populations (Mundy 1996). Osteogenic protein-1 (OP-1 or BMP-7) and BMP-2 have 
been particularly well-characterised and produced by recombinant DNA techniques 
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(Cook & Rueger 1996, Riley et al. 1996). Some of these factors (BMP-2, BMP-7) are 
already commercially available for the promotion of osteo-inductive activity, including 
bone graft enhancement or substitution. 

Bone metabolism is associated with cycles of active bone resorption and new bone 
formation. If bone grafts are transplanted to hard tissue defects, they undergo cellular 
regeneration followed by remodelling. Such bone regeneration is divided into two phases. 
The first phase is cellular proliferation and production of osteoid in a random fashion. 
This bone lacks the haversian systems and lamellae of more mature bone. Bone will 
undergo an obligatory resorption and is then replaced by organised bone (Phase II). The 
physiology is common to all bone healing. The identical physiology is observed in the 
formation-replacement-remodelling-formation cycle of both internal and external calluses 
and in normal skeletal remodelling (Yim 2003). 

Non-vascularized free autogenous bone grafts are either cortical or cancellous. 
Cancellous bone grafts can revascularize more rapidly and completely than cortical 
grafts. Creeping substitution of a cancellous graft initially involves an appositional bone 
formation phase, followed by a resorptive phase, whereas cortical grafts undergo a 
reverse creeping substitution process. Cancellous grafts are usually repaired completely 
but cortical grafts remain as a mixture of necrotic and viable bone. Non-vascularized 
bone grafts act mostly as scaffolds and are thus more osteoconductive than 
osteoinductive. However, osteogenic activity may have remained in the cancellous part of 
the bone graft (Burchardt 1983, Bonutti et al. 1998, Keller et al. 1998, Vinzenz et al. 
1998). 

In particulated bone graft transplantation, endosteal osteoblasts primarily, and 
mesenchymal fibroblasts secondarily, are responsible for bone formation. This initial 
phase of bone regeneration is directly proportional to the cellular density of the 
transplanted bone and will result in the maximum amount of bone achievable by the graft 
system. These, particulated bones and cancellous marrow grafts that transplant a greater 
quantity of osteoprogenitor cells have been found to produce superior bone ossicles in 
mandibular continuity defects over block-type grafts containing fewer osteoprogenitor 
cells (Marx 1994). 

The second phase of bone is not derived from transplanted cells as is phase I bone. It 
is instead derived from host tissue cells that eventually replace phase I bone with mature, 
organised bone and establish an endosteum and periosteum. This is the transitional 
sequence between phase I and II bone. As the osteoclast resorbs phase I bone, it is 
thought to secrete coupling factors or release osteogenin from the mineral matrix of the 
resorbed bone. This process occurs in normal everyday physiologic bone resorption as 
well. Such osteogenin release or coupling factor couples bone resorption and new bone 
apposition through the induction and mitogenesis of host connective tissue cells into 
functioning osteoblasts. Second-phase bone develops into a trabecular bone ossicle with 
more well-defined lamellae and greater mineral density. The second-phase bone will only 
resorb and replace phase I bone in a 1:1 ratio at best. Such phase II resorption-
remodelling occurs throughout the life of the particulate bone graft as it does in all other 
bone (Yim 2003).  
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2.1.1  Terminology of bone graft healing 

Osteogenesis is the formation of new bone from surviving cells within a bone graft – 
namely the cells from the inner cambium layer of periosteum that survive autogenous 
transplantation. Osteogenesis does not occur with allograft transplantation (Nather 2003). 

Osteoinduction is the mechanism in which new bone is formed by the active 
recruitment of host pluripotential cells that differentiate into chondroblasts and 
osteoblasts. It is accomplished by diffusion of osteogenic bone matrix referred to as 
BMPs from bone matrix (Nather 2003). Specifically, new bone is produced in an area 
where there was no bone before, where one tissue or its derivative causes another 
undifferentiated tissue to differentiate into bone. The phenomenon of osteoinduction was 
first described in the classic works of Urist (Urist & McLean 1952, Urist 1965, Urist et 
al. 1977).  

Osteoconductive bone formation refers to the ingrowth from a bone graft recipient bed 
into the graft by capillaries, perivascular tissue and osteoprogenitor cells. The graft acts 
as an inert scaffold for the ingrowth of this host tissue (Buchardt 1983, Nather 2003). 

2.2  The histological origin of bone autografts 

The bones of the human skeleton are formed by intramembranous or endochodral 
ossification. Depending on the mechanism of formation, bones are labelled membranous 
or endochondral (Manson 1994).  

Endochondral bone originates from a hyaline cartilage matrix which is replaced by 
bone. Endochondral bones include the skeletal long bones, the ribs, the vertebrae, and the 
base of the skull (Mulliken et al. 1984, Manson 1994).  

Endochodral ossification involves the initial generation of a cartilaginous model, 
which is then replaced by new bone. The matrix of the cartilage is calcified following 
vascular invasion. The processes of vascular invasion bring undifferentiated 
mesenchymal cells into the area and are then caused to differentiate into osteoblasts. 
Osteoid is produced that is then mineralized, forming spicules of bone trabeculae. The 
bone trabeculae are organized into woven bone and then compact bone (Albrektsson & 
Albrektsson 1978, Albrektsson 1980a, b, c, Frost & Jee 1994, Manson 1994). 

In intramembranous ossification bone replaces the connective tissue proper and no 
cartilage intermediate is formed. Bones that develop by intramembranous bone formation 
are the nasal bones, maxilla, zygoma, mandibular body and ramus, the squamous and 
tympanic portion of the temporal bone, portions of the greater wing and pterygoid plates 
of the sphenoid bone, and the upper squamous portion of the occipital bone, clavicle and 
scapula (Mulliken et al. 1984, Manson 1994).  

The formation of membranous bone does not require a cartilage precursor. 
Mesenchymal cells from the membrane differentiate directly into osteoblasts, which then 
form osteoid, which is subsequently converted into mineralized bone (Manson 1994, 
Frost & Jee 1994). 
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2.3  Differences between membranous and endochondral bone grafts 
in maxillo-facial reconstruction 

There is experimental and clinical evidence which suggests that membranous bone grafts 
in the maxillo-mandibular area undergo less rapid resorption than grafts of endochodral 
origin (Freihofer & Kuijpers-Jagtman 1989, Borstlap et al. 1990, Sindet-Pedersen & 
Enemark 1990). Membranous bone grafts such as cranial bone and chin bone used in 
experimental studies, showed a tendency to maintain their volume, and also 
revascularised more rapidly when used as on onlay graft, compared to endochondral bone 
(Smith & Abramson 1974, Zins & Whitaker 1979, Kusiak et al. 1985). It has been 
proposed that membranous bone grafts revascularize more rapidly, which enhances early 
healing and allows for a more predictable maintenance of bone volume. This 
phenomenon may be explained by the similar embryonic origin of both the donor and 
recipient site bone (Zins & Whitaker 1983, Kusiak et al. 1985). In the studies by Koole, 
the superiority of either mandibular or iliac crest grafts in comparison of the architectural, 
histomorphometric findings in sheep could not be determined (Koole et al. 1989, 1991).  

In the studies by Wong and Rabie (1999) and Lu and Rabie (2003) the animal model 
was used to compare integration and bone formation of membranous and endochondral 
autogeneous bone grafts in membranous bony defects. The results show that membranous 
autogenous bone produced more bone than the endochondral bone when grafted in the 
skull. Membranous bone grafts integrate better than endochondral bone grafts in three-
dimensions when they are grafted into membranous bony defects. Clinically, they 
recommended that membranous bone is used to replace lost membranous bone in the oral 
cavity, as well as in skull defects, whenever possible (Wong & Rabie 1999, Lu & Rabie 
2003). 

The healing time of membranous and endochodral bone grafts in the maxillo-
mandibular region may vary. It has been shown that a 4-month healing period is sufficient 
for membranous mandibular bone grafts (Misch et al. 1992, Williamson 1996), whereas a 
6- to 9-month healing period is needed for bone grafts of endochondral origin (Liström & 
Symington 1988, Lundgren et al. 1997). A much shorter healing time for cancellous bone 
marrow grafts from iliac crest have been used, when bone healing is supported with 
platelet-rich-plasma (PRP). Marx recommended a 3-4 month healing time in mandibular 
reconstruction with a tent pole procedure (Marx et al. 2002). Different healing times for 
mandibular and maxillary recipient sites have been suggested when intra-oral bone grafts 
are employed. Intra-oral block grafts are allowed to heal for a minimum of 4 months for 
maxillary recipient sites and 5 to 6 months for mandibular sites (Misch & Misch 1999). 

2.4  Autogenous bone grafting in the maxillo-mandibular region 

Most bone grafts in the maxillo-mandibular region are performed to reconstruct alveolar 
bone prior placement of dental implants. Other indications where bone grafting is needed 
include congenital defects (e.g. cleft lip and palate), orthognathic surgery, reconstruction 
of traumatic defects, tumor surgery and TMJ replacements. Reconstruction of osseous 
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defects in the oral and maxillofacial region can be accomplished by the use of a variety of 
materials and techniques. While many bone substitutes are available, autogenous bone is 
considered the gold standard for bone grafting in maxillo-mandibularr area, as its 
successful use is well documented. Autogenous bone is osteogeneic, osteoconductive and 
immunologically safe (Boyne 1992, Marx 1993, 1994, Jensen et al. 1994, Block et al. 
1998). 

Several donor sites are available for the surgeon for autogenous bone harvesting. The 
most commonly used sites in maxillo-mandibular reconstruction are the ilium, rib, 
calvarium, tibia, mandible and maxilla (Ellis & Sinn 1993, Misch & Misch 1999, 
Kainulainen et al. 2003a, b). Extra-oral harvest sites usually require hospitalization of the 
patient and general anesthesia. Intra-oral bone harvesting, on the contrary, can usually be 
accomplished under local anesthesia combined with nitrous oxide-oxygen sedation 
(N2O/O2), intravenous or per os sedation, if necessary. The most significant advantages of 
the intra-oral harvesting sites are that local donor sites have convenient surgical access 
and the ischemic time of the bone graft is short. Furthermore since both the donor and 
recipient sites are intra-oral, there is no morbidity from a second surgical site (Marx & 
Morales 1988). The morbidity associated with intra-oral donor sites is usually low 
(Sindet-Pedersen & Enemark 1988, 1990, Jensen & Sindet- Pedersen 1991). The 
disadvantage of intra-oral harvesting is the limited amount of available bone (Misch 
1997, Montazem et al. 2000). In addition, the harvested bone is almost completely 
cortical. Possible complications of intra-oral harvesting include endodontic problems, 
neurosensory disturbances, infections and wound dehiscence (Misch 1997, Raghoebar et 
al. 2001a, Nkenke et al. 2001, 2002, Clavero & Lundgren 2003).  

2.4.1  Procedures to augment alveolar bone for dental implants 

Several procedures have been described in the literature to augment resorbed alveolar 
ridges prior to dental implant placement. These procedures include: sinus floor 
augmentation, inlay and onlay grafting, interpositional grafting, guided bone 
regeneration, alveolar ridge splitting and condensation, distraction osteogenesis and 
orthodontic augmentation. 

2.4.1.1  Maxillary sinus floor augmentation 

Insertion of endosseous implants into atrophic maxilla is often complicated because of 
lack of supporting bone. Maxillary sinus floor elevation with autogenous bone grafts has 
been proven to be a reliable pre-implantology method to enable insertion of endosseous 
implants in a resorbed edentulous posterior maxilla (Lundgren et al. 1996, Block et al. 
1998, Jensen et al. 1998, Raghoebar et al. 2001b). Various authors reference H Tatum Jr 
as the first to be performing sinus augmentations in the mid to late 1970´s (Misch 1987, 
Smiler et al. 1992). Boyne and James were the first to report their 4-year experience with 
autogenous bone placed into the sinus, which was allowed to heal for 6 months, followed 
by the placement of blade implants. In this technique, the maxillary sinus floor membrane 
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is elevated through a lateral window. The lateral wall of the sinus creates a roof for the 
space which is grafted with a bone graft material (Boyne & James 1980). 

Many grafting materials have been used for sinus floor augmentation, and good results 
with both, alloplastic graft materials (Wheeler 1997) and autogenous bone grafts (Block 
& Kent 1997) have been achieved. However, autogenous bone has been shown to have a 
better bone regenerative potential in sinus augmentation when compared with bone 
substitutes (Moy et al. 1993).  

Autologous bone grafts harvested from extra-oral sites have been successfully used in 
sinus floor augmentation (Raghoebar et al. 1993, 1999, 2001b). Mandibular bone has 
been used in sinus floor augmentation procedures in blocks (Hirsch & Ericsson 1991, 
Khoury 1999) or particulated (Lundgren et al. 1996, Cordaro 2003). Mandibular ramus 
has also been used in sinus augmentation surgery with good results (Clavero & Lundgren 
2003). The yield of bone graft from intra-oral donor sites is usually enough to perform a 
simple augmentation of the maxillary sinus in partially edentulous patients (Lundgren et 
al. 1996, Cordaro 2003). It has even been stated that the extra-oral bone harvesting may 
be considered an over-treatment in such cases (Cordaro 2003).  

In a study by Raghoebar the long-term (12-124 months) clinical and radiographic 
outcome of the sinus floor elevation, with regard to the grafts, the implants and the 
satisfaction of the patients with their implant-supported overdenture, was studied in 99 
patients. The bone grafts were derived from the iliac crest, the mandibular symphysis, or 
the maxillary tuberosity. Perforation of the sinus membrane occurred in 47 cases, which 
did not predispose to the development of sinusitis. Loss of bone particles and 
sequestration were observed in one diabetic patient only, in whom a dehiscence of the 
oral mucosa occurred. Symptoms of transient sinusitis were observed in 3 patients and 
these symptoms were successfully treated with decongestants and antibiotics. Two other 
patients developed a purulent sinusitis which resolved after a nasal antrostomy. In all 
cases, the bone volume was sufficient for implant insertion. Thirty-two of 392 inserted 
implants (8.2%) were lost during the follow-up. Overall, the patients were very satisfied 
with the prosthetic construction (Raghoebar et al. 2001b). Similar, succesful long term 
results on sinus augmentation with autologous bone have been shown by Block (Block & 
Kent 1997, Block et al. 1998). 

2.4.1.2  Onlay grafting of the alveolar bone 

Loss of alveolar bone in the mandible and maxilla may preclude implant placement or 
compromise positioning and thus diminish the final esthetic result of the restoration. A 
sufficient volume of healthy bone should be present in order to allow a predictable long-
term prognosis for dental implants in alveolar bone. Alveolar ridge defects and 
deformities can be the result of congenital maldevelopment, trauma, periodontal disease 
or iatrogenic causes (Buser et al. 1996). Resorption after tooth-loss occurs in a 
predictable pattern, where the labial aspect of the alveolar crest is the principal site of 
resorption, which first reduces in width and later in height (Atwood 1971, Tallgren 1972, 
Cawood & Howell 1988). 
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Several onlay reconstruction procedures have been introduced to increase alveolar 
volume both vertically and laterally to prepare the site for the correct placement of dental 
implants (Breine & Brånemark 1980, Kahnberg et al. 1989, Adell et al. 1990). The use of 
autogenous onlay block grafts has been reported as effective both in edentulous and 
partially edentulous patients. The grafts were harvested from both intra-oral end extra-
oral donor sites (Keller et al. 1987, Misch et al. 1992, ten Bruggenkate et al. 1992, 
McGrath et al. 1996, Raghoebar et al. 1996, Triplett & Schow 1996, Misch 1997, 
Lekholm et al. 1999, Cordaro et al. 2002).  

Bone graft resorption is a well-known phenomenon, especially when endochodral iliac 
crest bone is used as an onlay in maxillo-mandibular reconstruction (Weingart et al. 1993, 
Verhoeven et al. 2000). A substantial reduction of the grafted bone, especially of onlay 
grafts, was reported in a follow-up study of 43 patients. The resorption occurred mostly 
during the bone graft healing period (Widmark et al. 2001). Maxillary onlay grafting with 
mandibular bone grafts have been shown to be a very predictable procedure with minimal 
graft resorption (Misch 1997, Cordaro et al. 2002). The excessive resorption of the intra-
orally harvested bone grafts has also been reported. In these studies the graft was 
harvested from the maxillary tuberosity. These grafts were more cancellous than cortical 
in nature and they were not fixed to the recipient site (ten Bruggenkate et al. 1992, 
Krekeler et al. 1993). To reduce the amount of onlay graft bone resorption, it is advisable 
to fix the graft securely in place with osteosynthesis screws. Rigid fixation is the method 
of choice in all circumstances where onlay bone grafts may be exposed to motion, shear, 
and torsional forces (Lin et al. 1990, Phillips & Rhan 1990, Triplett & Schow 1996, 
Cordaro et al. 2002). It has also been recommended to use membranous bone to reduce 
the graft resorption in intra-oral recipient sites (Phillips & Rhan 1990, Cordaro et al. 
2002, Orsini et al. 2003).  

Various results concerning the dental implant survival in onlay grafted alveolar bone 
has been reported. In the study of Widmark, 25 % of the implants in grafted bone were 
lost after two-year follow-up. The failure rate was higher in smokers than in non-smokers 
(Widmark et al. 2001). A retrospective, multicenter, Scandinavian study of bone grafting 
of alveolar processes of severely atrophic jaws in combination with implant insertion was 
conducted with 150 patients. Five different grafting techniques were assessed: local or 
full onlay, inlay, combination of onlay/inlay grafts, and Le Fort I osteotomies. A total of 
781 dental implants were inserted, of which 624 were placed in bone grafts and alveolar 
bone. Within the remaining patients, 77% of the inserted implants were still in function at 
the end of the follow-up period. Onlays, inlays and Le Fort I osteotomies showed almost 
the same success rates (76-84%), whereas the onlay/inlay technique gave less favourable 
results (60%). Most of the observed losses (n = 131) took place during healing and the 
first year of loading. More implants were lost when they were inserted simultaneously 
with the bone grafts (23%) than if the implants were placed in a second stage (10%) 
(Lekholm et al. 1999).  

Cordaro reported a 100 % implant survival rate after a mean follow-up time of 12-
months. The partially edentulous alveolar process was grafted with bone graft harvested 
from the mandible. Forty dental implants were placed to the grafted bone after 6-month 
healing period (Cordaro et al. 2002). Favourable long term results with mandibular block 
grafts have also been shown (Misch 1997, Sethi & Kaus 2001). 
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2.4.1.3  Interpositional bone grafting of alveolar bone 

Exposure of an underlying residual anterior maxillary edentulous ridge frequently reveals 
bone which is adequate in height but too narrow to accommodate dental implants. Studies 
have shown that the patterns of resorption of the residual alveolar ridges are predictable 
(Cawood & Howell 1988). In the anterior maxilla, the direction of bone loss is horizontal, 
with progressive loss of bone on the labial aspect of the ridge. This converts the broad 
Class III ridge, with adequate height and width of bone, into a knife edge Class IV ridge 
(Cawood classification I-IV) (Cawood & Howell 1991, Richardson & Cawood 1991). A 
horseshoe type osteotomy extending from the ridge crest into the floor of nose has been 
developed which allows advancement of the outer cortex to restore lost facial form and 
placement of an interpositional bone graft and endosseous implants to restore lost 
function (Richardson & Cawood 1991). Modifications to this technique have been 
presented with successful application to clinical situations (Simion et al. 1992, Lustmann 
& Lewinstein 1995). 

A method to treat the extremely resorbed maxilla was described by Sailer (1989). He 
proposed a Le Fort I osteotomy in which the maxilla is repositioned forward and 
downward and the inter-maxillary relationship and vertical dimensions are corrected at 
the same time. Corticocancellous bone grafts are placed in the floor of the maxillary sinus 
and nasal floor. Dental implants are placed simultaneously and a vestibuloplasty 
performed during one surgical procedure (Sailer 1989). The modifications to this 
technique have been presented with good results in two studies. A two-stage technique 
was proposed, where the patients were treated with an inter-positional bone graft and Le 
Fort I osteotomy and the endosteal implants were placed six months after the osteotomy 
(Cawood et al. 1994, Nystrom et al. 1997).  

2.4.1.4  Guided bone regeneration 

Guided bone regeneration (GBR) is an alternative technique to onlay grafting for 
localized alveolar ridge augmentation. Barrier membranes were first tested in the late 
1950s and early 1960s for the healing of bone defects in orthopaedic applications (Hurley 
et al. 1959, Bassett et al. 1961). The clinical potential of membrane techniques for bone 
regeneration was recognized by Nyman and co-workers (Nyman et al. 1989). They 
demonstrated that membranes act as a physical barrier when applied over bone defects, 
preventing the ingrowth of competing, non-osteogenic cells into the membrane-protected 
space (Dahlin et al. 1988, 1990, Seibert & Nyman 1990).  

GBR has been used for minor augmentation procedures in the cranio-maxillofacial 
skeleton and prior to dental implant placement (Buser et al. 1990, 1996, Simion et al. 
2001). Different types of membranes have been tested over the years. The first 
membranes used were of H-cellulose acetate laboratory filters (Hurley et al. 1959, 
Bassett et al. 1961). Gore Tex® membranes (W.L. Gore and Associates, Flagstaff, 
Arizona, USA) are made of e-PTFE with small pores in the membrane. This is probably 
the most used non-resorbable membrane material (Buser et al. 1990, 1993, 1994, 1995, 
1996, Becker et al. 1999). Titanium membranes (von Arx et al. 1996) or an e-PTFE 
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membrane supported by a titanium frame (Simion et al. 1994, 1998, 2001) have been 
used successfully. Bioresorbable collagen membranes (Bio-Gide®, Geistlich, 
Switzerland) have been used in combination with autogenous bone grafts to cover 
exposed dental implant surfaces (Tawil et al. 2001).  

GBR has been demonstrated to be a predictable method for the treatment of implant 
dehiscenses and immediate implant placement in fresh extraction sockets (Lazzara 1989, 
Dahlin et al. 1991a, b). GBR used with particulated autogenous bone grafts or with 
alloplastic materials has been proven to be a method of choice for alveolar augmentation 
(Simion et al. 1992, 1994, 2001, Lustmann & Lewinstein 1995, Buser et al. 1996, 
Lekovic et al. 1998, Tawil et al. 2001). On the other hand cortical onlay bone grafts 
covered by a membrane have demonstrated delayed remodeling, probably as a 
consequence of a hindered process of graft revascularization (Salata et al. 2002).  

The use of membranes is a controversial issue in dental implantology and there are 
many questions to be answered. In the pursuit of optimizing onlay graft integration and 
survival, researchers have been testing various grafting techniques during recent years. In 
particular, the outcomes from the application of mechanical barriers associated with onlay 
bone grafts not only have launched an alternative approach in reconstructive surgery but 
also have stimulated the scientific exploration of the role played by revascularization in 
the process of graft integration. Cell-occlusive barriers can restrict the ingrowth of 
vascular elements from the surrounding tissues, although this effect does not seem crucial 
for graft survival (Salata et al. 2002). In one of the few studies on onlay grafting in which 
an osteopromotive technique was applied, the sites covered with membrane displayed 
slightly better volume conservation than those covered by periosteal and soft-tissue 
envelope (Alberius et al. 1992). Intact periosteum or mucosal flap can also act as a 
natural membrane and its use may obviate the need for a GBR membrane (Ylimaz et al. 
1998, Widmark & Ivanoff 2000, Blay et al. 2003).  

2.4.1.5  Techniques to augment alveolar bone without a bone graft 

Knife-edge shaped alveolar ridge limits the indications for implant-prosthetic 
rehabilitation. If ridge expansion is required, bone splitting and bone spreading 
techniques may be applied. Class IV alveolar ridges can be widened with a crestal split 
technique using osteotomes and chisels. The surgical technique involves splitting the 
alveolar ridge longitudinally in two parts, provoking a greenstick fracture. A chisel is then 
used to make a fine cut and spread apart the two cortical plates. After the ridges have 
been widened the dental implants or a bone graft can be placed (Simion et al. 1992, 
Strietzel et al. 2002, Oikarinen et al. 2003).  

Summers has provided detailed descriptions of methods to widen the maxillary 
alveolar bone and to perform sinus floor augmentation with osteotomes. The principles of 
this implant bed preparation technique are lateral and apical bone relocation and 
condensation. Osteocondensation is a technique which can reshape and increase bone 
density in the alveolar ridge in the areas of poor bone quality. The ridge expansion 
osteotomy can be done with osteotomes with blunt or concave tips and the osteotome 
have a progressively widening tip to fit into the opening created by the previous 
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osteotome. Osteotomes can offer several significant advantages over the implant drilling 
techniques. Compression creates a denser area for implant placement and the osteotome 
technique does not generate heat (Summers 1994a, b, c, 1995, Hahn 1999, Rosen et al. 
1999). 

Distraction osteogenesis (DO) has been used to correct a variety of maxillofacial 
skeletal deformities, as in Le Fort III advancement, mandibular ramus lengthening, 
segmental alveolar reconstruction and vertical augmentation of alveolar bone (McCarthy 
et al. 1992, Chin & Toth 1996, Chin 1999). The DO of the long bones has been used for 
decades to gradually lengthen bones without a bone graft. The resulting distraction gap is 
initially filled with callus, which later matures into bone (Ilizarov 1989). In alveolar bone 
DO the residual ridge is osteotomized and distracted with special devices designed for 
that purpose. In some systems the instrument is used to augment the site, and then is 
removed at the time of dental implant placement (Chin & Toth 1996, Chin 1999, Watzek 
et al. 2000). Implant borne DO devices have also been designed (Gaggi et al. 1999, 2000, 
Klein et al. 2001). The daily advancement of the DO instrument can be 0.25-0.5 mm and 
is started from two days to one week after the operation. The DO is continued a period of 
time when the desired amount of alveolar bone has been achieved. The consolidation 
phase of the distracted bone is from several weeks to months (Chin 1999, Gaggi et al. 
2000).  

Orthodontic extrusion can be used to increase the vertical bone height and volume of 
the alveolar bone and to establish a more favourable soft-tissue profile prior to implant 
placement. In addition, the increase in the vertical osseous dimension at interproximal 
sites may assist in the preservation of the interdental papillae and can further enhance 
gingival aesthetics. Orthodontic extrusion of teeth with poor prognosis has been used for 
implant site development prior to immediate implant placement (Salama & Salama 1993, 
Mantzikos & Shamus 1998, Danesh-Meyer & Brice 2000, Zuccati & Bocchieri 2003). 

2.5  Intra-oral bone harvesting donor sites 

Intra-oral bone grafts have been used for alveolar augmentation to allow implant 
placement with good results (Jensen & Sindet-Pedersen 1991, ten Bruggenkate et al. 
1992, Misch et al. 1992, Collins & Nunn 1994, Jensen et al. 1994, Misch & Misch 1995, 
Buser et al. 1996, Williamson 1996, Cordaro et al. 2002, Cordaro 2003). Intra-oral bone 
grafts have also been used in other reconstructive procedures in maxillo-facial area, for 
example in tumor, trauma and orthognathic surgery (Wolford & Cooper 1985, Bagatin 
1987, Waite et al. 1996, Muto & Kanazawa 1997, Choung & Kim 2001). Block type 
bone grafts may be harvested from the mandibular symphysis, corpus or ramus area. 
Smaller amounts of bone and particulate autograft may be harvested from the maxillary 
tuberosity, zygoma, extraosseous tori, residual ridge osteoplasty, extraction sites and 
implant osteotomy with bone collection devices (Misch & Misch 1999, Kainulainen et al. 
2003a). 
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2.5.1  Mandibular symphysis 

In the initial reports, the symphyseal bone was used for preprosthetic reconstruction of 
the atrophic alveolar process in edentulous and cleft lip and palate patients (Hofer & 
Mehnert 1964, Neuner 1965). Later the mandibular symphysis was used for 
reconstruction of bone in various sites in the maxillofacial skeleton. Symphyseal bone 
has been used for early secondary and secondary alveolar cleft bone grafting (Sindet-
Pedersen & Enemark 1988, 1990, Freihofer & Kuijpers-Jagtman 1989, Koole et al. 1989, 
Borstlap et al. 1990). Several articles have described the use of the mandibular symhysis 
in alveolar bone augmentation prior to dental implant placement. In maxillary sinus floor 
elevation it has been used as a block or particulated graft (Hirsch & Ericsson 1991, 
Jensen & Sindet-Pedersen 1991, Lundgren et al. 1996, Khoury 1999, Clavero & 
Lundgren 2003, Cordaro 2003). Bone blocks from the symphysis have been used as 
onlay grafts for the alveolar process augmentation (Jensen & Sindet-Pedersen 1991, 
Misch et al. 1992, Triplett & Schow 1996, Misch 1997). 

The mandibular symphysis has also been used as a bone graft for the reconstruction of 
the orbital floor after blow-out fracture (Bagatin 1987), for stabilizing the Le Fort I 
osteotomy (Waite et al. 1996) and in facial plastic and reconstructive surgery (Li & 
Schwartz 1996). 

The mandibular symphysis is the intra-oral donor site which produces the largest 
amount of bone. Particulating the symphysis graft with rongeurs or a bone mill will 
usually produce sufficient quantities of bone for a unilateral sinus floor augmentation 
procedure (Lundgren et al. 1996). Cordaro has described a surgical technique that permits 
the achievement of bilateral simultaneous augmentation of the maxillary sinus floor with 
the use of autologous bone harvested from the mandibular symphysis alone. He used 9 or 
11 mm trephine drills for bone harvesting from symphysis. After the blocks were 
harvested, bone was particulated with a bone mill. Such milling doubled the bone volume 
when compared with the original blocks (Cordaro 2003). Some cancellous bone can also 
be harvested from symphysis but the quantity is highly variable and at times only small 
amounts can be collected. If cancellous bone is preferred for a reconstruction then an 
alternative donor site should be considered (Montazem et al. 2000). 

Bone graft harvesting from the mandibular symphysis can be performed under local 
anesthesia. The incision is initiated through vestibular mucosa and is continued through 
symphyseal muscles and periosteum in two stages. Exposure of the symphyseal bone is 
undertaken using periosteal elevators and the mental nerve is identified. The roots of the 
incisors and canines should be localized and bone cuts should be made at least 5 mm 
inferior to the root apices. The roots of canines can impede the operation and limit the 
size of the graft. Similarly, the surgeon should stay at least 5 mm away from the inferior 
border of symphysis and the mental foramen. A bone strip should also be maintained in 
the midline to prevent the collapse of the soft tissues into the donor defect. Bone cuts can 
be made with a bur or reciprocating saw under copious saline irrigation. When the bone 
cuts have been completed, thin straight or curved osteotomes are used to deliver the graft. 
Hemostasis can be achieved using resorbable hemostatic agents or fibrin glue. Large 
amounts of bone wax or other similar hemostats are not recommended because they delay 
bone healing (Mattson et al. 1990.). Long lasting local anesthetic such as bupivacaine can 
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be applied to area to achieve longer analgesia. The wound closure is done in two layers. 
Flexible skin tape can be used over the chin to prevent swelling and wound dehiscence 
(Clavero & Lundgren 2003, Cordaro 2003, Kainulainen et al. 2003a).  

2.5.2  Mandibular corpus and ramus 

The mandibular ascending ramus and corpus are common sites for cortical bone 
harvesting. Bone can be harvested from the buccal side of the mandible in the molar area 
and distal to the molars (Misch 1996, 1997, Bedrossian et al. 2000, Clavero & Lundgren 
2003, Kainulainen et al. 2003a). Mandibular ramus and retromolar areas are associated 
with fewer complications than the symphyseal site (Misch 1997, Nkenke et al. 2001, 
2002, Clavero & Lundgren 2003). 

The mandibular ascending ramus and corpus area have been used in many studies with 
good results for reconstructing the resorbed alveolar ridge prior to dental implant 
placement (Misch 1996, 1997, Cordaro et al. 2002, Proussaefs et al. 2002, Capelli 2003, 
Clavero & Lundgren 2003). The mandibular lingual plate has been used as a source of 
cortical bone for reconstructing orbital floor defects (Girdler & Hosseini 1992). 
Mandibular reconstruction after resection, using the anterior part of ascending ramus, has 
been presented (Muto & Kanazawa 1997). Fracture of the zygomaticomaxillary complex 
with an associated defect of the infraorbital rim and orbital floor has been reconstructed 
with the lateral plate of the mandibular ramus (Laskin & Edwards 1977). 

Before mandibular ramus bone graft harvesting, mandibular block anesthesia is 
performed and local infiltration anesthesia is given in the retromolar region. The 
concavity formed by the border between the ascending ramus and the external oblique 
ridge is identified and used as a starting point for the mucosal incision. The incision can 
be placed in the gingival margin or in the buccal vestibule and the retromolar area and 
anterior ramus are exposed. The margins of the bone block to be harvested are outlined 
by holes drilled through the cortex with a small round bur. The inferior alveolar nerve is 
near the buccal cortex and sawing or drilling should be performed with extra caution so 
as not to damage the neurovascular bundle. Just the tip of the saw or drill is used to avoid 
damaging these underlying anatomic structures. The osteotomy can be started anterior to 
the coronoid process at a point where adequate bone thickness is available. The 
osteotomy then continues along the anterior border of the ramus medial to the external 
oblique ridge. The anterior cut is placed in the mandibular body, in the molar region. The 
posterior vertical cut is made in the lateral aspect of ramus perpendicular to the external 
oblique osteotomy. The inferior osteotomy connecting the posterior and anterior vertical 
cuts is made with a round bur in a straight handpiece (shallow cut to create a line of 
fracture). The bone block is released using a thin curved or spatula osteotome. The bone 
block is carefully lifted to ensure that the inferior alveolar nerve is not trapped within the 
graft. Sharp bony edges are smoothed with burs or bone files. Trephine burs for implant 
explantation can also be used here to harvest plugs of bone. The retromolar area is also 
suitable for harvesting bone chips with a suction trap. Bleeding is controlled and the 
wound is closed with a running suture for a sulcus incision or with interdental interrupted 
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sutures if there was a gingival sulcular incision (Misch 1996, Gungormus & Yavuz 2002, 
Clavero & Lundgren 2003, Kainulainen et al. 2003a) 

2.5.3  Coronoid process of the mandible 

The coronoid process is membranous bone in origin. It was introduced as a bone graft in 
1969 for the repair of small discontinuity defects of the mandible (Youmans & Russell 
1969). However, it has not been used widely because of its small dimensions. The 
coronoid process of the mandible can be harvested by an intra-oral approach during 
orthognathic surgery, especially during mandibular ramus surgery (Choung & Kim 2001). 

Wood and Moore have used the bone graft from the coronoid process for sinus floor 
augmentation procedure (Wood & Moore 1988). The coronoid process has also been used 
for orbital floor reconstruction after a blow out fracture (Honig 1996, Mintz et al. 1998), 
for nasal augmentation (Berry et al. 1994) and for paranasal augmentation in conjuction 
with orthognathic surgery (Choung & Kim 2001). Removal of coronoid process can be a 
difficult operation and usually it requires general anesthesia. Coronoid bone is very thin 
and contains only cortical bone. It is not optimal for onlay grafting in implant surgery but 
it can be used as a particulated graft for sinus floor augmentation (Wood & Moore 1988).  

2.5.4  Maxilla 

Bone harvested from the maxillary tuberosity can be used to fill small local alveolar 
defects before dental implantation (ten Bruggenkate et al. 1992). It has also been used in 
sinus floor augmentation prior to dental implant placement (Raghoebar et al. 2001).  

The maxillary tuberosity is exposed by means of buccodistal mucoperiosteal flap. A 
wedge-shaped cortico-cancellous bone graft can be harvested with a mallet and chisel. 
Cancellous bone and marrow can be scooped from the area with curettes (ten 
Bruggenkate et al. 1992). The volume of bone in the posterior maxilla is rather limited 
and the bone is mostly cancellous. The thicker soft tissue in the tuberosity region can 
mislead the assessment of this donor site (Tatum 1986, Misch & Dietsch 1993). The 
anatomic limitations of this area include the maxillary sinus, pterygoid plates, and the 
greater palatine canal. Bone harvesting from the tuberosity is useful if additional bone is 
required to extend bone volumes in conjunction with other intra-oral grafts. For example 
this may occur with maxillary sinus floor augmentation where it is quite simple to extend 
the incision and harvest more bone from the tuberosity area with drills and a suction trap 
(Misch & Misch 1999, Kainulainen et al. 2003a). 

Use of bone from the maxillary antrum to repair defects in the orbit and zygomatic 
area has been described. The method is appealing because the source is adjacent with the 
recipient site. Copeland and Meisner (1991) assessed the potential advantages of local 
over extra-oral bone grafts. They evaluated maxillary antral bone grafts obtained through 
buccal sulcus incisions in 14 patients for restoration following fractures of the orbit. The 
success of the procedure in their experience, coupled with the safety of bone harvesting 
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from this source, and the avoidance of an external scar make maxillary antral bone well 
suited to reconstruction of some areas of the orbit (Copeland & Meisner 1991). 

Palatal bone can be used to stabilize the segmental Le Fort I osteotomies. The palate is 
easily accessible after the maxilla is down fractured, and the bone is usually sufficiently 
thick to serve as a bone graft donor area. The bone is usually harvested in the area of the 
canine and bicuspids (Wolford & Cooper 1985).  

2.5.5  Zygomatic bone 

A bone graft from the zygomatic eminence and arch area has been used to graft the 
maxillary step osteotomy and interdental osteotomy gaps during segmental Le Fort I –
osteotomies. The subperiosteal dissection through a circumvestibular maxillary incision 
is carried further superiorly onto the zygomatic eminence and anterior aspect of the arch. 
The donor area is outlined with a bur, and an osteotome is used to mobilize the bone 
graft. It is possible to obtain a 1 cm by 1.5 cm graft from this area without untoward 
esthetic or functional problems (Wolford & Cooper 1985). 

2.5.6  Mandibular tori 

Mandibular tori can be used for alveolar augmentation with cortical bone. Considerable 
amounts of bone can be harvested from tori with a suction trap (Kainulainen et al. 
2003a). If a torus is removed as a block it can be particulated with a bone mill or used as 
a block graft. Mandibular tori are composed of very dense cortical bone and are not ideal 
for use as block onlay or inlay grafts. The tori are difficult to shape, mortise and fixate to 
the host bone. Bilateral tori have been used as the donor site in conjunction with dental 
implant placement (Ganz 1997). As revascularization and remodelling of the cortical 
grafts occurs through the existing haversian system, incorporation of the graft is delayed 
and sequestration of the tori has been seen (Misch & Misch 1999).  

2.6  Intra-oral bone harvesting with bone collectors 

Small amounts of particulate bone grafts may be collected from the implant drills and 
screw taps during implant osteotomies. A bone collection device is attached to the suction 
tubing during osteotomies to harvest bone debris. The resulting bone paste can then be 
used to fill small defects or may be mixed with other graft materials. A filter which can be 
used for the intra-oral collection of osseous coagulum was first described by Robinson 
(1970). Dayoub used a stainless steel filter in a plastic housing to collect bone depris 
(Dayoub 1981). A bone collection suction device for use during dental implant surgery 
was introduced in 1994. In this report the bone collector consisted of a standard irrigation 
syringe, the plastic packing cartridge of a 3 ml syringe and ordinary filter paper from a 
tea bag or a coffee filter (Berarducci & Joseph 1994). Commercially available bone 
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collectors have been tested and found useful in dental implant surgery for augmenting 
deficient alveolar ridges (Haessler et al. 1995, Widmark & Ivanoff 2000, Zide 2000, 
Young et al. 2002b, Blay et al. 2003).  

When using an inline bone collector to harvest implant osteotomy sites, 0.195 ml of 
bone can be obtained from an implant size of approximately 4 × 13 mm. Clinically, this 
translates into 1 ml of dried bone per 5 implant sites. When multiple implant sites are 
planned, and only a few need augmentation, sufficient bone can often be obtained using 
the inline bone collector alone. Surgical expense and time can also be saved when this 
technique is used, which is beneficial to both the patient and the surgeon. When 
combining alloplastic material with autogenous bone, decreased amounts of alloplastic 
material will have to be used to increase the bulk of the graft. This also reduces the 
expense of alloplastic materials and provides a more osteogenic graft than alloplastic 
materials alone (Savant et al. 2001). Corticocancellous bone chips from a bone collector 
have been shown to be viable after harvesting procedure (Blay et al. 2003) and cortical 
bone chips obtained with a bone collector from the zygomatic bone has been used for 
culturing of cells in vitro (Lindholm et al. 2003).  

Autogenous bone chips from a bone collector have been used to augment exposed 
implant threads with and without GBR –membranes (Haessler et al. 1995, Widmark & 
Ivanoff 2000, Blay et al. 2003). In a study by Widmark and Ivanoff twenty-one 
consecutive patients treated with screw-shaped implants with exposed threads due to 
buccal fenestration or marginal defects were augmented with bone chips from a bone 
collector without a barrier membrane. Complete bone coverage of the exposed implant 
threads was seen in 12 of the 21 implant sites. The mean bone gain was 81% in patients 
with a marginal defect and 82% in patients with a fenestration defect (Widmark & 
Ivanoff 2000). Similar results were achieved in another study where the augmentation 
was also done without GBR –membrane (Blay et al. 2003). In cases of insufficient 
periosteal coverage over the implant and the bone graft, membranes have been used 
successfully to enhance the implant osseointegration and graft survival (Haessler et al. 
1995). 

Collection of bone chips during the preparation of an implant bed is done using 
copious irrigation but contamination from oral bacteria is possible. Several oral microbes 
have been found in the collected bone coagulum. Therefore, it is suggested to use two 
surgical aspirators. One of them only for saliva and another directly applied to the drilling 
site, collecting only osteotomized bone and saline solution, thus reducing the risk of 
excessive bacterial contamination (Young et al. 2001, 2002a, Blay et al. 2003). Pre-
operative chlorhexidine mouthrinse have been shown to be effective to reduce the 
bacterial contamination of collected bone debris (Young et al. 2002a). 

2.7  Morbidity and complications associated with intra-oral bone 
harvesting 

Donor site morbidity is one of several important factors that must be considered when 
harvesting bone. Other factors to take into account are the amount of bone required, the 
type (cortical or cancellous) of bone needed, the recipient site, and the expected biologic 
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behavior (neovascularization and resorption). Complications and morbidity associated 
with intra-oral donor sites include: altered sensation and numbness of teeth, paresthesia 
of the sensory nerves, meteorotropism (weather-dependent discomfort), altered sensations 
in mucosa and skin, limited mouth opening, bleeding, bruising, swelling, pain, contour 
changes in donor areas and post-operative infections (Misch 1997, Nkenke et al. 2001, 
2002, Raghoebar et al. 2001a, Clavero & Lundgren 2003).  

The mandibular symphysis is the largest intra-oral donor site, but the major 
disadvantage with its use is the potential for post-operative altered sensation of the teeth 
and chin area. In a recent study 9 of 21 patients (43 %) reported a decreased sensibility in 
the symphyseal donor site. In 7 patients the paresthesia persisted, and 4 of these 7 
patients also reported meteorotropism (Raghoebar et al. 2001a). Nkenke reported a 
prospective study in which 8 of 20 patients had sensory disturbances of the chin area after 
one month following chin bone harvesting. Sensory disturbances resolved in most cases 
during 12 months of follow-up, but in one case the paresthesia, and in two cases 
hypoaesthesia and hypalgesia, remained until the twelfth month (Nkenke et al. 2001).  

In a case series reported by Cordaro the patients did not complain about significant 
side-effects at the symphyseal donor site. In all cases, a post-operative ecchymosis 
occurred in the chin area, and all patients reported numbness in the region of the lower 
front teeth during chewing for a period varying from 2 to 4 months. All patients reported 
the use of anti-inflammatory non-steroidal drugs for at least 3 days. Pain was reported to 
be well controlled with the prescribed medication (Cordaro 2003). When a large amount 
of bone is harvested from the symphysis to perform a bilateral sinus lift procedure, 
swelling and pain may be present in the days following surgery. However, no 
hospitalization is needed after surgery and the operation can be performed under local 
anaesthesia (Cordaro et al. 2002, Cordaro 2003). 

In a comparative study of complications associated with mandibular symphysis and 
ramus donor sites the difference was clear. Immediately after the operation (0-2 weeks), 
the intensity and duration of pain seemed to be more pronounced in patients receiving 
grafts from the symphysis area. Their need for analgesics was also higher. Functional 
limitations in speaking, eating, and drinking were experienced equally by both groups, 
but mouth opening and chewing were reported to be more difficult for patients whose 
grafts were harvested from the ramus. Swelling was a complication that most patients 
experienced. Altered sensation was reported much more frequently (22 of 29 patients) in 
patients receiving grafts from the chin area than in patients who received a ramus graft (5 
of 24). At 1 month after the operation, none of the 53 patients reported persistent pain. 
Twenty-two patients in the symphysis group experienced altered sensation in the mental 
and lower lip area. Five patients in the ramus group experienced altered sensation 
localized in the region of the buccal nerve terminal branch. Anatomic variations of the 
buccal nerve have been reported and might explain the impaired function of the buccal 
nerve after surgery (Hendy & Smith 1994.). At 18 months after the operation, altered 
sensation was considered permanent in 15 of the patients in the symphysis group and in 1 
of the ramus group patients. In addition 35% of the symphysis group patients reported 
changes in the chin contour, however, this was not verified by clinical examination. There 
were no complaints of contour changes from the patients whose bone had been harvested 
from the ramus. When harvesting bone from the symphysis, the amount of bone obtained 
is directly proportional to the occurrence and persistence of morbidity and complications, 
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whereas the volume of bone harvested from the mandibular ramus does not seem to be 
related to the morbidity or complications experienced (Clavero & Lundgren 2003).  

Functional limitations have not been reported after removing the coronoid process of 
the mandible (Youmans & Russell 1969, Honig 1996, Mintz et al. 1998). Choung and 
Kim performed the objective assessment of function (mandibular movement, including 
maximum mouth opening) by using Visitrainer (electrognathography; BioPak®, 
BioResearch Inc, Milwaukee, Wisconsin, USA), visual pain scale, and electromyography 
before and after harvesting the coronoid process. Though patients showed a wide 
variation of pre-operative symptoms in the temporomandibular joint, they could not find 
any differences between pre-operative and post-operative symptoms. Patients showed 
normal masticatory function after surgery. None of the patients showed limited mouth 
opening or disfigurement of the donor site. They did not find any complications in the 
temporomandibular joint associated with the coronoid graft harvesting (Choung & Kim 
2001).  

2.8  The yield of bone graft from various intra-oral donor sites 

Although intra-oral bone grafting has been used extensively in oral and maxillofacial 
surgery, only few studies have been done to quantify the available bone from different 
donor sites. The yield of the bone grafts have been measured from mandibular symphysis, 
ramus and coronoid process.  

2.8.1  Mandibular symhysis 

Montazem and co-workers measured the quantity of bone in the mandibular symphysis in 
dentate adult cadavers. The average volume of monocortical bone harvest from the 
symphysis was 4.84 ml when a 5 mm safety margin from the donor site to the tooth 
apices, the mental foramen and the inferior border of the mandible was maintained. The 
maximum average block size was approximately 21 x 10 x 7 mm and they were able to 
harvest two blocks of this size from each symphysis (Montazem et al. 2000). In another 
study, 26 mandibles with mixed dentition before the eruption of the canines were 
examined on CT scans to assess the volume of the donor site in the mandibular 
symphysis. The quantification gave an average bone volume of 1 ml, if the buccal and 
lingual cortices were included (Bähr & Coulon 1996). 

In a clinical study by Misch the average volume of symphysis graft was 1.74 ml 
(Misch 1997). Particulating the symphysis graft with rongeurs or a bone mill will usually 
allow for a unilateral sinus lift procedure. Some cancellous bone can also be harvested 
from symphysis but the quantity is highly variable and at times only small amounts can 
be collected. If cancellous bone is preferred for a reconstruction an alternative donor site 
should be considered (Lundgren et al. 1996, Montazem et al. 2000). Cordaro has 
performed bilateral augmentation of the maxillary sinus floor with the bone harvested 
from the mandibular symphysis alone. He harvested the bone graft with trephine drills 
and particulated it with a bone mill. The bone volume was not measured in this study but 
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the yield of the bone graft was enough for bilateral sinus augmentations in all eight cases 
(Cordaro 2003).  

2.8.2  Mandibular corpus and ramus 

Volumetric and dimensional measurements of the ramus harvests have been made in a 
couple of studies. In a clinical study by Misch, the average volume of the mandibular 
retromolar harvest was 0.9 ml (Misch 1997). In a cadaver study by Gungormous and 
Yavuz the average anterior side length of the anterior ascending ramus graft was 37.6 
mm, and the average posterior side length was 33.2 mm. The average upper horizontal 
side length of the graft material was 22.5 mm, and the lower horizontal side length was 
9.2 mm. The thickest area of the graft was 12.2 mm and the thinnest area was 2.5 mm. 
The average bone volume obtained from the anterior ascending ramus was 2.4 ml. The 
average surface area of the block of graft material was 495.13 mm2 (Gungormous & 
Yavuz 2002).  

The block size which can be harvested from the mandibular ramus and retromolar 
areas depends upon the individual anatomy and if larger blocks are harvested the 
complications become more severe and common (Misch 1997). Although in another 
study it was found that the volume of bone harvested from the mandibular ramus does not 
seem to be related to the morbidity or complications experienced (Clavero & Lundgren 
2003). 

In a comparative study between symphysis and ascending ramus it was stated that, 
although the accessibility of the mandibular symphysis area seems to be better than that 
of the mandibular ramus, a greater amount of bone with higher density and more cortical 
content can be harvested with less morbidity and fewer complications from the ramus. 
Clavero and Lundgren modified their harvesting technique, mainly by increasing the 
access of the inferior mandibular body area, by using a long-shafted round bur to create a 
groove instead of an inferior border osteotomy. In this way, the accessible bone for 
harvest was increased to a volume much more than that possible from the mandibular 
symphysis (Clavero & Lundgren 2003). 

2.8.3  The coronoid process of the mandible 

The dimensions of the coronoid process of the mandible have been measured in a cadaver 
study, where 15 dry skulls were used. The average horizontal and vertical lengths of 
grafts were 18.5 mm and 17.5 mm, respectively. Comparing the size of the graft with the 
size of the paranasal recipient site in this study, the coronoid process was found suitable 
for grafting in the paranasal area. The thickness of the coronoid process was 5.4 mm on 
the right and 5.8 mm on the left side (Choung & Kim 2001). 
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2.9  Anatomy of the zygomatic bone 

The zygomatic bone is formed by ossification in connective tissue (intramembranous 
ossification). The zygoma consists of frontal and temporal processes and an orbital 
surface. It is surrounded by the maxilla, frontal, sphenoid and temporal bones. The frontal 
and zygomatic bones are joined by the frontozygomatic suture. The zygomaticomaxillary 
suture lies between the zygomatic bone and the maxilla, and the temporozygomatic 
suture is found between the zygomatic and temporal bones. From the squamous part of 
the temporal bone the zygomatic process extends anteriorly, and with the temporal 
process of the zygomatic bone it forms the zygomatic arch. The zygomatic bone together 
with the maxilla forms a further part of the boundary of the orbital opening (Kahle et al. 
1986). 

In the middle section of zygomatic bone, about 5 mm caudal to the inferolateral corner 
of the orbital rim, there are one or two small foramina in the zygomatic bone. These are 
called the zygomatico-facial foramina. The zygomaticofacial nerve passes through the 
foramina. The infraorbital foramen and nerve are on the medial side of the zygomatic 
bone and below the infraorbital margin (Fig. 1). On the lateral wall of the orbital cavity 
the zygomatic nerve passes through the zygomatico-orbital foramen. The 
zygomaticotemporal nerve is located superior to the zygomaticofacial nerve and is on a 
posterior surface of the temporal process of the zygomatic bone. On the dorsal side of the 
zygoma is the infratemporal fossa where the maxillary artery (which divides into the 
infraorbital artery and superior alveolar arteries), maxillary veins, pterygopalatine nerve 
ganglion, maxillary nerve, buccal nerve, mandibular nerve, zygomatic nerve and 
temporalis muscle are located. Mimetic muscles, the zygomaticus major and minor arise 
from the zygomatic bone. The masseter muscle arises from the zygomatic arch and is 
inserted into the masseteric tuberosity on the angle of the mandible (Kahle et al. 1986). 

 

Fig. 1. Anterior view of the skull and the zygomatic bone. 1. infraorbital foramen, 2. 
zygomaticofacial foramina.  



3 Aims of the study 

The purpose of this study was to develop a new intra-oral bone harvesting technique 
which is safe, with low morbidity and where the bone graft harvested is sufficient for 
alveolar bone augmentation. Bone harvesting instruments, bone collectors, were tested 
and further developed for clinical use. The developed bone collecting instrument was 
used in the clinical part of this study.  
The specific aims of this study were: 

1. To develop and test different kind of bone collecting instruments, which would be 
suitable for dental implant-related surgery.  

2. To introduce a novel intra-oral bone graft harvesting donor site, the zygomatic bone, 
and a new method for harvesting bone for alveolar bone reconstruction. 

3. To evaluate the safety and morbidity of the intra-oral zygomatic bone harvesting 
procedure.   

4. To quantify the amount of bone harvested from the zygomatic bone.  
5. To study the outcome of particulated cortico-cancellous bone grafts harvested from 

the zygomatic bone and used simultaneously with one stage dental implants to 
reconstruct edentulous resorbed alveolar ridges.  



4 Materials and methods 

This work was divided into two parts, which together combined five studies. The first 
part of the project comprised studies I, II and III. Studies I and II were in vitro studies 
where pig mandibles were used for experiments to study, develop and compare bone 
collecting instruments designed for oral and maxillofacial surgery. In study III 20 
cadavers from the Department of Anatomy of the University of Toronto, Canada were 
used to study the safety and to quantify the amount of bone graft harvested from the 
zygomatic bone. The second part of the project was clinical and comprised studies IV and 
V in which a total of 32 subjects in whom bone graft material was harvested from the 
zygomatic bone for alveolar bone augmentation. Studies I and II were accomplished at 
the Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, University of 
Oulu, Finland. Studies III, IV and V were done at the Department of Oral and 
Maxillofacial Surgery, University of Toronto, Canada and at the Department of Oral and 
Maxillofacial Surgery, Faculty of Dentistry, University of Oulu, Finland. 

The study protocols were within the guidelines of the research ethics committees at the 
University of Toronto, and by the Department of Anatomy, University of Toronto, 
Toronto, Canada. 

4.1  Development and comparison of bone collectors and bone 
harvesting drills 

Two in vitro studies were done to develop and test different bone collecting instruments. 
In study I a novel bone collector was tested with different stainless steel sieves and bone 
harvesting drills. In study II four bone collectors connected to a surgical suction device 
were compared. Two commercially available bone collectors and two custom made 
models were tested. 

In study I a bone collector with a plastic chamber and a stainless steel sieve was 
constructed. The bone collector was connected to a surgical suction device and the bone 
shavings were collected during bone drilling and harvesting on to the sieve.  
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Three sieves (0.355, 0.50 and 0.83 mm pore diameter, Tammet Oy, Finland), were 
tested in this study. The thicknesses of the wires in these sieves were 0.22, 0.20 and 0.50 
mm, respectively. Four dental technician’s drills (Meisinger, Germany) connected to a 
high-speed handpiece were used for bone harvesting. The drills were named by the 
manufacturer as HM 77SX 060, HM 77GX 060, HM 77 G 070 and 77 080 (Meisinger, 
Germany) (Fig. 2). 

Four dissected, dry, pig mandibles were used in study I. The lateral cortex and 
spongiosa in the posterior part of the mandible were drilled. An area of approximately 
three square centimetres was drilled using saline irrigation for 60 seconds or until the 
holes in the collecting sieve became clogged. The test was repeated three times with each 
sieve and drill. Bone chips and powder on the nets were dried at room temperature over a 
filter paper for 5 minutes, and weighed. 

After weighing the bone samples were frozen at -20 oC. Semiliquid carboxymethyl 
cellulose gel was used as a mounting medium and frozen sections (15 µm thick) were 
prepared and collected on a plastic tape, fixed in 96% methanol and stored at -20oC until 
used. Sections were stained using haematoxylin and eosin, and viewed using a Leitz 
Ortholux (Leitz, Germany) microscope. The bone samples were photographed using an 
automatic photo camera (Wild Leitz MP551, Germany) and the size of the bone chips of 
each drill were measured.  

In study II four bone collectors, which were connected to a surgical suction device, 
were compared. Two commercially manufactured bone collectors and two custom made 
models were used. The Osseous Coagulum Trap® (OCT) (Quality Aspirators, 
Duncanville, Texas, USA) consists of a two-part, aluminum (type 6061) housing that 
contains an inner mesh cylinder of nylon (mesh pore size 0.17 x 0.17 mm). The Frios® 
(Friatec, Mannheim, Germany) bone collector comprises titanium (grade-2), in a two-part 
housing with an internal disposable, single-use titanium collecting sieve. The sieve has 
246 slots with a width of 0.3 mm and a range of lengths, including: 0.5, 3.6 and 5.3 mm. 
The bone collectors designed by the authors were fabricated of plastic. Model I is the 
same collector which was used in study I. Sieves with 0.355 and 0.50 mm pore diameter 
were used. In Model II a cone shaped standard plastic sieve was used (Siemens, 
Germany), in which the pore size was 0.80 mm (Fig. 3).  

All four bone collectors were connected to the suction tubing and the same standard 
suction tip was used with all collectors. A hard metal dental technician drill HM 77SX 
060 (Meisinger, Germany), which was found suitable for this purpose in study I, was 
connected to a dental handpiece.  

In study II five pig mandibles were used. Soft tissue and periosteum were dissected 
and cortical bone in the posterior part of the mandible was drilled using saline irrigation. 
Bone chips and saline was carefully suctioned during 30 seconds of drilling or until the 
collecting sieve became clogged. Bone chips on the sieves were air dried for 10 minutes, 
and weighed. The test was repeated five times and in every round of tests only one 
mandible was used, because bone quality in the mandibles may vary. 
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Fig. 2. The drills tested in this study (study I). They are named from left to right by the 
manufacturer as HM 77SX 060, HM 77GX 060, HM 77 G 070 and 77 080 (Meisinger, 
Germany). The HM 77SX 060 was also used in study II. 
 

 

Fig. 3. Bone collectors tested in study II. The collector chambers are opened and show the 
collecting sieves. A. OCT®, B. Frios®, C. Model I, D. Model II.  
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4.2  Intra-oral zygomatic bone harvesting 

4.2.1  Zygomatic bone harvesting from the cadavers 

In study III twenty freshly preserved human cadaver skulls were used to develop a bone 
harvesting method from the zygomatic bone. The mean age of this study sample was 75 
years (40-94 years). Ten were females and ten were males. Nine of the cadavers were 
edentulous. This study was done at the facilities of the University of Toronto, Canada. 
The cadavers were bequeathed for medical research to the Department of Anatomy at the 
University of Toronto, Canada. 

The zygomatico-maxillary area was exposed through a vestibular incision similar to 
the incision used in a Le Fort I osteotomy. The overlying soft tissue was lifted from the 
bone, extending around the base of the piriform rim, up to the inferior half of the 
zygomatic bone and the maxillary sinus wall, including the infraorbital nerve. This 
permitted an adequate view of the surgical field. The lateral border of the maxillary sinus 
was identified and marked. A round bur was used to initially grind on the lateral portion 
of the anterior maxillary wall until the border of the maxillary sinus was identified. Once 
the sinus border was identified, the bone harvesting was continued laterally to the 
maxillary sinus. An arbitrary safety margin of at least 5 mm caudal to the infraorbital rim 
and 3 mm cranial to the inferior border of the zygomatic bone was used in an attempt to 
avoid perforation into the orbit or the infratemporal fossa. A 4.6 / 3.8 mm wide (external / 
internal diameter) and 15 mm long trephine drill (Nobel Biocare, Gothenburg, Sweden) 
was used to harvest corticocancellous bone cores. The drill was aimed to the zygomatic 
arch at an angle of approximately 45 degrees to the occlusal plane and parallel to the 
anterolateral wall of the zygomatic bone. The trephine drill was used to traverse the 
ventral side of the zygomatic bone. The drilling was not extended deeper than 12 mm, to 
avoid potential perforation into the orbit or the infratemporal fossa. The bone cores were 
carefully removed, curettage was performed through the holes, and the available 
cancellous bone was collected (Fig. 4). Care was taken to perform the harvesting in a way 
that simulated a clinical operation. 



 41

 

Fig. 4. A. Zygomatic bone exposed after trephine drilling. The infraorbital nerve (white 
arrow) and the infraorbital rim (dotted line). B. Zygomatic bone after graft harvesting. 

4.2.2  Surgical procedure of intra-oral zygomatic bone harvesting in 
patients 

The clinical trial of zygomatic bone harvesting was started with three patients (study IV) 
after the cadaver study (study III) was accomplished and continued as a prospective 
clinical study (study V). The procedure has developed during this study and different 
bone harvesting methods are described in the following text. 

Palpation of the zygomatic bone is performed pre-operatively intra- and extra-orally. 
Antero-posterior-, axial- and Towne´s -projection radiographs of the skull could be used 
to evaluate the form of the zygomatic bone and an axial or coronal CT-scan of the head is 
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helpful to estimate the volume of zygomatic bone and provides a good view of the 
anatomy. Also 3D imaging can be used to visualize the shape of the zygomatic bone 
(Furst et al 2001.). 

Preparation of the bone graft recipient site should be done before harvesting the bone 
graft. This allows for the determination of the amount of bone graft needed and the final 
selection of the appropriate donor site. Following application of local anesthesia to the 
infraorbital nerve, posterior and middle superior alveolar nerves and zygomaticofacial 
nerve area, the zygomatic bone is exposed through a vestibular incision. The incision is 
made through the alveolar mucosa about 5 mm above the mucogingival junction, started 
between the first and second molars and proceeds anteriorly to the first premolar area. 
Periosteal elevators are used to elevate a mucoperiosteal flap. The dissection extends to 
the inferior aspect of the infraorbital nerve and around the inferior half of the body of the 
zygoma. This permits an adequate view of the surgical field. The lateral border of the 
maxillary sinus is identified and the inferior border of the orbital rim is palpated. A round 
bur can be used to initially grind on the lateral portion of the anterior maxillary wall. 
Once the sinus border is identified by trimming the bone of the anterior maxillary wall 
down to it, the bone harvesting is continued laterally to the maxillary sinus.  

An arbitrary safety margin of at least 5 mm caudal to the infraorbital rim and 3 mm 
cranial to the inferior border of the zygomatic bone is used to avoid perforation into the 
orbit or the infratemporal fossa. Bone harvesting is started superior to the inferior border 
of the zygomatic rim and lateral from the maxillary sinus. A trephine bur, round bur, a 
thin fissure bur or implant spiral drills on a straight hand piece can be used to harvest 
bone from the anterior aspect of the zygomatic bone. All drilling of the bone must be 
done under copious saline irrigation and a bone collector connected to suction tubing is 
used to collect bone chips. The drill is kept at an angle of approximately 45° to the 
occlusal plane and should not be drilled deeper than 12-14 mm. The drill should be kept 
parallel to the lateral sinus wall and lateral surface of the zygomatic bone (Fig. 5). The 
anterolateral corner of zygomatic bone should be left intact. Care should be taken to 
avoid entering the orbital floor or infratemporal fossa with the drill. A trephine drill or a 
round bur can be used to create a window to the anterior aspect of zygoma. Between 2 
and 5 corticocancellous bone plugs can be harvested with a trephine bur. Once the 
window to the cortical bone is created, cancellous bone, if present, can be curetted. 
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Fig. 5. Bone harvesting from the zygomatic bone. 

A bone collector is used for all bone harvesting when round burs or spiral drills are used. 
When round burs are used, bone is shaved from the anterior part of the zygoma and the 
drilling is extended in to the body of zygoma (Fig. 6). When implant spiral drills are used, 
the harvesting is started by making 2 to 4 holes to the anterior part of zygomatic bone 
using a small round bur. A 2.2 mm diameter spiral drill is passed through the round bur 
holes and then enlarged sequentially using the 2.8, 3.5 and 4.2 mm diameter drills (Fig. 
7). The 4.2 mm bur can not be used in all cases because of the anatomical variation. The 
drilling should not be extended further than 12-14 mm to avoid perforation to the 
infratemporal fossa or orbital floor. Once the spiral drill holes have been created, more 
bone is collected from inside the zygomatic bone using a round bur. When harvesting is 
completed, the area is rinsed with saline and remnants of bone chips are collected to the 
bone collector. A resorbable haemostatic agent may be applied to the donor site. The 
incision is closed with running or interrupted resorbable sutures and antibiotic treatment 
is recommended for one week. Usually non steroidal anti-inflammatory drugs, or 
acetaminophen combined with codeine is satisfactory for post-operative pain relief. A 
chlorhexidine mouth rinse should be administered for the patient post-operatively.  
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Fig. 6. Bone harvesting with a round bur lateral to the maxillary sinus. 

 

Fig. 7. Bone harvesting with the spiral drill. Three holes are created to the anterior zygoma 
with a round bur and the spiral drill is passed in to the body of the zygomatic bone. 

4.3  Safety and morbidity of intra-oral zygomatic bone harvesting 
procedure 

4.3.1  Cadaver operations 

The operated cadavers in study III were used to assess the safety of the zygomatic bone 
harvesting procedure. A bone graft from the zygomatic bone was harvested bilaterally 
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from all cadavers, producing a total of 40 surgical sites. The study was accomplished in 
two parts in which the first part included specimens 1-11 and the second one specimens 
12-20. 

4.3.1.1  Pre-operative CT analysis 

Pre- and post-operative computed tomography (CT) scanning was done on nine of the 
cadaver skulls (18 surgical sites of the zygomatic bone, specimens 12-20). Axial slices 
were taken at one-millimetre intervals. Coronal and sagittal scans were reformatted from 
the original axial scans. The pre-operative CT scans were used to measure the size of the 
zygomatic bone at different levels and to estimate the volume of the zygomatic bone. The 
thickness of the zygomatic bone was measured on the axial scan as the distance from the 
junction of the lateral wall of the maxillary sinus and the zygomatic bone perpendicular 
to the outer cortex of the zygomatic bone. The length of the zygomatic bone was 
measured on the axial scan in the anterior-posterior direction from the point where the 
zygomatic bone starts to widen to where the zygomatic arch starts or the bone ends at this 
level. Both the thickness and the length of the zygomatic bone were measured at the level 
of the infraorbital foramen (Fig. 8). The maximal height of the zygomatic bone was 
measured on the coronal CT scan in the middle section of the zygoma from the horizontal 
portion of the piriform rim to the orbital floor. 

 

 

Fig. 8. Pre-operative axial CT scan. The lines on the left zygoma show the thickness and 
length of the measurement sites. On the right zygoma, the thickness was measured with CT 
workstation software. 
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4.3.1.2  Observations and measurements made during cadaver bone 
harvesting 

During the intra-oral bone graft harvesting from the zygomatic bone, perforations into 
adjacent tissues were recorded as complications. After bone harvesting, a midline incision 
was performed to expose and explore the whole zygomatico-maxillary complex, to 
examine the area for possible perforations and bone fractures. The distances from the 
infraorbital rim to the highest trephine hole and from the inferior border of the zygomatic 
bone to the lowest trephine hole were measured with a caliper. The height of the 
zygomatic bone at the level of the trephine holes was also measured. 

4.3.1.3  Post-operative CT analysis 

The post-operative CT scans (specimens 12-20) were analyzed in three planes, to find 
possible perforations into the maxillary sinus, orbital floor and infratemporal fossa. The 
coronal and sagittal CT scans were used to measure the shortest distance from the donor 
area to the orbital floor. The coronal, axial and sagittal CT scans were used to estimate 
the proximity of the bone harvest to the zygomaticofacial and infraorbital nerves and to 
assess the potential damage to these structures (Fig. 9). These structures were consistently 
visible on the one-millimetre slices used in this series of CT scans.  

 

 

Fig. 9. Post-operative CT scans of the zygomatic donor site. A. Coronal projection. The 
zygomaticofacial nerve (arrow) on the right zygoma. Line on the left side showing the 
measurement from the orbital floor to the zygomatic donor site. B. Sagittal projection. The 
distance from the donor site to the zygomaticofacial nerve (0.6 cm). C. Axial projection 
showing the zygomatic donor defects. 

4.3.2  Clinical operations 

Study IV consisted of the introduction of a new technique for intra-oral zygomatic bone 
harvesting. The technique was described in detail and the first three patient cases 
reviewed.  



 47

Between June 2001 and July 2002, thirty-two consecutive patients who underwent 
bone grafting from the zygomatic bone and simultaneous one stage dental implant 
placement, were included in study V. The study sample consisted of 12 males and 20 
females with a mean age of 26.8 years (range: 16 to 61 years). This prospective study 
also included the three patients from study IV. 

All operations were performed by the same surgical team. The patients were informed 
that bone graft harvesting might be necessary during the operation. Patients who were 
operated on under general anesthesia were informed that a bone graft would be harvested 
from either the anterior iliac crest or from an intra-oral donor site. Local anesthesia was 
used in 7 cases, and in 20 cases local anesthesia was combined with nitrous oxide 
sedation. Five procedures were performed under general anesthesia. Dental implant 
placement and simultaneous bone grafting with a zygomatic bone graft were done in 
every operation. There was no need to harvest bone from an extra-oral site in any of the 
cases in study V. 

After dental implant placement a bone graft was harvested from the zygomatic bone. A 
total of 33 zygomatic bone harvests were performed. A trephine bur (Nobel Biocare, 
Gothenburg, Sweden), round bur or implant spiral drills (Straumann A.G., Waldenburg, 
Switzerland) in a straight handpiece were used to harvest bone from anterior aspect of the 
zygomatic bone. All drilling of bone was done using copious saline irrigation. The 
irrigant was suctioned through the bone collector to harvest bone slurry (Fig. 10). In two 
cases bone was harvested with a 4.6 mm trephine drill (Nobel Biocare, Gothenburg, 
Sweden) (Fig. 11a, b) and minced with a bone mill (Osteodisc®, GenSci, Irvine, 
California, USA). In 22 cases bone was harvested with 3-4 mm round burs. When round 
burs were used bone was shaved from the anterior part of the zygoma and the drilling was 
extended in to the body of zygoma (Fig. 11c). In 9 cases bone was harvested with implant 
spiral drills (Fig. 11d) (Straumann A.G., Waldenburg, Switzerland) and round burs. When 
harvesting was completed, the area was rinsed with saline. The incision was closed with 
running resorbable sutures (Vicryl Rapid®, Ethicon, France). Complications encountered 
during the harvesting procedure were recorded. Mouth rinsing with 0.12 % chlorhexidine 
gluconate was prescribed for each patient two times daily for two weeks post-operatively. 
Amoxicillin 500 mg three times daily was prescribed for one week, and for penicillin 
allergic patients clindamycin 300 mg three times daily for seven days was used. For pain 
500 mg acetaminophen with 30 mg of codeine three times daily was prescribed. 

Follow-up visits included extra- and intra-oral examinations. Possible paresthesia of 
the skin innervated by the infraorbital and zygomaticofacial nerves was tested with a 
sharp probe. On the first follow-up visit 1 to 2 weeks post-operatively, the patients were 
interviewed and asked to describe the amount and duration of swelling, bruising, and the 
duration of use of pain medication. 
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Fig. 10.  The custom made bone collectors which were used in the studies IV and V. 

 

Fig. 11. Bone harvesting from the zygomatic bone with three different techniques. A. Bone 
harvesting with the trephine bur on a straight handpiece. B. Two trephine holes (4.6 mm 
diameter) drilled lateral to the maxillary sinus. C. A donor site after round bur harvesting 
from the right zygomatic bone. D. Bone is harvested with implant spiral drills.  
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4.4  The volume of bone graft harvested from the zygomatic bone 

4.4.1  Bone graft volume measurements in cadaver specimens 

The zygomatic bone was harvested bilaterally from all cadavers, producing a total of 40 
surgical sites. The numbers of harvested bone cores were recorded. All bone was stored 
in plastic bags, which were sealed and marked.  

After weighing with a scale (Denver Instrument M-220D, Max 31 g, min 1 mg, 
d1=0.01mg), the bone graft samples were particulated with a small rongeur. The bone 
graft was placed into a 3 ml syringe and compressed with digital forces (Fig. 12). The 
volume of this measurement was recorded as Volume 1. A glass tube with 0.1 ml 
calibrations was used for water displacement volumetry. The bone graft was placed into 
the tube, and 3 ml of distilled water was added (Fig. 13). The result of this measurement 
was recorded as Volume 2. 

After the bone graft harvesting, nine cadaver skulls (specimens 12-20) were examined 
with a CT scan. The entire zygomatic bone was evaluated using CT scans in three 
different planes in order to assess the completeness of bone harvesting. 

Fig. 12. The particulated bone from the zygoma compressed into a syringe for volumetric 
measurement (Volume 1). 
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Fig. 13. The bone placed into a glass measure and 3 ml of distilled water added for 
displacement volumetric analysis (Volume 2). 

4.4.2  Bone graft volume measurement in clinical operations 

The volume of bone harvested from each zygoma was measured using a syringe (Fig. 14) 
or a scaled plastic cup. Bone from the implant preparation sites was also used for 
recipient site bone grafting but not included in the bone graft volume measurements.  

Fig. 14. Particulated bone graft packed into a syringe for volumetric analysis. After the 
measurement the graft is injected on to gauze and prepared for grafting. 
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4.5  Simultaneous one-stage implant placement and bone grafting 
with particulated bone 

4.5.1  Prospective clinical study 

Thirty two consecutive patients who underwent bone grafting from the zygomatic bone 
and simultaneous one stage dental implant placement, were included in the study. The 
pre-operative examinations included a panoramic tomograph, plaster study casts and 
photographs. A guiding splint was made to aid optimal implant positioning. The etiology 
of edentulism resulting in the need for implant treatment in each patient case is 
summarized in Table 1. 

Table 1. Etiology of edentulism in 32 patients, who were treated with bone grafting and 
dental implants. 

Diagnosis n 
Cleft lip and palate 10 
Oligodontia 9 
Trauma 6 
Acquired edentulism  4 
Odontogenic keratocyst 2 
Hypoplastic dentition due to irradiation as an infant 1 

After the administration of local anesthetic, a crestal incision was made at the edentulous 
site and continued in the marginal sulcus on the buccal and palatal side of the teeth. 
Relieving incisions were not used unless necessary for access. Once the alveolar crest 
was exposed, implant bed preparation proceeded. Bone chips from the implant 
preparation site were collected using a custom made bone collector. The implant shoulder 
was placed close to the crest of the alveolar bone and a cover screw was selected 
depending on the soft tissue thickness to achieve one stage placement. All implants, with 
the exception of two, were done as a one stage procedure (non submerged). All 82 
implants used were solid screws with a large grit sand-blasted and acid etched surface 
(SLA®) (ITI® Dental Implant, Straumann A.G., Waldenburg, Switzerland). In 17 sites 
3.3 mm diameter implants (length 10-14 mm) were used; in 44 sites 4.1 mm diameter 
implants (length 10-14 mm) were used; and in 21 sites 4.8 mm diameter implants (length 
8-14 mm) were used. A bone graft was needed in 72 implant sites. Table 2 summarizes 
the type of the bone graft needed, or a description of the original bone defect at the 72 
implant sites. 
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Table 2. Bone graft use and recipient defects at 72 implant sites.  

Description of recipient site n 

Apical fenestration of implant 22 
Apical fenestration and marginal palatal bone defect 4 
Apical fenestration and gap in an implant socket  2 
Lack of cancellous bone in an implant socket 1 
Marginal buccal exposure of implant 29 
Marginal buccal and palatal exposure of implant 3 
Marginal buccal exposure and osteotome sinus augmentation 4 
Osteotome sinus augmentation procedure 5 
Sinus floor augmentation procedure 2 

The bone graft collected from the zygomatic bone and implant osteotomies was dried 
between layers of gauze producing a mouldable particulate graft which could be adapted 
easily to irregularly shaped bony defects. Bony defects around the implants were covered 
with tightly packed bone chips. Marginal and apical defects were grafted if at least 3 mm 
of the implant’s threaded SLA® surface was exposed. In situations where the maxillary 
sinus was pneumatized and reduced the posterior maxillary alveolar height to 6-8 mm, 
the implant site was prepared with osteotomes (Straumann A.G., Waldenburg, 
Switzerland) for partial sinus floor elevation as described by Summers (Summers 1994c). 
The sinus floor was augmented with a particulated bone graft before implant insertion. In 
two cases where implant stability was not achieved primarily, the bone graft was used to 
fill the gap between the alveolar bone and implant and also to graft the apical 
fenestration. In one case where the implant socket had a lack of cancellous bone the bone 
graft was packed into the socket before implant insertion. In two implant sites where the 
maxillary sinus was pneumatized and reduced the alveolar height to less than 6 mm, a 
standard sinus floor augmentation through a lateral window approach with simultaneous 
one stage implant placement was performed (Boyne & James 1980, Lundgren et al. 
1996). The implant sites were closed with resorbable interrupted sutures (Vicryl Rapid®, 
Ethicon, France).  

A minimum of 4 months was permitted to elapse following placement before the 
implants were restored. During restoration, all implants were subjected to a torque of 35 
Ncm using a hand-held torque wrench (Straumann A.G., Waldenburg, Switzerland). 
Panoramic tomographs and photographs were taken following restoration. Patients were 
followed after prosthodontic restoration for possible implant failures and other 
complications. 

4.6  Statistical analysis 

In study I the mean values for each drill and collecting sieve were calculated. In study II 
the mean values of the harvests were calculated and Analysis of Variance was used to 
analyze the mean harvests. The results were also evaluated with Tukey-HSD test with 
significance level 0.050. 
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In the bone graft volumetric measurements (study III) an arithmetic mean of volumes 
and weights were calculated for each cadaver of the harvests and measurements of the 
left and right sides (Volume 1, Volume 2, and weight of the bone harvests). The mean 
values of each cadaver were used to calculate the mean values and empirical standard 
deviations of the whole series. The measured dimensions of the zygomatic bone from 
cadaver operations and from CT scans were used to calculate the mean values and 
standard deviations. 

In study V the mean values and the standard deviations were calculated from volumes 
of bone harvested from each zygoma. The mean values and standard deviations in study 
V were calculated for the duration of swelling and for the duration of the pain medication 
used. 
 



5 Results 

5.1  Development and comparison of bone collectors and bone 
harvesting drills 

In study I using the finest-pore size, the sieve clogged quickly in approximately of 45 
seconds with bone powder and chips, and suction became impossible. The mean weights 
of three consecutive harvests of bone chips over periods of about 45 seconds varied from 
0.71 to 1.25 g, using various burs. Fewest bone chips during 60 seconds of drilling were 
found on the sieve with the largest holes. The mean harvest varied between 0.14 and 0.59 
g. Most bone chips were obtained with the sieve with 0.50 mm diameter holes. The mean 
harvest using this sieve with different drills was 1.27 to 1.64 g. The difference between 
drills was small but HM 77 SX 060 and HM 77 G 070 were the best in this study. Drills 
HM 77 GX 060 and 77 080 were also quite effective, especially when the sieve with 0.50 
mm diameter mesh was used (Fig. 15). 

Bone chips obtained with drill HM 77 SX 060 ranged in diameter from 400 to 500 
µm, those using bur HM 77 GX from 200 to 300 µm, those using bur HM 77 G 070 from 
300 to 400 µm, and those using bur 77 080 from 200 to 400 µm. 

In study II the results of five test rounds is displayed in Figure 16, showing the mean 
harvests of each collector. The gain with the OCT® (Quality Aspirators, Duncanville, 
Texas, USA) ranged between 0.85 to 1.25 g (mean 1.03 g), but the sieve became quite 
easily blocked and suction became impossible. In two test rounds the OCT® collector 
became clogged in 20 seconds. The mean weight of five consecutive bone harvests with 
the Frios® (Friatec, Mannheim, Germany) was 0.84 g. The Frios® became blocked four 
times during 30 seconds of drilling. The harvests ranged from 0.35 to 1.45 g. 

Using the sieve with smaller diameter pores (0.36 mm) in Model I, the mean harvest 
was 1.47 g. Harvests ranged from 1.18 to 1.98 g. With this sieve the bone collector 
clogged once during the tests. Most chips were obtained with Model I with the larger 
pore diameter (0.50 mm). The mean harvest with this sieve was 1.48 g and harvests 
ranged from 1.12 to 1.88 g. The mean harvest with Model II was 1.06 g and the range 
was from 0.58 to 1.64 g.  
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Analysis of variance shows the differences between the different collectors. The mean 
values of the Model I (with large and small net) and the Frios® bone collector differs 
significantly by the Tukey-HSD test. The other collectors can not be ranked by this test. 

Fig. 15. Mean harvests of bone chips using different burs and sieves (Study I). Each bar is the 
mean of three tests. 

Fig. 16. The results of the tests are shown with rings and the mean of the five rounds are 
marked with a line (Study II). 
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5.2  Safety and morbidity of intra-oral zygomatic bone harvesting 
procedure 

5.2.1  Cadaver study 

5.2.1.1  Pre-operative CT scan and intra-operative measurements 

Study III permitted the following measurements from the cadaver model. The average 
clinical height of the zygomatic bone at the level of the trephine holes was 22.5 mm ± 
2.4, and the distance from the trephine holes to the orbital rim was 6.3 mm ± 0.9 and that 
to the inferior zygomatic rim 4.4 mm ± 0.7 (Specimen 1-20). The height of the zygoma in 
the CT-scanned specimens was 21.2 mm ± 2.7. The mean length and thickness of the 
zygoma in the CT scans were 32.2 mm ± 4.6 and 9 mm ± 1.7, respectively (Specimen 
12-20) (Table 3).  

Table 3.  Mean dimensions of zygomatic bone as measured clinically in 20 cadavers (40 
sites) and with CT scans in 9 cadavers (18 sites).  

Measurement direction Clinical measurement (n=20) CT measurement (n=9) 
Height 22.5 mm ± 2.4 21.2 mm ± 2.7 
Thickness - 9 mm ± 1.7 
Length - 32.2 mm ± 4.6 mm 

5.2.1.2  Post-operative clinical observations and CT scan measurements 

In study III clinically observed perforations into the maxillary sinus during zygomatic 
bone harvesting occurred at 15 of the 40 sites, and this was confirmed with both post-
operative CT scans (18 sites, specimens 12-20) and clinical examinations (40 sites, 
specimens 1-20). No perforations through the orbital floor were noted. The average 
distance from the zygomatic donor site to the orbital floor was 5.6 mm ± 1.9, as measured 
from CT scans. Seven minor perforations into the infratemporal fossa occurred during 
curettage, but none of these perforations penetrated through the periosteum (Table 4). The 
CT scans at two zygomatic sites showed the distance from the donor site to the 
zygomaticofacial nerve to be 1-2 mm. The authors felt that a neurosensory deficit could 
be caused by harvesting bone in such close proximity to the zygomaticofacial nerve. Safe 
margins to the infraorbital nerve were preserved in all cases (Table 5).  



 57

Table 4. Perforations into neighboring structures during harvesting of trephine cores. 
Analysis of clinical observations and CT scans in study III. 

Location Perforation Percentage without perforation 
Maxillary sinus 15 62.5 % 
Infratemporal fossa 7 82.5 % 
Orbit 0 100 % 

Table 5. Damage to the infraorbital (ION) and zygomaticofacial nerves (ZFN) during the 
harvesting of trephine cores from the zygoma. The analysis was made from CT scans 
(n=18 sites). 

Nerve Potential nerve damage Percentage without potential nerve damage 
ION 0 100 % 
ZFN 2 89 % 

5.2.2  Clinical study 

Study IV introduced the clinical technique in three patients and the results were 
favourable enough to stimulate further prospective research. A total of 33 zygomatic 
donor sites were used in 32 patients in study V. In one case bone was harvested bilaterally 
from both zygomas to perform bilateral sinus floor augmentation procedures. The only 
intra-operative complication encountered in this study group was perforation of the 
maxillary sinus, which occurred in 11 zygomas (33 %). The diameter of the perforations 
ranged from 2 to 5 mm. None of these patients experienced any post-operative problems 
due to perforation. Sinus perforation occurred in both of the two zygomas (100 %) in 
which a trephine bur was used for harvesting, in 8 of the 22 zygomas (36 %) in which a 
round bur was used for harvesting, and in 1 of the 9 zygomas (11 %) in which implant 
spiral drills were used for harvesting. Patients who underwent zygomatic bone harvesting 
under local anesthesia tolerated the procedure well, and none of them experienced any 
pain intra-operatively. 

At the first follow-up visit, the sensory nerve function in the distribution of the 
infraorbital and zygomaticofacial nerves was normal in all patients. Eight of the patients 
(25 %) developed post-operative bruising over the donor site area. The mean duration of 
post-operative swelling as reported by the patients was 4.5 days (range: 0 to 12 days; SD 
2.34). Post-operative pain medication was used for a mean duration of 4 days (range: 1 to 
9 days; SD 2.08). There were no post-operative infections in any of the bone graft 
recipient or donor sites. After 3-4 weeks there was no soreness of the donor sites when 
the zygoma area was palpated extra-orally, and the donor defect was not palpable.  
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5.3  The volume of bone graft harvested from the zygomatic bone 

5.3.1  Cadaver study 

The average number of harvested trephine cores at each of the 40 sites was 3.2 ± 1.2. The 
volume of the harvested zygomatic bone ranged from 0.2 to 1.4 ml (Volume 1 = volume 
measured with the syringe) and from 0.2 to 1.3 ml (Volume 2 = volume measured with 
the water displacement method). The average volumes were 0.59 ml and 0.53 ml, 
respectively. The weight of the graft ranged from 0.32 to 1.72 g, and the average weight 
was 0.72 g. The volumes and weights of the bone harvested from the zygomatic bone are 
listed in Table 6.  

The CT scans showed that it would have been possible to harvest more bone from 12 
of the 18 zygomatic donor sites. The residual bone for harvesting was usually available in 
the inferior part of the zygoma. 

5.3.2  Clinical study 

Together with relatively minimal contribution from the implant osteotomies, the zygoma 
yielded sufficient quantities of bone to complete the required reconstructions in all 32 
cases. The average zygomatic bone graft volume was 0.90 ml (SD 0.30) (Table 6). The 
graft volumes ranged between 0.5 to 1.5 ml from each zygomatic donor sites. 

Table 6. Volumes and weights of harvests from zygomatic bone in cadaver and clinical 
study (mean=x, standard deviation=SD, Volume 1=measured with the syringe, Volume 
2=water displacement method).  

Mean ± SD Clinical bone 
graft volume 

Cadaver bone graft 
(Volume 1) 

Cadaver bone graft 
(Volume 2) 

Cadaver bone graft 
weight 

X ± SD 0.90 ml ± 0.30 0.59 ml ± 0.25 0.53 ml ± 0.26 0.72 g ± 0.32 

5.4  Survival of dental implants with simultaneously placed 
particulated bone grafts 

Zygomatic bone grafting was employed at 72 of the 82 implant sites in this series. Three 
of the grafted implants lacked primary stability. At restoration, two of the three implants 
lacking primary stability were found to be loose. Success rates of the implants are 
summarized in Table 7. The mean follow-up time after the surgery was 26.9 months (18-
30 months) and after the prosthetic loading was 19.4 months (11-23 months). During 
follow-up time there were no other implant losses. 
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Grafted sites healed remarkably well without signs of irritation from the bone graft to 
the soft tissues, and no obvious signs of graft resorption were noted during the follow-up 
period. 

Table 7. Survival rates of the dental implants after the mean follow-up time of 19.4 
months (range: 11 to 23 months) after prosthetic loading. 

Implants Osseointegrated implants (%) Failed implants (%) 

Implants with grafts (n=72) 70 (97.2 %) 2 (2.8 %) 
Implants not requiring grafts (n=10) 10 (100 %) 0 (0 %) 
Total (n=82) 80 (97.6 %) 2 (2.4%) 
 



6 Discussion 

6.1  Development and comparison of bone collectors and bone 
harvesting drills 

The main object of testing bone collectors with different sieves and drills was to find an 
optimal combination of drill and bone collector to collect bone from the intra-oral donor 
sites. The bone slurry from the collector can be used for example in sinus floor and 
alveolar augmentation procedures (Boyne & James 1980, Lundgren et al. 1996, Widmark 
& Ivanoff 2000). Harvesting of such grafts from intra-oral donor sites has several 
advantages. The graft is derived from membranous bone, which may not resorb as 
quickly as endochondral bone grafts (Koole et al. 1989, Sindet-Pedersen & Enemark 
1990, Scott & Hightower 1991, Manson 1994). Harvesting bone from the extra-oral 
donor sites such as iliac crest has several disadvantages compared to intra-oral bone 
harvesting. Pain, delay in ambulation, blood loss, hematoma, seroma and paresthesia 
have been reported and harvesting bone from the iliac crest requires general anesthesia 
(Marx & Morales 1988, Sindet-Pedersen & Enemark 1990). Intra-oral bone graft 
harvesting can be performed under local anaesthesia and complications and post-
operative discomfort as seen after harvesting from distant sites such as the iliac crest do 
not occur (Sindet-Pedersen & Enemark 1990, Lundgren et al. 1996, Misch 1997, Clavero 
& Lundgren 2003). The nature and the origin of the bone graft may also have some 
influence on the graft survival. Lundgren used particulated bone harvested from the 
mandibular symphysis for maxillary sinus floor augmentation. They found an increased 
net volume fraction of bone over a healing period of 6 months without loading of the 
implants. They hypothesized that particulation of the graft is also a factor with a positive 
influence on the preservation of the graft (Lundgren et al. 1996).  

The results of these studies show that bone chips can effectively be harvested using 
bone collectors. The bone collectors are connected to a conventional suction device and 
they can be re-sterilized. In study I the best harvest was obtained using the sieve with a 
medium-sized mesh (0.5 × 0.5 mm). The sieve with the finest mesh (0.355 × 0.355 mm) 
can be recommended when small amounts of bone chips are needed, for example to fill 
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space under a guided bone regeneration membrane. The sieve with the finest pore size 
can also be used to collect bone chips from the implant osteotomies. 

The drills tested in study I produced relatively similar amounts of bone chips with the 
different sieves. The drill HM 77 SX 060 (Meisinger, Germany) produced the most bone 
chips with the tested sieves. This drill is made of hard metal and its cutting blades are 
bigger than in the other tested drills. The histology revealed that the mean size of bone 
chips with this drill were larger (400-500 µm) than with the other drills. The drill HM 
77SX 060 was therefore chosen for use in the study II. 

In study II the same bone collector as described in study I was used. The best 
combination of stainless steel sieves and drill were used in a study where this Model I 
was compared to two commercially available bone collectors. Also a new custom made 
model with a different chamber design and a cone shaped sieve (Model II) was included 
in the study. Comparison of four different bone collectors in an in vitro study showed that 
all collectors are usable in clinical situations but their effectiveness varies. The OCT® 
collected bone chips and powder effectively, because the slots in its sieve are very small. 
The problem with this collector was that it became clogged quite easily. The best 
indication for the OCT® could be during implant bed preparation and when only a small 
amount of bone is needed. 

The Frios® collected bone chips quite effectively but it also became clogged quickly. 
The advantage of this collector is that the collected bone can easily be removed from the 
sieve and the collector can be quickly reconnected. The Frios® is easy to use but the 
disposable filter makes its use more expensive than the use of custom made models 
whose filters can be re-sterilized.  

One potential problem occurs when bone is harvested, and there is concomitant 
bleeding in the operative field. Suctioning blood will clog some bone collectors fairly 
quickly and bone procurement becomes minimal (Young et al. 2002b). Young et al. have 
tested the Frios® and the OCT® in a clinical study which involved 38 patients. The 
patients underwent bone collection with the Frios® bone collector or the OCT® 
according to a randomisation sequence. During surgery, the Frios® bone trap became 
blocked once and the OCT® 11 times. In all cases where blockage occurred, excess blood 
coagulum was apparent. All the samples that were collected by the Frios® bone trap 
contained bone and coagulum, with a mean proportion of 90.6% bone. With regard to the 
OCT®, one sample contained no bone and two samples contained only trace amounts of 
bone; the remaining samples contained a mean proportion of 67.3% bone. The pore size 
affects both clinical performance and the histological composition of the debris collected, 
and this might have important implications if the trapped debris is used as an 
augmentation material (Young et al. 2002b). In study II there was no blood in the 
operative field but still the OCT® was found to become blocked quickly. The Frios® also 
became blocked quickly in this study (study II), probably because the volume of the 
harvested bone was fairly large. 

During intra-oral bone harvesting there is always a risk for bacterial contamination of 
the graft and especially with these suction connected bone collectors it is possible to 
contaminate the graft by aspirating saliva during the harvesting procedure. The 
contamination from saliva does not necessarily affect bone graft survival but it should be 
avoided. During the bone harvesting it is advisable to have a second suction line available 
for cleaning the mouth of saliva and blood (Young et al. 2001, 2002a, Blay et al. 2003). 
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Pre-operative chlorhexidine mouthrinse has been shown to reduce the yield of bacterial 
contaminants in bone graft collected with bone collectors (Young et al. 2002a). 

The main indication for the use of these bone collectors is the harvesting of bone chips 
for dental implant related surgery. Preparation of the implant bed and simultaneous 
alveoloplasty produce bone chips which are produced under ideal conditions, with 
copious irrigation and sharp burs. The amounts of bone obtained with these collectors 
make their use favourable for smaller bone grafting operations, for example alveolar 
ridge augmentation, sinus floor augmentation and to cover exposed implant surfaces 
(Haessler et al. 1995, Widmark & Ivanoff 2000, Blay et al. 2003). If more bone is needed 
harvesting can be repeated several times at different donor sites. The amount of bone 
obtained in study I during one minute drilling was estimated to be sufficient for a 
unilateral sinus floor augmentation.  

Model I with two different nets was the most effective collector in the in vitro studies. 
The volume of the chamber in this collector is bigger compared to the commercial ones 
and the sieve diameter is larger with a choice of two sizes. Model I can probably aspirate 
irrigation and bone chips with the same efficiency during the whole test period. In Model 
II the slot diameter in the sieve are too large (0.8 × 0.8 mm) and only the bigger bone 
chips and spicules are harvested. Model II could be usable in harvesting bone from the 
iliac crest using a minimally invasive approach. 

After these in vitro studies the custom made collectors were developed further and 
they were used in the later parts of this study. The custom made collector, used in a 
prospective clinical study (V) (Fig. 17), have the same sieve pore size as in Model I, 0.50 
mm and 0.355 mm, and these sieves can be used as separate sieves or stacked in 
combination at the same time inside the collector. The chamber size is also bigger in the 
revised collector used in study V than in Model I in studies I and II. The sieve used in 
study V was also modified to be bowl shaped. 

Fig. 17. The bone collector opened and showing two bowl-shaped collecting sieves with 
different pore sizes (0.50 and 0.355 mm). The sieves can be used in a stacked arrangement in 
the collector at the same time. 
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6.2  Intra-oral zygomatic bone graft harvesting 

To the author’s knowledge, the use of zygomatic bone as donor tissue for alveolar bone 
grafting has not been previously reported. In 1985 Wolford and Cooper described a 
technique to harvest a cortical bone block from the zygomatic eminence and arch during 
Le Fort I osteotomy. They found it to be easy to harvest a 1 cm by 1.5 cm graft from this 
area without an untoward esthetic or functional deficit in the donor site (Wolford & 
Cooper 1985).  

As noted in studies IV and V the surgical approach to the zygomatic bone area is 
rather simple thru a short incision of the maxillary vestibule. The surgeon must identify 
the opening of the parotid duct and during dissection the buccal fat pad should be 
avoided. A round bur can be used to harvest bone by initially grinding on the most lateral 
portion of the anterior maxillary wall. Once the sinus border is identified by trimming the 
bone of the anterior maxillary wall down to it, bone harvesting can be continued lateral to 
the maxillary sinus. A fibre optic light could be useful as a guide in identifying the 
maxillary sinus, when this procedure is performed clinically, although no such light was 
used in this study. 

In cadavers the bone harvesting was done with the trephine drill (Nobel Biocare, 
Gothenburg, Sweden) and the same drill was used in the first two clinical operations. In 
both of these operations, the trephine drill created small perforations to the maxillary 
sinus. Even though the perforations did not cause any post-operative problems for the 
patients the harvesting technique was modified. After the first two patients, the bone 
harvesting was accomplished with round burs. The round bur harvesting was found easier 
than trephine drill harvesting, especially in cases where the zygomatic bone was smaller 
in size. The third technique for bone graft harvesting in this study was to use implant 
spiral drills. These drills seem to produce larger diameter bone chips, which are 
efficiently collected with the bone collector. Also the spiral drills produced fewer 
perforations to the maxillary sinus than the other two techniques. 

6.3  Safety and morbidity of zygomatic bone harvesting 

The safety and complications of harvesting bone material from the zygomatic bone were 
evaluated in study III and V. Complications during the cadaver harvesting at the 40 sites 
included 15 perforations into the maxillary sinus and 7 perforations into the infratemporal 
fossa. All perforations into the maxillary sinus and the infratemporal fossa were less than 
5 mm in diameter. In the clinical study, the perforation to the maxillary sinus occurred in 
33 % of the donor sites. During the maxillary osteotomies large perforations of the 
maxillary sinus occurs and these usually heal without problems. Perforation of the sinus 
membrane during sinus floor augmentation generally does not cause infection if proper 
antibiotic coverage is used (van den Bergh et al. 1998, Raghoebar et al. 1999). 

Nine cadaver skulls could be analysed with pre- and post-operative CT scans. None of 
the infratemporal fossa perforations breached the periosteum, making potential 
haemorrhage from this area unlikely. The infraorbital and zygomaticofacial nerves were 
intact on all scanned specimens. The zygomaticotemporal nerve area was also examined 
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from the CT scans, but this nerve is located so superiorly that its injury is unlikely with 
this harvesting approach. The distance from the donor area to the zygomaticofacial nerve, 
which might be most susceptible to damage, was over 5 mm in most cases. At two donor 
sites, however, the distance to the zygomaticofacial nerve was only 1-2 mm. These two 
sites were therefore judged to involve a risk for injury. The zygomaticofacial nerve is a 
sensory nerve, and damage to it could result in paresthesia of the malar skin area. No 
perforations through the orbital floor occurred, and the average distance between the 
donor site and the orbital floor was 5.6 mm.  

The prospective clinical study (study V) examined intra-operative complications, 
donor site morbidity, and patient discomfort during the post-operative healing phase after 
simultaneous bone grafting with zygomatic bone and dental implant placement. Patients 
needed pain medication for a mean time of four days, and generally, it was difficult for 
them to decide which of the sites was more painful, the donor or recipient site. The usual 
finding after surgery was moderate swelling which resolved with a mean duration of 4.5 
days. Patients did not demonstrate any paresthesias or altered sensations in the donor site 
area.  

The mandibular symphysis is the largest intra-oral donor site, but the major 
disadvantage with its use is the potential for post-operative altered sensation of the teeth 
and chin area. In a recent study 43 % of the patients (n=21) reported a decreased 
sensibility in the symphyseal donor site. In 7 patients the paresthesia persisted, and 4 of 
these 7 patients also reported meteorotropism (weather-dependent discomfort) 
(Raghoebar et al. 2001a). Nkenke et al. confirmed these findings in a prospective study in 
which 8 of 20 patients had sensory disturbances on the chin area one month following 
chin bone harvesting. Sensory disturbances resolved in most cases during 12 months of 
follow-up, but in one patient paresthesia, and in two patients hypoaesthesia and 
hypalgesia, remained until the twelfth month (Nkenke et al. 2001). Clavero and Lundgren 
had similar results in the mandibular symphysis donor area. They compared mandibular 
symphysis and ramus areas and found much less morbidity and complications in the 
mandibular ramus donor sites (Clavero and Lundgren 2003). The mandibular ramus area 
has been shown to be a reliable source of cortical bone and fairly large defects can be 
grafted with bone blocks harvested from the ramus with minimal morbidity and few 
complications (Misch 1997, Nkenke et al. 2002, Clavero & Lundgren 2003).  

Possible complications in harvesting ascending ramus bone are the injuries to molar 
teeth and mandibular fracture. It is possible to harvest a bicortical bone block from the 
mandibular symphysis but it cannot be recommended, because this may cause more post-
operative complications including excessive bleeding, fracture of the mandible and sleep 
apnea by loss of the genioglossus muscle insertion. Although these complications have 
not been reported, it must not be forgotten that such injuries may occur during the 
operation or the post-operative period. These problems can be minimized if the surgeon 
has a clear understanding of mandibular anatomy. 

According to the results of studies III and V the complications and morbidity are 
minimal after zygomatic bone harvesting and the zygomatic bone can be regarded as a 
safe intra-oral bone harvesting donor site. The only intra-operative complication in this 
clinical study was perforation to maxillary sinus in 33 % of the zygomatic sites and none 
of these patients experienced any post-operative problems. The safest technique with 
respect to the maxillary sinus perforation was bone harvesting with implant spiral drills. 
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When implants are placed in the maxilla and bone grafting is needed, it is more 
convenient and potentially less morbid harvest the graft from the neighbouring zygomatic 
area than, for example, from the mandible. 

6.4  The volume of bone harvested from the zygomatic bone 

In the cadaver model used in this study, the average yield of bone harvested at the 
zygomatic site was measured to be 0.59 ml (Volume 1 = measured with the syringe) and 
0.53 ml (Volume 2 = measured with the water displacement method). In a clinical study 
the average zygomatic bone graft volume was 0.90 ml. Previous studies have not 
quantified the bone volumes required to reconstruct alveolar defects prior to or 
simultaneously with the placement of dental implants. Using a hypothetical implant site, 
it was assumed that the alveolar bone required to house an implant fixture (3.5-4.2 mm in 
diameter) should be 7 mm in mesio-distal length and 6 mm in bucco-lingual width. 
Although the length of an implant can be chosen to vary within 6-14 mm, the implant 
needed for a single tooth restoration could be assumed to be 10 mm in length. For the 
purposes of this study, a small defect was defined as a single tooth area with a narrow 
ridge with or without adequate ridge height. The maximum dimensions of this defect 
were assumed to be 7 mm in length, 5 mm in width and 12 mm in height. Based on these 
estimated dimensions, the authors calculated that a bone graft volume of 0.42 ml would 
be needed to fill a small defect (0.7 cm x 0.5 cm x 1.2 cm = 0.42 cm3 = 0.42 ml). A 
medium-sized defect was defined as having the length of 2 to 3 teeth. The dimensions of 
this defect were assumed to be 14 to 21 mm in length, 5 mm in width and 12 mm in 
height. This corresponds to a bone volume of 0.84-1.26 ml. 

Volumes 1 and 2, in the cadaver study III are close to the volume required to fill a 
small alveolar defect. The largest volume in the range of harvested sites was 1.4 ml, 
which could fill even medium-sized defects. Eleven out of the 40 harvested sites in study 
III produced more than 0.8 ml of bone and would fill the defects of two implant sites. In 
the clinical part of the study (studies IV and V), the zygoma yielded sufficient quantities 
of bone to complete the required reconstructions in all 32 patient cases. The mean volume 
of the zygomatic bone harvest was 0.9 ml (SD 0.30). In the study group a 0.9 ml graft 
was sufficient to reconstruct the alveolar defects around 2-3 implants. Bilateral sinus 
floor augmentation for one implant on each side required 1.5 ml of bone from each 
zygoma in addition to 0.6 ml of bone from implant osteotomies. 

The zygomatic bone is a rather large donor site. The measurements made during the 
surgical procedures and from the CT scans indicate that the average thickness of the 
zygomatic bone was 9 mm, ranging from 6 to 12 mm. The average length of the 
zygomatic bone was 32.2 mm (CT scan) and the average height 21.2 mm (CT scan) or 
22.5 mm (clinical measurement). In a study by Nkenke et al. the anatomy of zygomatic 
bone was evaluated for zygomaticus implant placement. Thirty cadaver zygomatic bone 
specimens were examined by quantitative CT scans. The average medio-lateral thickness 
was less pronounced for the female group (7.60 mm) than in male group (8.00 mm), 
which corresponds well to the current study. The average anterior-posterior length was 
about 25 mm. The zygomatic bones in this study were separated from the facial skeleton 
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and this probably accounts for the difference between Nkenke´s study group and the 
group in the current study (study III) (Nkenke et al. 2003).  

Residual, non-harvested bone at the cadaver donor sites was estimated from CT scans, 
to see if it would have been possible to harvest more bone without damaging the 
surrounding tissues. Twelve out of eighteen sites showed that larger harvests could have 
been possible. The remaining bone was found mostly in the inferior part of the zygoma. 
For technical reasons, the authors were not able to use a suction-operated bone collector 
during the cadaver harvesting procedures. It was estimated, however, that at least 20-25 
% more bone could have been harvested by using suction traps during the drilling and 
curettage.  

The cadavers used in this study were from an elderly population being moderately 
atrophic, and their bone exhibited early signs of deterioration. The bone harvesting 
surgeries were done during two sessions, and the yield from the zygomatic bone harvest 
sites was remarkably better during the second session (specimens 12-20). The average 
Volume 1 of the first session (specimens 1-11) was 0.44 ml and that of the second session 
0.76 ml. This can be explained by the researchers’ learning curve. In addition, the quality 
of the cadaver specimens was better in the second session.  

In a clinical study by Misch the average volume of a mandibular symphysis graft was 
1.74 ml, and a retromolar graft was 0.9 ml (Misch 1997). The average bone volume from 
the zygoma of 0.9 ml (study V) compares favorably to a retromolar bone graft, and is 
roughly half the volume of the symphysis. Montazem and co-workers measured the 
quantity of bone in the mandibular symphysis in dentate adult cadavers. The average 
monocortical bone harvest was 4.84 ml when a 5 mm safety margin from the donor site to 
the tooth apices, the mental foramen and the inferior border of the mandible was 
maintained (Montazem et al. 2000). In another study, 26 mandibles with mixed dentitions 
were examined on CT scans to assess the volume of the donor site in the mandibular 
symphysis. The quantification gave an average bone volume of 1 ml, if the buccal and 
lingual cortices were included (Bähr & Coulon 1996). Because the amount of bone 
harvested from the zygoma is less than from mandibular donor sites, the mandibular 
donor sites can be used in larger alveolar reconstructions and zygoma used in cases where 
only moderate amounts of bone are needed.  

The cadaver study showed that yield of the bone graft from zygomatic bone is 
sufficient to reconstruct an alveolar bone defect of at least one or two dental implant sites. 
This finding was confirmed in a clinical part of this project (studies IV and V). The 
quantity of harvested zygomatic bone grafts was sufficient in all patient cases to allow the 
placement of all the planned dental implants.  

6.5  Survival of dental implants with simultaneously placed 
particulated bone grafts 

In this study all the defects in the alveolar bone and around dental implants were too large 
for grafting only with the bone chips from the implant preparation sites. Two of the bone 
grafted implants failed, yielding a survival rate of 97.2 % for bone grafted implants and 
97.6 % for the whole study group. Both of the failed implants lacked primary stability at 
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the time of placement. One of the failed implants had been placed in an edentulous 
maxillary site using an osteotome sinus floor augmentation. The five remaining implants 
placed in this patient’s maxilla osseointegrated succesfully, and the prosthodontic 
treatment was carried out as planned. The other failed implant had been placed into a 
bone grafted mandibular implant socket lacking in cancellous bone. The failure in 
osseointegration was noted 12 weeks post-operatively. That site was re-implanted six 
weeks after the removal of the failed implant and was successfully restored with a crown. 
There were no other implant losses during the mean follow-up time of 19.4 months after 
prosthetic loading. 

When a particulated bone graft is used, the bone should be packed firmly into to the 
defect. The graft is stable when blood has created a clot type adhesion to the graft. The 
incision is easy to close without tension, because the bone chips adapts by the pressure of 
the overlying soft tissues. The particulated bone is supported by the walls of the bony 
defect and the underlying dental implants. In this study barrier membranes were not used 
and the grafts were covered with intact periosteum. Good results with similar techniques 
have been presented (Widmark & Ivanoff 2000, Blay et al. 2003). Widmark and Ivanoff 
covered exposed implant surfaces with bone chips from a bone collector without a 
membrane. The mean bone gain was 81 % in patients with a marginal defect and 82 % in 
patients with a fenestration defect (Widmark & Ivanoff 2000). Blay confirmed these 
findings in their study (Blay et al. 2003). 

Grafted implant sites healed remarkably well without signs of irritation of the soft 
tissues, and no obvious signs of graft resorption were noted during the follow-up period. 
Due to a study design to use bone grafts simultaneously with one-stage dental implants, it 
was not possible to monitor healing of the bone graft using a second-stage implant 
exposure or re-entry operation. The post-operative evaluation of the bone grafts was done 
by palpating the grafted areas. Good healing and bone graft incorporation of exposed 
implant surfaces has been shown previously with a two-stage technique (Widmark & 
Ivanoff 2000, Blay et al. 2003). 

The clinical data presented show that particulated bone grafts harvested from 
zygomatic bone and used with simultaneously placed one stage dental implants are an 
effective and safe method of treating resorbed edentulous alveolar ridges in partially 
edentulous patients. 

6.6  Clinical implications and future prospects 

The results of the use of particulated bone grafts in this study were promising. Bone 
augmentation with a particulated bone graft is a reliable technique when there is a defect 
with supporting bony walls, for example in the sinus floor augmentation. The results have 
been good when the exposed implant surface is covered with a particulated bone graft 
from a suction trap. The surface of a dental implant stabilizes the graft material and might 
enhance its healing potential (Widmark & Ivanoff 2000, Blay et al. 2003). When a 
particulated bone graft is used in a defect without supporting bony walls and 
simultaneous implant placement, the graft is occasionally seen to resorb during the 
healing period. This has been noted in some patient cases treated after the present study 
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and it might be advisable to cover the particulated graft with a GBR membrane. A further 
study, in which a particulated bone graft is covered with a resorbable collagen membrane, 
has already been started. This two-stage approach will allow to monitor the healing and 
resorption rate of the bone graft.  

The harvested graft material from the zygomatic bone is corticocancellous in nature 
but most of its proportion is cortical bone. Lindholm et al. have shown that such a 
cortical graft from the zygoma includes living cells and it is possible to grow vital bone 
cells in culture media in vitro (Lindholm et al. 2003). Corticocancellous bone chips from 
a bone collector have also been shown to be able to preserve vital bone cells with 
osteogenic capacity (Blay et al. 2003). The future scenario would be to preserve some 
bone cells with a bone collector from an oral surgical procedure, such as wisdom tooth 
extraction, and culture and storage the graft for the possible future use. This would make 
it possible to do a bone grafting procedure later with a cultured autogenous bone graft 
which will be both osteogeneic and osteoconductive, and also immunologically safe. In 
the study of Lindholm et al. it was noted that if the bone graft was harvested from an 
implant osteotomy site the bacteria in the bone slurry destroyed the bone cell culture. The 
graft obtained from the zygomatic bone through a “keyhole” approach did not have 
similar infection associated problems and the bone cell culturing was more uneventful 
(Lindholm et al. 2003). Other studies have also noted that when harvesting a bone graft 
for this kind of purposes it is crucial to keep the saliva out of the harvested graft by using 
two suction lines (Young et al. 2001, Blay et al. 2003). 

The bone collectors used in clinical studies have been modified from the models used 
in studies I and II. The most recent collector is equipt with a valve, which can close the 
suction through the collector. This shut-off valve may influence bone cell survival 
because the graft is not desiccated by continuous airflow (Blay et al. 2003). A further 
study concerning the efficiency of the latest bone collector models used in studies IV and 
V has been completed and submitted for publication. The aim of that particular study was 
to compare the performance of two custom made bone collectors and four other already 
available bone collectors.  

The low morbidity of intra-oral bone harvesting compared to extra-oral donor sites has 
been well described (Sindet-Pedersen & Enemark 1990, Jensen & Sindet-Pedersen 1991). 
The complications and morbidity of the mandibular symphysis over the other intra-oral 
donor sites have been highlighted (Raghoebar et al. 2001a, Nkenke et al. 2001, Clavero 
& Lundgren 2003), although some other opinions exist (Cordaro et al. 2002, Cordaro 
2003). From the current literature it can be stated, that the mandibular ramus and 
retromolar area is probably the best choice of intra-oral donor sites for alveolar 
augmentation performed with cortical block grafts. With regards to the current study, it 
shows that the zygomatic bone is a safe donor site with minimal morbidity, convenient 
surgical access and reliable amount of bone, when a corticocancellous particulated bone 
graft is needed in dental implant related surgery. 
 



7 Summary and conclusions 

The following conclusions can be made from the results of the present studies: 
1. The bone collectors used and tested in these studies are suitable and efficient in 

dental implant related bone grafting surgery. The bone collectors designed during 
these studies are more efficient and they have a larger capacity with less blockage 
during bone harvesting when compared to the two other bone collectors. 

2. A new bone graft harvesting donor site, the zygomatic bone, has been introduced in 
this study. A new intra-oral bone harvesting technique was found suitable for dental 
implant related bone grafting surgery. 

3. According to these studies the complications and morbidity are minimal after 
zygomatic bone harvesting. The zygomatic bone can be regarded as a safe intra-oral 
bone harvesting donor site.  

4. The quantity of bone harvested from the zygomatic bone was found sufficient to 
augment a deficient alveolar ridge of one to three dental implant sites. In the clinical 
study the yield of the zygomatic bone graft was adequate in all 32 patient cases. 

5. The clinical data presented show that particulated bone grafts harvested from the 
zygomatic bone and used with simultaneously placed one stage dental implants are 
an effective and safe method of treating resorbed edentulous alveolar ridges in 
partially edentulous patients. 
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