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The replacement of bone is a complex and demanding undertaking. A
brief description of bone’s biology and constitutional elements is helpful
in understanding the challenges that must be met when its replacement by
grafting is the goal. Bone formation occurs when osteoblasts secrete colla-
gen molecules and ground substance. The collagen molecules polymerize
to form collagen fibers. Calcium salts precipitate in the ground substance
along the collagen fibers to form osteoid. Osteoblasts become trapped in
the osteoid and then are called osteocytes.

Mature compact bone is composed of approximately 30% organic matrix
and 70% calcium salts. Ninety percent to 95% of the organic matrix is
collagen fibers, and the remainder is the gelatinous medium called ground
substance, which is composed of chondroitin sulfate and hyaluronic acid.
The collagen fibers are oriented along the lines of tensional force. The pre-
dominant crystalline salt, composed of calcium and phosphate, is hydroxy-
apatite—CA10 (P04)6 (OH) 2. Compact bone has hydroxyapatite crystals
lying adjacent to and bound to the collagen fibers. The collagen fibers pro-
vide tensile strength, and the hydroxyapatite crystals provide compressional
strength [1]. Duplication of these constitutional elements comprises some of
the grafting materials discussed later in this article.

Bone formation in grafting is characterized by three types of bone
growth: osteogenesis, osteoinduction, and osteoconduction. Osteogenesis
is the formation of new bone by osteoblasts derived from the graft material
itself. Osteoinduction is the ability of a material to induce the formation of
osteoblasts from the surrounding tissue at the graft host site, which results in
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bone growth. Osteoconduction is the ability of a material to support the
growth of bone over a surface.

Although not directly responsible for bone formation, an additional char-
acteristic, osteointegration, which is the ability to chemically bind to the sur-
rounding bone, is desirable to aid in the incorporation of the graft at the
host site.

Autogenous bone grafts

Autogenous bone grafts, also called autografts, are bone grafts transferred
from one site to another site within the same individual. These grafts are the
gold standard to which all other grafting materials are compared because
they possess all of the previously mentioned characteristics. Because they
are from the host itself, there is also an absence of antigenicity.

Autogenous grafts can be cortical or cancellous or a combination of
both. Cancellous grafts have the ability to revascularize sooner because of
their spongy architecture. This revascularization begins at around the fifth
day [2]. Before revascularization, cellular survival in the graft depends on
nutrition and elimination of metabolic waste products through plasmatic
diffusion. Osteocytes within their lacunae seem to survive if they are within
0.3 mm of a perfusion surface [3]. Cortical grafts require considerable re-
sorption by osteoclastic activity before osteoblastic bone formation. This
process is called “‘creeping substitution” and can produce areas of necrotic
bone that persist indefinitely [4].

As a result of the differing biology of cortical and cancellous bone, the
characteristics of a graft composed of each type differ. A cortical graft is
strong initially but weakens overtime before regaining strength. There also
may be a loss of dimension as a result of a resorption process unless phys-
iologic stress stimulation is producing bone reorganization. Dynamic load-
ing has been shown to be critical for the preservation and increase of bone
mass in vivo and, on a cellular level, for modulation of osteoblastic and
osteoclastic activity [5,6]. Cortical grafts have been shown to be 40% to
50% weaker than normal bone from 6 weeks to 6 months after transplanta-
tion [2]. Cancellous grafts tend to be weak initially because of their open ar-
chitecture but continually gain in strength. Physiologic stress stimulation is
necessary for continued dimensional and strength stability.

The disadvantages of autogenous grafts are the amount of available graft
material and the morbidity associated with their harvest. These disadvan-
tages have led to the development of myriad grafting materials that can
be classified into the following categories:

Allografts, also called allogenic, homologous, or homografts, are com-
posed of materials taken from another individual of the same species.

Xenografts, also known as heterografts or xenogenic grafts, are materials
taken from another species.
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Alloplastic grafts, or synthetic grafts, are artificial or manufactured ma-
terials and can be subdivided based on their origin and chemical
composition.

There are many and varied combinations of these materials (see list). This
article examines each class of material based on some of the studies in each
of the following categories: safety, animal research, periodontal and maxil-
lofacial applications, skeletal grafting, and attempt to qualify the efficacy of
each class of material. The article also examines some of the research being
done in ‘“‘tissue engineering” to get a sense of the future of bone grafting.

Allografts

Allografts are cadaveric in origin. This type of grafting material is attrac-
tive because it closely matches the recipient in constitutional elements and
architecture and is theoretically available in unlimited quality. The funda-
mental problems of this grafting material are antigenicity and the potential
for transmission of disease.

Although allografts are treated in various ways, the real and perceived
risk of disease transmission still exists. It has been estimated that the risk
of HIV transmission is 1 in 1.6 million [7]. There has been one reported
case of hepatitis B and three cases of hepatitis C transmission associated
with the transplantation of allografts, with the latest case occurring in
1992 [8]. There have been two separate cases of septic arthritis from bone-
tendon-bone allografts from a common donor for reconstruction of anterior
cruciate ligaments [9]. The US Centers for Disease Control and Prevention
conducted an investigation that revealed at least 25 other cases of allograft-
related infection or illness [10].

As recently as March 9, 2006, there was a recall of allograft regenerative
products produced by manufacturers, including Tutogen Inc., Regeneration
Technologies Inc., Lifecell Corp., Lost Mountain Tissue Bank, and the Blood
and Tissue Center of Central Texas. This recall resulted from an investigation
of Biomedical Tissue Services, Ltd., a New Jersey company under scrutiny for
allegedly procuring tissue from funeral homes without proper documentation
[11]. Recalled tissues were tested for HIV, hepatitis B virus, and hepatitis C
virus, and as of March 2006, no contaminated allografts were identified
[12]. Despite these risks and in recognition of the advantages of bone grafting
using allograft material, bone grafting procedures expanded from approxi-
mately 10,000 cases in 1985 to more than 1 million in 2004 [5,13].

Allografts for maxillofacial and periodontal use generally come as dem-
ineralized freeze-dried bone allografts (DFDBA) or mineralized freeze-dried
bone allografts (FDBA) and in the form of particles, sheets, blocks, or entire
preformed bones. Some researchers propose that removal of the mineral
component allows greater expression of osteoinductive proteins [13-16];
however, allografts are predominately space-occupying osteoconductive
lattices or frameworks. The osteoinductive capability of these products is
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minimal because of the low concentration of bone growth proteins as a result
of the rigorous processes involved in the removal of potential antigenicity
and pathogenicity [17]. Piatell and colleagues [18] found that only the
DFDBA particles near the host bone were involved in the mineralization
process, whereas in FDBA even particles that were farthest from the host
bone were lined by osteoblasts actively secreting osteoid matrix and newly
formed bone. No osteoinduction was observed with FDBA or DFDBA.
There was an increased osteoconductive effect with FDBA.

Noumbissi and colleagues [19] compared mineralized cancellous allograft
material to a 1:1 combination of DFDBA and deproteinized mineralized bo-
vine bone in bilateral sinus grafts and concluded that resorption and
replacement by new bone occurred more rapidly in the mineralized cancellous
allograft material but that both groups resulted in successful new bone forma-
tion. Two years after completion of the study there were no differences in os-
teointegration or stability of implants placed in either material. Schwartz and
colleagues [20] demonstrated that different bone bank preparation of
DFDBA, even from the same bank, varied considerably in their ability to in-
duce new bone formation and further concluded that the ability to induce
bone formation seems to depend on the donor age. Fucini and colleagues
[21] studied allograft particle size and found no statistically significant differ-
ence in bone fill in periodontal osseous defects between different particle sizes
of DFBA in humans. Glowacki [22] stated that we cannot conclude what the
performance of different lots of demineralized bone allografts will be in vivo
or in vitro and that test systems should be used as a measure of clinical perfor-
mance. The author also called for an osteoconductivity standard for products
that are to be released to market followed by clinical monitoring.

Animal studies have demonstrated (1) improved skeletal healing in mice
with the use of demineralized bone matrix + hyaluronan [23], (2) better bone
fill in critical-sized defects in baboons using DFDBA combined with tendo-
nous collagen [24], (3) stable augmentation of the sinus floor with the use of
deproteinized bone particles in rabbits [25], (4) comparable mechanical load-
ing of implants with the use of homogeneous demineralized freeze-dried
bone in one-stage sinus lift procedures in sheep when compared with autog-
enous cancellous bone from the iliac crest [26], and (5) new bone formation
induced by active DFDBA and a dose-dependent increase in new bone area
that exceeded that induced by active DFDBA caused by the addition of
rhBMP-2 to inactive DFDBA [27].

Human studies and case reports of the use of these materials in the max-
illofacial region have yielded the following information:

Ridge augmentation and sinus grafting with freeze-dried bone allograft in
combination with platelet-rich plasma provides a therapeutic alterna-
tive for implant placement [28].

Mineralized, solvent dehydrated cancellous bone allografts were replaced
by newly formed bone significantly faster and in greater quantities in
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the maxillary sinus when compared with a composite of DFDBA plus
deproteinized bovine bone xenografts [19].

Allogenic bone block material is an effective alternative to autogenous
bone for implant site development [29].

Van Den Bergh and colleagues [30] reported the placement of 69 implants
in 30 sinuses grafted with DFDB without the loss of a single implant.

Minichetti and colleagues [31] studied the grafting of extraction sockets
with particulate mineralized bone allograft and concluded that it dem-
onstrated the formation or remodeling of bone and was clinically use-
ful in maintaining bone volume for implant placement after extraction.

Grogan and colleagues [32] reported that “‘allograft bone produced
reliable results with a satisfactory outcome” in posterior spinal fusion
for correction of idiopathic scoliosis.

Cammisa and colleagues [33] compared a demineralized bone gel to iliac
crest autogenous grafts, with each patient acting as his or her own con-
trol. They found bone fusion in 52% of the allograft side and 54% of
the autogenous side.

Summary

Although the results of these studies do not yield consistent results, they
demonstrate that allografts are osteoconductive and some are possibly
osteoinductive. Under the right circumstances and with proper patient
and site selection, they provide an acceptable material for grafting.

Xenografts

The disadvantages of allografts, including disease transmission, antige-
nicity, supply, and psychological aversion, have led to the exploration of
xenografts as an alternative grafting material. Xenografts are bovine in or-
igin and carry the theoretical risk of transmission of bovine spongiform en-
cephalopathy. Theoretical and experimental data, however, indicate that the
use of these materials does not carry a risk for transmitting bovine spongi-
form encephalopathy to humans [34]. Sogal and Tofe [35] applied the risk
assessment models of the German Federal Ministry of Health and the Phar-
maceutical Research and Manufacturers Association of America to a bovine
bone graft substitute and concluded that the risk of bovine spongiform en-
cephalopathy transmission was negligible. This was attributed to the strin-
gent protocols followed in sourcing and processing.

Animal studies have revealed the following information:

Bovine bone granules possess better osteoconductive potential than
bioglass crystals and hydroxyapatite when tested in New Zealand rab-
bits [36].

Xenogenic demineralized bone matrix was osteoconductive when im-
planted in rats [37].
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Bovine bone xenograft was to be more effective than particulate dentin
combined with plaster of Paris in forming new bone in calvarial
bone defects in rats [38].

Xenographic grafts undergo slower resorption than autogenous grafts
when placed in mandibular lateral surface defects in dogs [39].

Xenografts were essentially osteoconductive when examined in monkeys
[40].

Human use of xenografts has demonstrated the following findings:

Bovine bone mineral grafts, when used with barrier membranes, im-
proved clinical and radiographic parameters of deep intrabony pockets
[41].

Excellent integration of inorganic bovine material with newly formed
bone suggests that the material can be used for onlay grafting proce-
dures [42].

Biocompatibility and successful use occur in rebuilding atrophic alveolar
ridges when supported by a configured titanium mesh [43].

Success in sinus elevation procedures with or without implant placement
occurs when used alone or in combination with venous blood, platelet
rich plasma, and autogenous bone [44—54].

A unique regenerative product combines an anorganic bovine bone ma-
trix with Pepgen-15 (P-15), a synthetic peptide that mimics the cell-binding
domain of type 1 collagen [55,56]. Because collagen forms the scaffold for
cell attachment—migration—and modulates cell differentiation and mor-
phogenesis by mediating the flux of chemical and mechanical stimuli and
because the P-15 peptide represents the cell-binding site of collagen, it
was hypothesized that materials coated with P-15 should act as an effective
substitute for autogenous bone grafts [57]. Bhatnagar and colleagues [56]
have demonstrated that this material produced enhanced bone formation
within a shorter time interval compared with a composite graft material
composed of anorganic bovine bone and DFDBA. Thompson and col-
leagues [58] compared a P-15 product to mineralized FDBA and coralline
hydroxyapatite in 13 maxillary extraction sockets and found that the
P-15—-containing grafts produced the highest amount of vital bone. Human
osteoblasts have been shown to demonstrate the greatest proliferation and
differentiation in vitro when applied to a P-15—containing graft material as
compared with coralline hydroxyapatite, low temperature bovine hydroxy-
apatite, alpha tricalcium phosphate, and high-temperature bovine hydroxy-
apatite [59,60]. Similar results were demonstrated when P-15 was combined
with hydroxyapatite calcified from red algae [61].

Alloplasts

Alloplastic materials that have been investigated and manufactured
include hydroxyapatite, coral- and algae-derived hydroxyapatite, the
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calcium phosphates, calcium sulfate, collagen, and polymers. These syn-
thetic materials are inert with no or little osteoinductive activity, with the
exception of P-15, which is claimed to stimulate the differentiation of mes-
enchymal cells into osteoblasts [59-61].

The advantages of alloplastic grafts include an absence of antigenicity, no
potential for disease transmission, and unlimited supply. These materials
can be treated to be resorbable or nonresorbable, are provided in various
particle or pore sizes, are combined with various carriers to improve han-
dling characteristics, or are combined with bioactive proteins to provide
osteoinduction. Animal studies of these materials have demonstrated the
following findings:

Bone formation in monkey extraction sites and dog infrabony periodon-
tal defects with a hydroxyapatite/agarose gel [62,63].

Bone fill in rat calvarial defects, when hydroxyapatite was combined with
chitosan glutamate [64], cultured bone marrow osteoblasts [65], and re-
constituted collagen microspheres [66].

Mineralization rates for nanoparticle hydroxyapatite that were compara-
ble to autogenous bone in pig osseous defects [67].

Bone formation with porous hydroxyapatite in posterolateral lumbar
fusion in sheep [68].

Human studies revealed these findings:

Hydroxyapatite bone cement seems to hold great promise as a grafting
alloplastic material for sinus floor augmentations [69].

Hydroxyapatite can be used as a porous ceramic or as a paste/cement
bone graft material in humans in the hand [70], cranium [71], and tibia
[72,73].

Coral- and algae-derived hydroxyapatite

Because coral- and algae-derived hydroxyapatite has similar architecture
and similar mechanical properties to cancellous bone, much research has
gone into its use as a substitute graft material on its own or combined
with other substances [74]. Unlike bone, coral’s inorganic component is cal-
cium carbonate, which can be exchanged for phosphate to produce coralline
hydroxyapatite [75]. Like other synthetic materials, coral- and algae-derived
hydroxyapatite is not osteoinductive or osteogenic [76]. Its structure and
composition mimic natural bone, however [74]. Pore size and interconnec-
tivity and particle size have been shown to influence bone regeneration
and growth [77]. A minimum pore size of 100 nm is required for ingrowth
of connective tissue or osteoid, with an ideal pore size of approximately
100 to 135 nm [78,79].

The rate of a material’s resorption is a critical element in a graft’s success
as the material maintains a desired volume that should be replaced with
bone. Premature resorption of graft material may result in inadequate
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volume of the replacement [80,81]. This rate of resorption is influenced by
porosity and the composition of the graft material [82—84].

Simunek and colleagues [85] demonstrated that a material derived from
sea algae was gradually resorbed and replaced by newly formed bone. Ewers
and colleagues showed that marine-derived hydroxyapatite material com-
bined with 10% autogenous bone and plasma-rich protein produced compa-
rable—and in some cases better—results than autogenous grafts in sinus
augmentation procedures [81]. Similar results were obtained with the use
of this material in the foot and ankle [86] and iliac crest [87]. Less promising
results were produced when it was used for spinal fusion in rabbits [88] and
humans [89].

Bioactive glass

Bioactive glasses were introduced more than 30 years ago as bone substi-
tutes. The designation ‘“‘bioactive” relates to their ability to bond to bone
and enhance bone-tissue formation. This is thought to be a result of the sim-
ilarity of surface composition and structure of the bioactive materials to the
mineral component of bone. This bioactivity depends on an intimate contact
with bone and is limited in nature [90]. Because of these characteristics, studies
have used this material as stand-alone bone grafting materials and scaffolds
for osteoinductive proteins and osteogenic cells. The rate and degree of re-
sorption are a function of architecture, particle size, and manufacturing
methods [83].

Research in animals has yielded conflicting results.

Moreira-Gonzalez and colleagues [91] concluded that “‘the use of bioglass
granules to repair large craniofacial defects cannot be advised.” This
statement was based the study of the repair of critical sized calvarial
defects in rabbits.

Griffin and colleagues [92] looked at metaphyseal defects in sheep and
found that defects filled with mixtures that contained 50% to 100%
bioactive glass contained less bone and more fibrous tissue than defects
filled with allograft, autograft, or allograft combined (<50%) with
bioglass.

Hall and colleagues [93] found no statistically significant difference be-
tween bioactive glass and no material in the repair of intrabony defects
around implants in the canine mandible and found that DFDBA pro-
duced better bone to implant contact and better bone height fill than
bioactive glass material.

Other studies have come to different conclusions:

Wheeler and colleagues [94] studied critical sized distal femoral cancel-
lous bone defects treated with bioactive glasses and found that all
grafted defects had more bone than unfilled controls.
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Cancian and colleagues [95] found total repair of surgically created de-
fects in monkey mandibles with intimate contact of the remaining par-
ticles of bioactive glass and newly formed bone at 180 days.

Research on the use of bioactive glass in spinal fusion in rabbits has led
others to conclude that it may have potential as a bone graft material
[96,97].

When this material was looked at for improved healing in extraction
sockets or sinus floor augmentation, either alone or in combination
with other grafting materials (DFDBA, autogenous bone), it was
found to be effective for bone regeneration [98—104].

Calcium phosphates and calcium sulfate

Calcium phosphate is the name given to a group of minerals that contain
calcium ions (Ca 2+) combined with orthophosphates (PO4 3—). Tricalcium
phosphate Ca3 (PO4)2, which is also known as Whitlockite, occurs in alpha
and beta phases [105]. Hydroxyapatite, Cal0 (PO4) [6], (OH)2 is the princi-
ple mineral component of bone [1]. Calcium sulfate (CaS04) is better known
as plaster of Paris or gypsum and has been used as synthetic bone graft
material for more than 100 years [106].

Calcium sulfate

Human studies most recently have concentrated on the use of this mate-
rial in combination with other graft materials. Maragos and colleagues [107]
looked at its use combined with doxycycline and DFDBA in the treatment
of class II mandibular furcation defects in humans and found that either of
these additions significantly enhanced the clinical outcome than did calcium
sulfate alone. Borrelli and colleagues [108] concluded that medical grade cal-
cium sulfate increases the volume of graft material, facilitates bone forma-
tion, and is safe in the treatment of nonunions and fractures with osseous
defects. Other researchers also have demonstrated this material’s biocom-
patibility and osteoconduction [109,110]. Herron and colleagues [111] dem-
onstrated resorption of calcium phosphate and its replacement with bone in
rabbits.

Calcium phosphate

Blokhuis and colleagues [112] compared calcium phosphate with autoge-
nous bone grafts in 3-cm tibial segmental defects in sheep and concluded
that calcium phosphate does not provide an alternative to autogenous grafts
for this use. Linhart and colleagues [113] concluded that calcium phosphate
cements represent a good alternative to autogenous bone transplantation,
especially in elderly patients.

Tricalcium phosphate has been shown to have no adverse effect on cell
count, viability, and morphology and can provide a matrix that favors
limited cell proliferation in vitro [114]. Rabbit 1-cm diaphyseal segmental
defects treated with calcium sulfate combined with mesenchymal stem cells
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gave evidence of the use of this material as an alternative to autografts
[115]. When tricalcium phosphate was compared with inorganic bovine
bone in dog mandibular defects, tricalcium phosphate showed significantly
greater bone formation at 12 and 24 months and better resorption than
inorganic bovine bone [116]. Several studies in human sinus augmentation,
either alone or in combination with other substances, have demonstrated
its use as an effective bone grafting material [117-122]. Ultraporus beta
tricalcium phosphate used in 24 patients with orthopedic bone cavity de-
fects exhibited steady resorption and trabeculation with time, but incorpo-
ration was not complete at 1 year in large defects [123].

The future

Current avenues of research in molecular biology, progenitor cell use,
and biomimetic scaffolds hold promise for the future of bone replacements
by defining and employing the complex of stimuli and processes that can
result in bone formation. Postnatal progenitor cells have demonstrated
the capacity to differentiate into a multitude of cell types [124—126]. Mesen-
chymal stem cells can be harvested from bone marrow and demonstrate
extensive proliferative ability and the capacity to be guided into bone-form-
ing cell types [124]. Their availability is a limiting factor because their frac-
tion in marrow has been estimated to be as low as 1 in 27,000 cells
[127,128]. Adipose tissue—derived progenitor cells also have been investi-
gated [129-131]. They possess the advantages of availability and accessibil-
ity and have demonstrated capabilities similar to bone marrow—derived
cells. In vitro and in vivo studies have demonstrated their ability to form
bone [130-132].

The molecular processes of the multitude of factors in platelet rich plasma,
pro-osteogenic cytokines (BMP 2, 4, 7), and angiogenic factors leading to
osteoblastic bone formation are being elucidated [133,134]. The delivery or
support of these biochemicals or cellular elements depends on a carrier or
scaffolding system. Collagen, hyaluronic acid, calcium phosphate, chitosan,
and hydroxyapatite have been studied in the past [135-138]. Polymer chem-
istry has yielded polyglycolic acid, polylactic acid, polycaplactone, and com-
binations such as the copolymer polyglycolic acid—polylactic acid. Although
these polymers are biocompatible, their breakdown products are potentially
tissue damaging.

The goal is to configure these materials as competent carriers of the
biomolecular pro-osteogenics or as supportive scaffolds for cellular prolifer-
ation and bone formation [139-142]. One technique that is showing some
promise is three-dimensional printing technology. Three-dimensional com-
plex shapes or structures can be computer generated, constructed in
a three-dimensional printer, and then used as protein or cellular carriers
for custom implantable bone graft substitutes.
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Summary

A plethora of products on the market is designed to be used for the re-
placement or grafting of human bone. Each clinician must select the best
product for its particular advantages when used for a defined purpose in
patients. Careful review of the research underpinnings for each product is
essential when considering its use. Because the substance that is the equiv-
alent of the autogenous bone graft has yet to be developed, continued
research of materials and material combinations is helping us understand
the complex of interconnected elements that are essential for successful
grafting. As our understanding of these processes matures, there is great
hope for the development of the “ideal” substitute for the autogenous
bone graft.

References

[1] Guyton AG, Hall JE. Textbook of medical physiology. Philadelphia: W.B. Saunders; 2000.
p. 901-4.

[2] Wilk RM. Bony reconstruction of the jaws. In: Miloro M, editor. Peterson’s principles of
oral and maxillofacial surgery. 2nd edition. Hamilton (London): B C Decker; 2004.
p. 785-7.

[3] Heslop BK, Zeiss IM, Nisbet NW. Studies on transference of bone: a comparison of autol-
ogous and homologous transplants with reference to osteocyte survival osteogenesis and
host reaction. Br J Exp Pathol 1960;41:269-72.

[4] Enneking WF, Burcharot H, Puhl JJ, et al. Physical and biological aspects of repair in dog
cortical-bone transplants. J Bone Joint Surg 1975;57:237-52.

[5] Oxlund H, Anderson NB, Ortoft G, et al. Growth hormone and mild exercise in combina-
tion markedly enhances cortical bone formation and strength in old rats. Endocrinology
1998;139(4):1899-904.

[6] Duncan RL, Turner CH. Mechanotransduction and the functional of bone to mechanical
strain. Calcif Tissue Int 1995;57(5):344-58.

[7] Boyce T, Edwards J, Scarborough N. Allograft bone: the influence of processing on safety
and performance. Orthop Clin North Am 1999;30(4):571-81.

[8] Tomford WW. Transmission of disease through transplantation of musculoskeletal allo-
grafts. J Bone Joint Surg Am 1995;77-A(11):1742j-54;.

[9] CDC First Document, Center for Disease Control. Septic arthritis following anterior cru-
ciate ligament reconstruction using tendon allografts, Florida and Louisiana 2000. Morb
Mortal Wkly Rep 2001;50(48):1081-3.

[10] CDC Second Document, Center for Disease Control. Update: allograft associated bacterial
infections: United States, 2002. Morb Mortal Wkly Rep 2002;51(10):207-10.

[11] National Tissue Product Recall Impact Continues For OMS, Patients. AAOMS Today
January—February 2006:3.

[12] E-mail AAOMS March 2006.

[13] Bolander ME, Balian G. The use of demineralized bone matrix in the repair of segmental
defects: augmentation with extracted matrix proteins and a comparison with autologous
grafts. J Bone Joint Surg 1986;68—A:1264-74.

[14] Hopp SG, Dahners LE, Gilbert JA. A study of mechanical strength of long bone defects
treated with various bone autograft substitutes: an experimental investigation in the rabbit.
J Orthop Res 1989;7(4):578-84.

[15] Urist MR, ChanglJ, Leitze A, et al. Preparation and bioassay of bone morphogenic protein
and polypetides fragments. Methods Enzymol 1987;146:294-312.



740 PRECHEUR

[16] Russel JL. Allografts and osteoinductivity. Presented at the European Federation of
National Associations of Orthopaedics and Traumatology, Technical Symposium on
“Demineralized Bone Allografts and Osteoinduction”. Rhodes, June 4, 2001.

[17] Wozney JM. Bone morphogenic proteins and their gene expression. In: Masaki N, editor.
Cellular and molecular biology of bone. Tokyo: Academic Press, Inc; 1993. p. 131-67.

[18] Piattelli A, Scarano M, Corigliano M, et al. Comparison of bone regeneration with the use
of mineralized and demineralized freeze-dried bone allografts: a histological and histo-
chemical study in man. In: Masaki N, editor. Biomaterials 1996;17(14):1127-31.

[19] Noumbissi SS, Lozada JL, Boyne PJ, et al. Clinical histologic and histomorphometric eval-
uation of mineralized solvent-dehydrated bone allograft in human maxillary sinus grafts.
J Oral Implantol 2005;31(4):171-9.

[20] Schwartz Z, Somers A, Mellonig JT, et al. Ability of commercial demineralized freeze-dried
bone allograft to induce new bone formation is dependent on donor age but not gender.
J Periodontol 1998;69(4):470-8.

[21] Fucini SE, Quintero G, Gher ME, et al. Small versus large particles of demineralized freeze-
dried bone allografts in human intrabony periodontal defects. J Periodontol 1993;64(9):
844-17.

[22] GlowackiJ. A review of osteoinductive testing methods and sterilization processes for dem-
ineralized bone. Cell Tissue Bank 2005;6(1):3—12.

[23] Colnot C, Romero DM, Huang S, et al. Mechanisms of action of demineralized bone ma-
trix in the repair of cortical bone defects. Clin Orthop Relat Res 2005;(435):69-78.

[24] Kohles SS, Vernino AR, Clagett JA, et al. A morphometric evaluation of allograft matrix
combinations in the treatment of osseous defects in a baboon model. Calcif Tissue Int 2000;
67(2):156-62.

[25] XU H, Shimizu Y, Asal S, et al. Grafting of deproteinized bone particles inhibits bone re-
sorption after maxillary sinus elevation. Clin Oral Implants Res 2004;15(1):126-33.

[26] Haas R, Haidvogl D, Dortbudak O, et al. Freeze dried bone for maxillary sinus augmenta-
tion in sheep. Clin Oral Implants Res 2002;13(6):581-6.

[27] Schwartz Z, Somers A, Mellonig JT, et al. Addition of human recombinant bone morpho-
genic protein-2 to inactive commercial human demineralized freeze-dried bone allograft
makes an effective composite bone inductive implant material. J Periodontol 1998;69(12):
1337-45.

[28] Kassolis JD, Rosen PS, Reynolds MA. Alveolar ridge and sinus augmentation utiliz-
ing platelet-rich plasma in combination with freeze-dried bone allograft: case series.
J Periodontal 2000;71(10):1654-61.

[29] Leonetti JA, Koup R. Localized maxillary ridge augmentation with a block allograft for
dental implant placement: case reports. Implant Dent 2003;12(3):217-26.

[30] Van Den Berch JP, Ten Bruggenkate CM, Krekeler G, et al. Maxillary sinus floor elevation
and grafting with human demineralized freeze-dried bone. Clin Oral Implants Res 2000;
11(5):487-93.

[31] Minichetti JC, D’Amore JC, Honga YJ, et al. Human histologic analysis of mineralized
bone allograft placement before implant surgery. J Oral Implantol 2004;30(2):74-82.

[32] Grogan DP, Kalen V, Ross TL, et al. Use of allograft bone for posterior spinal fusion in
idiopathic scoliosis. Clin Orthop Relat Res 1999;(369):273-8.

[33] Cammisa FP Jr, Lowery G, Garfin SR, et al. Two year fusion rate equivalency between
grafton DBM gel and autograft in posterior lateral spine fusion: a prospective controlled
trial employing a side by side comparison in the same patient. Spine 2004;29(6):660—6.

[34] Wenz B, Oesch B, Horst M. Analysis of the risk of transmitting bovine spongiform enceph-
alopathy through bone grafts derived from bovine bone. Biomaterials 2001;22(12):
1599-606.

[35] Sogal A, Tofe AJ. Risk assessment of bovine spongiform encephalopathy transmission
through bone graft material derived from bovine bone used for dental applications. J Perio-
dontol 1999;70(9):1053-63.



BONE GRAFT MATERIALS 741

[36] Al Ruhaimi KA. Bone graft substitutes: a comparative qualitative histologic review of cur-
rent osteoconductive grafting materials. Int J Oral Maxillofac Implants 2001;16(1):105-14.

[37] Torricelli P, Fini M, Rocca M, et al. Xenogenic demineralized bone matrix: osteoinduction
an influence of associated skeletal defects in heterotopic bone formation in rats. Int Orthop
1999;23(3):178-81.

[38] Su-Gwan K, Hak-Kyun K, Sung-Chul L. Combined implantation of particulate dentine,
plaster of Paris, and a bone xenograft (Bio-Oss) for bone regeneration in rats. J Craniomax-
illofac Surg 2001;29(5):282-8.

[39] Araujo MG, Sonohara M, Hayacibara R, et al. Lateral ridge augmentation by the use of
grafts comprised of autologous bone or a biomaterial: an experiment in the dog. J Clin
Periodontol 2002;29(12):1122-31.

[40] Hammerle CH, Chiantella GC, Karring T, et al. The effect of a deproteinized bovine bone
mineral on bone regeneration around titanium dental implants. Clin Oral Implants Res
1998;9(3):151-62.

[41] Vouros I, Aristodimou E, Konstantinidis A. Guided tissue regeneration in intrabony peri-
odontal defects following treatment with two bioabsorbable membranes in combination
with bovine bone mineral graft: a clinical and radiographic study. J Clin Perodontal
2004;31(10):908-17.

[42] Proussaefs P, Lozada J, Rohrer MD. A clinical and histologic evaluation of a block onlay
graft in conjunction with autogenous particulate and inorganic bovine material (Bio-Oss):
a case report. Int J Periodontics Restorative Dent 2002;22(6):567-73.

[43] Artzi Z, Dayan D, Alpern Y, et al. Vertical ridge augmentation using xenogenic material
supported by a configured titanium mesh: clinicohistopathologic and histochemical study.
Int J Oral Maxillofac Implants 2003;18(3):4440-6.

[44] Yildirim M, Spiekermann H, Handt S, et al. Maxillary sinus augmentation with the xeno-
graft Bio-Oss and autogenous intraoral bone for qualitative improvement of the implant
site: a histologic and histomorphometric clinical study in humans. Int J Oral Maxillofac Im-
plants 2001;16(1):23-33.

[45] Valentini P, Abensur D, Wenz B, et al. Sinus grafting with porous bone mineral (Bio-Oss)
for implant placement: a 5-year study on 15 patients. Int J Periodontics Restorative Dent
2000;20(3):245-53.

[46] Yildirim M, Spiekermann H, Biesterfeld S, et al. Maxillary sinus augmentation using xeno-
genic bone substitute material Bio-OSS in combination with venous blood: a histologic and
histomorphometric study in humans. Clin Oral Implants Res 2000;11(3):217-29.

[47] Hallman M, Cederlund A, Lindskog S, et al. A clinical histologic study of bovine hydroxy-
apatite in combination with autogenous bone and fibrin glue for maxillary sinus floor aug-
mentation: results after 6 to 8 months of healing. Clin Oral Implants Res 2001;12(2):135-43.

[48] Sanchez AR, Eckert SE, Sheridan PJ, et al. Influence of platelet-rich plasma added to
xenogeneic bone grafts on bone mineral density associated with dental implants. Int J
Oral Macxillofac Implants 2005;20(4):526-32.

[49] Tadjoedin ES, De Lange GL, Bronckers AL, et al. Deproteinized cancellous bovine bone
(Bio-Oss) as bone substitute for sinus floor elevation: a retrospective, histomorphometrical
study of five cases. J Clin Periodontol 2003;30(3):261-70.

[50] Kasabah S, Simunek A, Krug J, et al. Maxillary sinus augmentation with deproteinized
bovine bone (Bio-Oss) and implant dental implant system. Part II. Evaluation of deprotei-
nized bovine bone (Bio-Oss) and implant surface. Acta Medica (Hradec Kralove) 2002;
45(4):167-71.

[51] Majorana C, Redemagni M, Rabagliati M, et al. Treatment of maxillary ridge resorp-
tion by sinus augmentation with iliac cancellous bone, anorganic bovine bone, and en-
dosseous implants: a clinical and histologic report. Int J Oral Maxillofac Implants 2000;
15(6):873-8.

[52] Artzi Z, Nemcovsky CE, Dayan D. Bovine-HA spongiosa blocks and immediate implant
placement in sinus augmentation procedures: histopathological and histomorphometric



742 PRECHEUR

observations on different histological stainings in 10 consecutive patients. Clin Oral Im-
plants Res 2002;13(4):420-7.

[53] Hallman M, Lundgren S, Sennerby L. Histologic analysis of clinical biopsies taken 6
months and 3 years after maxillary sinus floor augmentation with 80% bovine hydroxyap-
atite and 20% autogenous bone mixed with fibrin glue. Clin Implant Dent Relat Res 2001;
3(2):87-96.

[54] Froum SJ, Tarnow DP, Wallace SS, et al. Sinus floor elevation using anorganic bovine bone
matrix (OsteoGraf/N) with and without autogenous bone: a clinical, histologic, radio-
graphic, and histomorphometric analysis. Part 2 of an ongoing prospective study. Int J Peri-
odontics Restorative Dent 1998;18(6):528-43.

[55] Krauser JT, Rohrer MD, Wallace SS. Human histologic and histomorphometric analysis
comparing OsteoGraf/N with PepGen P15 in the maxillary sinus elevation procedures:
a case report. Implant Dent 2000;9(4):298-302.

[56] Bhatnagar RS, QianJJ, Gough CA. The rolein cell binding of a beta-Obend within the triple
helical region in collagen alpha 1(I) chain: structural and biological evidence for conforma-
tional tautomerism on fiber surface. J Biomol Struct Dyn 1997;14(5):547—60.

[57] Bhatnagar RS, Qian JJ, Wedrchowska A, et al. Design of biomimetic habitats for tissue
engineering with P-15, a synthetic peptide analogue of collagen. Tissue Eng 1999;5(1):
53-65.

[58] Thompson DM, Rohrer MD, Prasad HS. Comparison of bone grafting materials in human
extraction sockets: clinical, histologic, and histomorphometric evaluations. Implant Dent
2006;15(1):89-96.

[59] Kubler A, Neugebauer J, Oh JH, et al. Growth and proliferation of human osteoblasts on
different bone graft substitutes: an in vitro study. Implant Dent 2004;13(2):171-9.

[60] Turhani D, Item C, Thurner D, et al. Evidence of osteocalcin expression in osteoblast cells
of mandibular origin growing on biomaterials with RT-PCR and SDS-PAGE/Western
blotting [in German]. Mund Kiefer Gesichtschir 2003;7(5):294-300.

[61] Turhani D, Weissenbock M, Watzinger E, et al. In vitro study of adherent mandibular
osteoblast-like cells on carrier materials. Int J Oral Maxillofac Surg 2005;34(5):543-50.

[62] Tabata M, Shimoda T, Sugihara K, et al. Osteoconductive and hemostatic properties of ap-
atite formed on/in agarose gel as a bone-grafting material. J Boimed Mater Res B Appl
Biomater 2003;67(2):680-8.

[63] Tabata M, Shimoda T, Sugihara K, et al. Apatite formed on/in agarose gel as a bone-graft-
ing material in the treatment of periodontal infrabony defect. J Biomed Mater Res B Appl
Biomater 2005;75(2):378-86.

[64] Mukherjee DP, Tunkle AS, Roberts RA, et al. An animal evaluation of a paste of chitosan
glutamate and hydroxyapatite as a synthetic bone graft material. J Biomed Mater Res B
Appl Biomater 2003;67(1):603-9.

[65] Silva RV, Camilli JA, Bertran CA, et al. The use of hydroxyapatite and autogenous can-
cellous bone grafts to repair bone defects in rats. Int J Oral Maxillofac Surg 2005;34(2):
178-84.

[66] Hsu FY, Tsai SW, Lan CW, et al. An in vivo study of a bone grafting material consisting of
hydroxyapatite and reconstituted collagen. J Mater Sci Mater Med 2005;16(4):341-5.

[67] Thorwarth M, Schultze-Mosgau S, Kessler P, et al. Bone regeneration in osseous defects
using a resorbable nanoparticular hydroxyapatite. J Oral Maxillofac Surg 2005;63(11):
1626-33.

[68] Baramki HG, Steffen T, Lander P, et al. The efficacy of interconnected porous hydroxyap-
atite in achieving posterolateral lumbar fusion in sheep. Spine 2000;25(9):1053-60.

[69] Mazor Z, Peleg M, Garg AK, et al. The use of hydroxyapatite bone cement for sinus floor
augmentation with simultaneous implant placement in the atrophic maxilla: a report of 10
cases. J Periodontol 2000;71(7):1187-94.

[70] Goto T, Kojima T, Iijima T, et al. Resorption of synthetic porous hydroxyapatite and
replacement by newly formed bone. J Orthop Sci 2001;6(5):444-7.



BONE GRAFT MATERIALS 743

[71] Joosten U, Joist A, Frebel T, et al. The use of an in situ curing hydroxyapatite cement as an
alternative to bone graft following removal of enchondroma of the hand. J Hand Surg [Br]
2000;25(3):288-91.

[72] Tuncer S, Yavuzer R, Isik I, et al. The fate of hydroxyapatite cement used for cranial con-
touring: histological evaluation of a case. J Craniofac Surg 2004;15(2):243-6.

[73] Briem D, Linhart W, Lehmann W, et al. Long-term outcomes after using porous hydroxy-
apatite ceramics (Endobon) for surgical management of fractures of the head of the tibia.
Unfallchirurg 2002;105(2):128-33.

[74] Chiroff RT, White EW, Weber JN, et al. Tissue growth of replantiform implants. J Biomed
Mater Res 1975;6:29-45.

[75] Roy DM, Linneham SK. Hydroxyapatite formed from coral skeletal carbonate by hydro-
thermal exchange. Nature 1974;247:220-32.

[76] Ewers R, Kasperk C, Simons B. A comparison of algae derived, coral derived and sin-
tered hydroxyapatites with regard to physical properties and osteointegration [abstract].
Presented at the Materials Research Society Fall Meeting. Boston, September 17-21,
1987.

[77] Spassova-Tzekova E, Dimitriev Y, Evers R, et al. Properties and porosity of a physogenic
apatite material produced by a biomimetic synthesis material. Biomaterials 2006, in press.

[78] Weissenboeck M, Stein E, Undt G, et al. Particle size of hydroxyapatite granules calcified
from red algae affects the osteogenic potential of human mesenchymal stem cells in vitro.
Cells Tissues Organs 20006;182(2):79-88.

[79] Klawitter JJ, Bagwell JG, Weinstein AM, et al. An evaluation of bone growth into porous
high density polyethylene. J Biomed Mater Res 1976;10(2):311-23.

[80] Guillemin G, Meunier A, Dallant P, et al. Comparison of coral resorption and bone
apposition with two natural corals of different porosities. J Biomed Mater Res 1989;
23:765-79.

[81] Wanschitz F, Gigl M, Wagner A, et al. Measurement of volume changes after sinus floor
augmentation with a phycogenic hydroxyapatite. Int J Oral Maxillofac Implants 2004;
19:357-68.

[82] Leewenburgh S, Layrolle P, Barrere F, et al. Osteoclastic resorption of biomimetic calcium
phosphate coatings in vitro. J Biomed Mater Res 2001;56:208-15.

[83] Demers C, Hamdy CR, Karin C, et al. Natural coral exoskeleton as a bone graft substitute:
a review. Biomed Mater Eng 2002;12:15-35.

[84] Jammet P, Souyris F, Baldet P, et al. The effects of different porosities in coral implants: an
experimental study. J Craniomaxillofac Surg 1994;22:103-8.

[85] Simunek A, Cierny M, Kopecka D, et al. The sinus lift with phycogenic bone substitute:
a histomorphometric study. Clin Oral Implants Res 2005;16(3):342-8.

[86] Coughlin MJ, Grimes JS, Kennedy MP. Coralline hydroxyapatite bone graft substitute in
hindfoot surgery. Foot Ankle Int 2006;27(1):19-22.

[87] Bojescul JA, Polly DW Jr, Kuklo TR, et al. Backfill for iliac-crest donor sites: a prospective,
randomized study of coralline hydroxyapatite. Am J Orthop 2005;34(8):377-82.

[88] Tho KS, Krishnamoorthy S. Use of coral grafts in anterior interbony fusion of the rabbit
spine. Ann Acad Med Singapore 1996;25(6):824-7.

[89] Hsu CJ, Chou WY, Teng HP, et al. Coralline hydroxyapatite and laminectomy-derived
bone as adjuvant graft material for lumbar posterolateral fusions. J Neurosurg Spine
2005;3(4):271-5.

[90] El-Ghannam A. Bone reconstruction: from bioceramics to tissue engineering [review].
Expert Rev Med Devices 2005;2(1):87-101.

[91] Moreira-Gonzalez A, Lobocki C, Barakat K, et al. Evaluation of 45S5 bioactive glass com-
bined as a bone substitute in the reconstruction of critical size calvarial defects in rabbits.
J Craniofac Surg 2005;16(1):63-70.

[92] Griffon DJ, Dunlop DG, Howie CR, et al. Early dissolution of a morsellised impacted
silicate-free bioactive glass in metaphyseal defects. J Biomed Mater Res 2001;58(6):638—44.



744 PRECHEUR

[93] Hall EE, Meffert RM, Hermann JS, et al. Comparison of bioactive glass to demineralized
freeze-dried bone allograft in the treatment of intrabony defects around implants in the
canine mandible. J Periodontol 1999;70(5):526-35.

[94] Wheeler DL, Eschbach EJ, Hoellrich RG, et al. Assessment of resorbable bioactive material
for grafting of critical-size cancellous defects. J Orthop Res 2000;18(1):140-8.

[95] Cancian DC, Hochuli-Vieira E, Marcantonio RA, et al. Utilization of autogenous bone,
bioactive glasses, and calcium phosphate cement in surgical mandibular bone defects in
Cebus apella monkeys. Int J Oral Maxillofac Implants 2004;19(1):73-9.

[96] Lindfors NC, Tallroth K, Aho AJ. Bioactive glass as bone-graft substitute for posterior
spinal fusion in rabbit. J Biomed Mater Res 2002;63(2):237-44.

[97] Lindfors NC, Aho AJ. Tissue response to bioactive glass and autogenous bone in the rabbit
spine. Eur Spine J 2000;9(1):30-5.

[98] Froum S, Cho SC, Rosenberg E, et al. Histological comparison of healing extraction
sockets implanted with bioactive glass or demineralized freeze-dried bone allograft: a pilot
study. J Periodontol 2002;73(1):94-102.

[99] Furusawa T, Mizunuma K. Osteoconductive properties and efficacy of resorbable bioactive
glass as a bone-grafting material. Implant Dent 1997;6(2):93-101.

[100] Turunen T, Peltola J, Yli-Urpo A, et al. Bioactive glass granules as a bone adjunctive
material in maxillary sinus floor augmentation. Clin Oral Implants Res 2004;15(2):135-41.

[101] Tadjoedin ES, de Lange GL, Lyaruu DM, et al. High concentrations of bioactive glass ma-
terial (BioGran) vs. autogenous bone for sinus floor elevation. Clin Oral Implants Res 2002;
13(4):428-36.

[102] Cordioli G, Mazzocco C, Schepers E, et al. Maxillary sinus floor augmentation using bio-
active glass granules and autogenous bone with simultaneous implant placement: clinical
and histological findings. Clin Oral Implants Res 2001;12(3):270-8.

[103] Tadjoedin ES, de Lange GL, Holzmann PJ, et al. Histological observations on biopsies
harvested following sinus floor elevation using a bioactive glass material of narrow size
range. Clin Oral Implants Res 2000;11(4):334-44.

[104] Butz SJ, Huys LW. Long-term success of sinus augmentation using a synthetic alloplast:
a 20 patients, 7 years clinical report. Implant Dent 2005;14(1):36-42.

[105] Wikipedia. Available at: http://en.wikipedia.org/wiki/tricalcium-phosphate. Accessed
2006.

[106] Pietrzak WS, Ronk R. Calcium sulfate bone void filler: a review and a look ahead.
J Craniofac Surg 2000;11(4):327-33.

[107] Maragos P, Bissada NF, Wang R, et al. Comparison of three methods using calcium sulfate
as a graft/barrier material for the treatment of Class Il mandibular molar furcation defects.
Int J Periodontics Restorative Dent 2002;22(5):493-501.

[108] Borrelli J Jr, Prickett WD, Ricci WM. Treatment of nonunions and osseous defects with
bone graft and calcium sulfate. Clin Orthop Relat Res 2003;(411):245-54.

[109] Moore RM, Graves SE, Gain GI. Synthetic bone graft substitute. ANZ J Surg 2001;71:
354-61.

[110] Coetzee AS. Regeneration of bone in the presence of calcium sulphate. Arch Orolaryngol
1980;106:405-9.

[111] Herron S, Thordarson DB, Winet H, et al. Ingrowth of bone into absorbable bone cement:
an in vivo microscopic evaluation. Am J Orthop 2003;32(12):581-4.

[112] Blokhuis TJ, Wippermann BW, den Boer FC, et al. Resorbable calcium phosphate particles
as a carrier material for bone marrow in an ovine segmental defect. J] Biomed Mater Res
2000;51(3):369-75.

[113] Linhart W, Briem D, Schmitz ND, et al. Treatment of metaphyseal bone defects after frac-
tures of the distal radius: medium-term results using a calcium-phosphate cement
(BIOBON). Unfallchirurg 2003;106(8):618-24.

[114] Aybar B, Bilir A, Akcakaya H, et al. Effects of tricalcium phosphate bone graft materials on
primary cultures of osteoblast cells in vitro. Clin Oral Implants Res 2004;15(1):119-25.


http://en.wikipedia.org/wiki/tricalcium-phosphate

BONE GRAFT MATERIALS 745

[115] Fredericks DC, Bobst JA, Petersen EB, et al. Cellular interactions and bone healing
responses to a novel porous tricalcium phosphate bone graft material. Orthopedics 2004;
27(1 Suppl):s167-73.

[116] Artzi Z, Weinreb M, Givol N, et al. Biomaterial resorption rate and healing site morphol-
ogy of inorganic bovine bone and beta-tricalcium phosphate in the canine: a 24-month lon-
gitudinal histologic study and morphometric analysis. Int J Oral Maxillofac Implants 2004;
19(3):357-68.

[117] Szabo G, Suba Z, Hrabak K, et al. Autogenous bone versus beta-tricalcium phosphate graft
alone for bilateral sinus elevations (2- and 3-dimensional computed tomographic, histo-
logic, and histomorphometric evaluations): preliminary results. Int J Oral Maxillofac Im-
plants 2001;16(5):681-92.

[118] Suba Z, Hrabak K, Huys L, et al. Histologic and histomorphometric study of bone regen-
eration induced by beta-tricalcium phosphate (multicenter study). Orv Hetil 2004;145(27):
1431-7.

[119] Szabo G, Huy L, Coulthard P, et al. A prospective multicenter randomized clinical trial of
autogenous bone versus beta-tricalcium phosphate graft along for bilateral sinus elevation:
histologic and histomorphometric evaluation. Int J Oral Maxillofac Implants 2005;20(3):
371-81.

[120] Nemeth Z, Suba Z, Hrabak K, et al. Autogenous bone versus beta-tricalcium phosphate
graft alone for bilateral sinus evaluations (2-3D CT, histologic and histomorphometric
evaluations). Orv Hetil 2002;143(25):1533-8.

[121] Velich N, Nemeth Z, Toth C, et al. Long-term results with different bone substitutes used
for sinus floor elevation. J Craniofac Surg 2004;14(1):38-41.

[122] Scher EL, Day RB, Speight PM. New bone formation after a sinus lift procedure using
demineralized freeze-dried bone and tricalcium phosphate. Implant Dent 1999;8(1):
49-53.

[123] Anker CJ, Holdridge SP, Baird B, et al. Ultraporous beta-tricalcium phosphate is well
incorporated in small cavitary defects. Clin Orthop Relat Res 2005;(434):251-7.

[124] Pittner MF, Alaster MM, Beck SC, et al. Multilineage potential of adult human mesenchy-
mal stem cells. Science 1999;284(5411):143-7.

[125] Forbes SJ, Poulsom R, Wright NA. Hepatic and renal differentiation from blood-borne
stem cells. Gene Ther 2002;9(10):625-30.

[126] Pittenger MF, Mosca JD, McIntosh KR. Human mesenchymal stem cells: progenitor cell
for cartilage, bone, fat and stroma. Curr Top Microbiol Immunol 2000;251:3-11.

[127] De Ugarte DA, Kouki M, Elbarbari A, et al. Comparison of multi-lineage cells from human
adipose tissue and bone marrow. Cells Tissues Organs 2003;174(3):101-9.

[128] Banfi A, et al. Proliferation kinetics and differentiation potential of ex vivo expanded
human bone marrow stromal cells: implications for their use in cell therapy. Exp Hematol
2000;28(2):707-15.

[129] Wagers AJ, Weissman IL. Plasticity of adult stem cells. Cell 2004;116(5):639-48.

[130] Zuk PA, Zhu M, Mizuno H, et al. Multilineage cells from human adipose tissue: implica-
tions for cell-based therapies. Tissue Eng 2001;7(2):211-28.

[131] Hidemi H, Masato S, Kazunori M, et al. Osteogenic potential of human adipose tissue de-
rived stromal cells as an alternative stem cell source. Cells, Tissues, Organs 2004;178(1):
2-12.

[132] Hicok KC, du Laney TV, Zhou YS, et al. Human adipose-derived adult stem cells produce
osteoid in vivo. Tissue Eng 2004;10(3-4):371-80.

[133] Sato M, Ochi T, Nakase T, et al. Mechanical tension-stress induces expression of bone mor-
phogenetic protein (BMP)-2 and BMP-4, but not BMP-6, BMP-7, and GDF-5 mRNA,
during distraction osteogenesis. J Bone Miner Res 1999;14(7):1084-95.

[134] Campisi P, Hamdy RC, Lauzier D, et al. Expression of bone morphogenetic proteins during
mandibular distraction osteogenesis. Plst Reconstr Surg 2003;111(1):201-8 [discussion:
209-10].



746 PRECHEUR

[135] Saadeh PB, Khosia RK, Mehrara BJ, et al. Repair of a critical size defect in the rat mandible
using allogenic type I collagen. J Craniofac Surg 2001;12(6):573-9.

[136] Seol YJ, Lee JY, Park YJ, et al. Chitosan sponges as tissue engineering scaffolds for bone
formation. Biotechnol Lett 2004;26(13):103741.

[137] Bumgardner JD, Wiser R, Gerard PD, et al. Chitosan: potential use as a bioactive coating
for orthopaedic and craniofacial/dental implant. J Biomater Sci Polym Ed 2003;14(15):
423-38.

[138] Solchaga LA, Dennis JE, Goldberg VM, et al. Treatment of osteochondral defects with au-
tologous bone marrow in a hyaluronan-based delivery vehicle. Tissue Eng 2002;8(2):
333-47.

[139] Cao Y, Vacanti JP, Paige KT, et al. Transplantation of chondrocytes utilizing a polymer-
cell construct to produce tissue-engineered cartilage in the shape of a human ear. Plast Re-
constr Surg 1997;100:297-302 [discussion: 3—4].

[140] Behravesh E, Yasko AW, Engel PS, et al. Synthetic biodegradable polymers for orthopae-
dic applications. Clin Orthop Relat Res 1999;367(Suppl):S118-29.

[141] Lendlein A, Langer R. Biodegradable, elastic shape-memory polyers for potential biomed-
ical applications. Science 2002;296:2673-6.

[142] Gunatillake PA, Adhikari R. Biodegradable synthetic polymers for tissue engineering. Eur
Cell Mater 2003;5:1-16.



	Bone Graft Materials
	Autogenous bone grafts
	Allografts
	Summary

	Xenografts
	Alloplasts
	Coral- and algae-derived hydroxyapatite
	Bioactive glass
	Calcium phosphates and calcium sulfate
	Calcium sulfate
	Calcium phosphate


	The future
	Summary
	References


