
 Several categories of bone graft and graft substitutes 
exist and encompass a variety of materials, material 
sources, and origins. The available graft substitutes 
formed from composites of one or more types of 
material. These composites are generally built on a 
base material. Laurencin et al1 classification of grafts 
and graft substitutes could be modified as follows: 

A. Harvested bone grafts and graft substitutes: 
bone grafts, endogenous or exogenous, are often 
essential to provide support, fill voids, and enhance 
biologic repair of skeletal defects due to traumatic 
or non-traumatic origin. Limitations of use of 
endogenous bone substance involve additional 
surgery; often resulting donor site morbidity and 
limited availability2-4 where as allograft have been 
encountered with risk of disease transmission, 
immunogenicity5. Therefore, there is a growing 
need for synthesis of allograft bone substitutes 
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used alone or in combination with other materials 
(e.g., Allogro [AlloSource, Centennial, Colo], 
Opteform [Exactech, Inc, Gainesville, Fla], Grafton 
[BioHorizons, Birmingham, Ala], OrthoBlast 
[IsoTis OrthoBiologics, Irvine, Calif]).

B. Growth factor-based bone graft substitutes: 
natural and recombinant growth factors used 
alone or in combination with other materials such 
as transforming growth factor-beta (TGF-beta), 
platelet-derived growth factor (PDGF), fibroblast 
growth factor (FGF), and bone morphogenetic 
protein (BMP). 

C. Cell-based bone graft substitutes: use cells to 
generate new tissue alone or are seeded onto a 
support matrix (e.g., mesenchymal stem cells). 

D. Ceramic-based bone graft substitutes: include 
calcium phosphate, calcium sulfate, and bioglass 
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used alone or in combination (e.g., OsteoGraf 
[DENTSPLY Friadent CeraMed, Lakewood, Colo], 
Norian SRS [Synthes, Inc, West Chester, Pa], 
ProOsteon [Interpore Cross International, Irvine, 
Calif], Osteoset [Wright Medical Technology, Inc, 
Arlington, Tenn]). 

E. Polymer-based bone graft substitutes: degradable 
and nondegradable polymers, are used alone 
or in combination with other materials (e.g., 
Cortoss [Orthovita, Inc, Malvern, Pa], open 
porosity polylactic acid polymer [OPLA], Immix 
[Osteobiologics, Inc, San Antonio, Tex]).

F. Miscellaneous: Various unconventional marine 
biomaterials are also in use as bone graft substitute 
which includes coral, chitosan, sponge skeleton 
etc.

 Bone grafts and their substitutes can also be divided 
into osteoinductive agents, osteoconductive agents and 
osteogenic agents. 

Osteoinductive agents are generally proteins, • 
which induce differentiation of undifferentiated 
stem cells to osteogenic cells or induce stem cells 
to proliferate6.

Osteoconduction is the process whereby • 
microscopic and macroscopic scaffolding is 
provided for inward migration of cellular elements 

involved in bone formation (e.g., mesenchymal 
cells, osteoblasts, osteoclasts, and vasculature). 

Osteogenesis in a general sense, osteogenesis refers • 
to bone formation with no indication of cellular 
origin: new bone may originate from live cells in 
the graft or cells of host origin. 

 Many other classification systems of graft and 
graft substitute also exist. However, in this review the 
modification of Laurencin et al1 is followed. The past 
and existing bone grafts, graft substitutes and the clinical 
evidence to support their use in the management of 
orthopaedic cases are reviewed as also future direction 
of research (Table).

A. Harvested bone grafts and graft substitutes:

1. Bone grafts:

I.I. Autogenous bone grafts (Bone autografts)

 Autogenous bone grafts are considered as the gold 
standard for bone replacement, mainly because they 
offer minimum immunological rejection, complete 
histocompatibility and provide the best osteoconductive, 
osteogenic and osteoinductive properties7. Autografts 
usually contain viable osteogenic cells, bone matrix 
proteins and support bone growth8 which are obtained 
from vascularized and non vascularized cortical 
and autologous bone marrow grafts. They offer 

Table. Bone graft and graft substitutes
Class Description Examples Properties of action
Autograft based Used alone Osteoconductive•	

Osteoinductive•	
Osteogenic•	

Allograft based Allograft bone used alone or in combination 
with other materials

Allegro, Orthoblast, Grafton Osteoconductive•	
Osteoinductive •	

Factor based Natural and recombinant growth factors used 
alone or in combination with other materials

TGF-β, PDGF, FGF, BMP Osteoinductive•	
Both osteoconductive and •	
osteoinductive with carrier 
materials

Cell based Cells used to generate new tissue alone or 
seeded onto a support matrix

Mesenchymal stem cells Osteogenic, •	
Both osteogenic and •	
osteoconductive with carrier 
materials

Ceramic based Includes calcium phosphate, calcium 
sulfate, and bioactive glass used alone or in 
combination

Osteograf, , Osteoset, 
NovaBone

Osteoconductive•	
Limited osteoinductive when •	
mixed with bone marrow

Polymer based Includes degradable and nondegradable 
polymers used alone and in combination with 
other materials 

Cortoss, OPLA, Immix Osteoconductive•	
Bioresorbable in degradable •	
polymer

Miscellaneous Coral HA granules, blocks and composite ProOsteon Osteoconductive•	
Bioresorbable •	
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structural support to implanted devices and ultimately 
become mechanically efficient structures as they are 
incorporated into surrounding bone through creeping 
substitution9. They also suffer from resorption, limited 
availability and viability.

 Autologous cancellous bone graft has been 
considered more osteogenic as compared to cortical 
bone graft because the presence of spaces within their 
structure, allows the diffusion of nutrients and limited 
revascularization by microanastomosis of its circulating 
vessels10-12. Cancellous graft is good space filler, but 
it does not provide substantial structural support. As 
only the osteoblasts and endosteal cells on the surface 
of the graft survive the transplant, a cancellous graft 
acts mainly as an osteoconductive substrate, which 
effectively supports the ingrowth of new blood vessels 
and the infiltration of new osteoblasts and osteoblasts 
precursors13. Further, an osteoprogenitor cell, however, 
is a mesenchymal cell that has acquired the ability to 
create cells with osteogenic capabilities.  Transfer of a 
single osteoprogenitor cell can, through propagation, 
produce possibly hundreds of osteoblasts, and thus a 
considerable amount of bone.  The principle advantage 
of autologous cancellous grafts is the potential to 
transfer osteoprogenitor cells to the recipient site.  
Osteoinductive agents, such as bone morphogenic 
protein (BMP), have varying abilities to induce 
mesenchymal cells to transform to osteoprogenitor cells 
and thus produce bone. Cancellous graft does not provide 
immediate structural support, it integrates quickly and 
ultimately achieves strength equivalent to cortical graft 
within six to twelve months14. Osteoinductive factors 
released from the graft during the resorptive process 
as well as cytokines released during the inflammatory 
phase may also contribute to the healing of the wound, 
this is only based on circumstantial evidence; not yet 
been substantiated by scientific documentation13,15. 
It has been observed that weight bearing capacity of 
affected limb returned earlier in animals with autograft 
compared to other types of bone grafts used16. In an 
experimental study dog, it was observed that fresh 
autogenous bone grafts are incorporated rapidly and 
possess osteoinductive, osteoconductive and osteogenic 
properties17. Autologous cancellous bone is commonly 
harvested from iliac crest, sometimes from the distal 
part of the radius/ tibia. It is widely used for delayed 
union of long bone fractures and reconstruction of 
depressed fracture of lateral tibial plateau18-20. 

 Autologous cortical grafts have little or 
no osteoinductive properties and are mostly 

osteoconductive, but the surviving osteoblasts do 
provide some osteogenic properties as well21,22. Non-
vascularized cortical grafts provide immediate structural 
support; they become weaker than vascularized cortical 
grafts during the initial six weeks after transplantation 
as a result of resorption and revascularization21-23. 
Vascularized cortical grafts heal rapidly at the host-
graft-interface, and their remodeling is similar to that 
of normal bone. On the contrary, nonvascularized 
grafts do not undergo resorption and revascularization 
and, therefore, they provide superior strength during 
the first six weeks21. Despite their initial strength, 
cortical graft still must be supported by internal 
or external fixation to protect them from fracture. 
Autologous cortical bone grafts are good choices for 
segmental defects of bone of > 5 to 6 cm, which require 
immediate structural support. Larger graft requires 
prolonged time for resorption and fracture of graft 
may ensue if osteogenesis is not proper. On the other 
hand, if a bone graft is fragmented into small particles, 
even cancellous bone is killed and will no longer be 
osteogenic24,25. The main advantages of autologous 
cancellous graft are their excellent success rate and low 
risk of disease transmission. However, disadvantages 
as cited above include potential morbidity at the donor 
site, availability in limited quantities, and risk of 
wound infection, increased blood loss and prolonged 
anaesthetic time26,27.

 Site of grafting is another important factor 
influencing osteogenesis. Resorption and replacement 
of a bone graft in a skeletal bed occurs more rapidly 
at the end of a long bone (cancellous) than at the 
center of shaft (cortical bone)24,28. Accurate contact 
between a cortical bone graft and its bed is utmost 
necessary. Bone to bone contact along with low-
intensity pulsed ultrasound LIPUS are also necessary 
in the treatment of delayed union or filling a skeletal 
defect with percutaneous bone grafts29,30. Ultrasound 
has a significant effect on biological tissues and cells 
involved in bone healing and in fracture repair and 
data from the literature support a positive effect on 
osteogenesis of LIPUS, applied percutaneously, in 
different experimental and clinical settings. LIPUS 
significantly stimulates and accelerates fresh fracture 
healing and is effective in promoting bone healing 
in aseptic and septic delayed- and nonunions with a 
healing rate ranging from 70 to 93 per cent in different, 
nonrandomized, studies. Advantages of the use of this 
technology is that it may avoid the need for additional 
complex operations for the treatment of nonunions 
include efficacy, safety, ease of use and favourable 
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cost/benefit ratio. Outcome depends on the site of 
nonunion; time elapsed from trauma, stability at the 
site of nonunion and host type28. Percutaneous bone 
grafting appeared to be as effective as open techniques, 
and possessed considerable advantages. It is safe, time 
saving and economical, it involves minimal trauma 
at the fracture site and it avoids major donor site 
problems29.

 Time interval between procurement and 
transplantation of graft is also an important factor31. 
Autogenous bone grafts retained their viability for 
two hours when kept in normal saline32. Coupland 
concluded that the graft remained unchanged in shape 
and act as a passive scaffold for new bone growth to fill 
the defect even after autoclaving33. In another study34 
freeze drying of autogenous bone did not alter the 
normal repair process associated with fresh autografts.

I.II. Bone marrow

 Bone marrow has been used to stimulate bone 
formation in skeletal defects and nonunion through 
cytokines and growth factors secreted by the transplanted 
cells35. The main advantage of this technique is that it 
can be performed percutaneously, without almost any 
patient morbidity. Centrifugation of aspirated bone 
marrow at 400 times gravity for ten minutes separates 
the marrow cells from plasma and preserves the 
osteogenic potential of the cells, decreasing the volume 
of material injected36. Proliferation and differentiation 
of stem cells may be increased by adding them into 
growth factors37 or by combining them in collagen38.

 The volume of bone marrow to be injected has been 
more controversial. The larger the volume of aspirate the 
grater number of alkaline phosphatase- positive colony 
forming units but they are more diluted39. Connolly et 
al36 have recommended centrifugation of the aspirate 
to increase the percentage of cells and the efficacy of 
the aspirate. Curylo et al40 have reported good results 
as a graft extender (insufficient autograft augmented 
with bone marrow) in experimental posterolateral spine 
fusion.

 Autologous bone marrow mixed with 10 mg of 
demineralized bone matrix has been successfully used 
to fill bone defects35,41 as demineralized bone matrix is 
an excellent carrier because of its osteoinductive as well 
as osteoconductive properties. Injection of autologous 
bone marrow, with or without a carrier, has been used 
to treat nonunion and delayed union of several bones. 
However, it does not promote healing more rapidly or 

to a greater extent than do traditional bone grafting 
techniques42,43. 

I.III. Allogenic bone grafts

 The limitations associated with the procurement of 
autograft for bone grafting can be overcome by the use 
of allografts. Allograft bone is referred to as cadaver, 
obtained from donor bone and has both osteoinductive 
(they release bone morphogenic proteins that act 
on bone cells) and osteoconductive properties, but 
lack osteogenic properties because of the absence of 
viable cells44. However, harvesting and conservation 
of allogenic grafts are additional limiting factor28,45,46. 
The major advantage of allograft bone harvested from 
cadaver sources include its ready availability in various 
shapes and sizes, avoidance of the need to sacrifice 
host structures, and no donor site morbidity. Still, there 
is some controversy regarding association of allograft 
bone with the transmission of infectious agents, a major 
concern virtually eliminated through tissue-processing 
and sterilization. 

 Allogenic bone is available in many forms: 
demineralized bone matrix, morselized and cancellous 
chips, corticocancellous and cortical grafts, and 
osteochondral and whole-bone segments.

II. Demineralized bone matrix (DBM):

 Demineralized bone matrix (DBM) which 
has been shown to have an osteoconductive and 
osteoinductive potential47-51 is an interesting option. 
DMB provides no structural strength, and its primary 
use is in a structurally stable environment. DBM also 
revascularizes quickly and acts as suitable carrier 
for autologous bone marrow. It does not evoke any 
appreciable local foreign body immunogenic reaction 
as antigenic surface structure of bone is destroyed 
during demineralization52. The biologic activity of 
demineralized bone matrix is presumably attributable 
to proteins and various growth factors present in the 
extracellular matrix and made available to the host 
environment by the demineralization process. The 
osteoinductive capacity of demineralized bone matrix 
can be affected by storage, processing, and sterilization 
methods and can vary from donor to donor.

 DMB has been successfully used to induce bone 
formation in various clinical conditions viz., to fill the 
defects caused by bone cysts and cavities41,53,54, Cranio-
maxillofacial reconstruction55, bridging of large bone 
defects and repair of high risk fracture50 and even very 
high risk defects56. The most successful grafts may 
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be composites of DMB bone matrix and autologous 
bone marrow35,41 in stable fixation cases and human 
DMB with calcium sulfate (CaSO4) in displaced intra-
articular calcaneal fractures58. DMB can also augment 
and expand autologous cancellous bone graft when the 
supply of autogenous bone is limited or the defect is 
very large. 

 DMB has several potential disadvantages. Because 
it is an allergenic material, there is the potential to 
transmit human immunodeficiency virus (HIV). 
Another possible limitation of demineralized bone 
matrix is that different batches may have different 
potencies because of the wide variety of donors used to 
supply the graft.

B. Growth factor-based bone graft substitutes

Bone growth factors

 The clinical use of growth factors is mainly limited 
by the problem of delivery58. Insulin like growth factor 
(IGF-1) and TGFβ mostly modulate the synthesis of 
the cartilage matrix59,60 while basic fibroblast growth 
factor (bFGF) has a powerful mitogenic factor which 
stimulates the differentiation of chondrocytes61,62. 
Platelet-derived growth factor (PDGF) was studied 
on the bone healing of unilateral tibial osteotomies in 
rabbits and revealed that it had a stimulatory effect on 
fracture healing63. Basic fibroblast growth factor (bFGF) 
is produced locally in bone during the initial phase of 
fracture healing and is known to stimulate cartilage 
and bone forming cells64. Vascular endothelial growth 
factor, which combined with a coralline scaffold either 
coated with a control-plasmid DNA (a small cellular 
inclusion consisting of a ring of DNA that is not in a 
chromosome but is capable of autonomous replication), 
VEGF-plasmid DNA, loaded with mesenchymal stem 
cells (BMSC) transfected with control plasmid or 
with both stem cells and the VEGF plasmid showed 
to improve healing in large bone defects, in which 
bone substitutes will otherwise not be vascularized 
and replaced by fresh bone65. The application of 
gene transfer, which is a new technology, represents 
a unique opportunity for the local administration of 
growth factors58,66. Bone morphogenetic proteins 
(BMPs) are biologically active molecules capable 
of inducing new bone formation, and show potential 
for clinical use in bone defect repair. The synthetic 
biodegradable polymer/ interconnected-porous 
calcium hydroxyapatite ceramics (IP-CHA) composite 
is an excellent combination carrier/scaffold delivery 
system for recombinant bone morphogenetic protein-2 

(rhBMP-2), that strongly promotes the clinical effects 
of rhBMP-2 in bone tissue regeneration67. 

C. Cell-based bone graft substitutes:

I. Stem cell 

 Stem cell research attracts considerable attention 
because the ethical controversies associated with 
the destruction of human embryos and the clinical 
potential of embryonic stem cells in regenerative and 
reparative therapies. Stem cell is an ‘immature’ or 
undifferentiated cell which is capable of producing 
any identical daughter cells68,69. The main sources of 
stem cells include somatic (Adult) and embryonic stem 
cells. Somatic stem cells include haematopoietic stem 
cells, bone marrow stromal (Mesenchymal) stem cells 
(MSC)68,70, neural stem cells71, dermal (Keratinocytes) 
stem cells72, stem cells from fetal cord blood73 and 
several others. The best options are those derived 
from the bone marrow which yields two types, the 
haematopoietic stem cells which gives rise to the entire 
blood cell lineage and the mesenchymal stem cells 
from which are derived various connective tissues 
such as bone and adipose tissues. Mesenchymal stem 
cells have also been identified and currently being 
used for the repair and regeneration of bone, cartilage, 
muscle, tendon and ligament74. Embryonic stem cells 
in mice have been used to generate a range of distinct 
phenotype including haematopoietic precursor75, 
neural cells76, adipocytes77, muscle cells78, myocytes79, 
chondrocytes80, pancreatic islets81 and osteoblast82. 

 The means of delivering factors to stimulate stem 
cells in vivo to initiate a process leading to regeneration 
has long been sought. Success has been restricted by 
problems of dosage, lack of full activity of recombinant 
factors and the inability to sustain the presence of the 
factor for an appropriate length of time. ‘Gene-activated 
matrices’ are being investigated which compromise 
plasmids coding for factors in a variety of delivery 
vehicles. Fresh marrow cells or cultured mesenchymal 
stem cells (MSCs) combined with porous ceramic 
and implanted into rat83,84 or canine segmental bone 
defects85 have shown osteogenic potential. Repair of 
cartilage damage or defects is technically challenging 
because cartilage tissue is relatively thin and avascular. 
In an attempt to provide regeneration of both cartilage 
and bone, cultured MSCs were implanted into massive 
osteochondral defects in the medial condyle of the distal 
femur of young adult rabbits. The MSCs uniformly 
formed chondrocytes which served to resurface the 
condyle86,87.
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 Despite the challenges of isolating, expanding and 
defining stem cell populations, they hold tremendous 
promise for tissue regeneration at a clinically useful 
level. There are several examples of the potential use 
of stem cells in regenerative medicine, but, a thorough 
research in this area is needed to characterize graft 
versus host stem cells immune interactions and to 
identify mechanisms enabling the delivery or homing of 
the stem cells to the site of interest in clinical context.

II. Collagen 

 Collagen as an osteoinductive material is due 
to its osteoconductive property and when it is used 
in combination with osteoconductive carriers like 
hydroxyapatite or tricalcium phosphate. These 
composites are mixed with autologous bone marrow 
which subsequently provides osteoprogenitor cells 
and other growth factors. Chapman et al88 conducted 
a prospective, randomized comparison of autologous 
iliac crest bone graft and calcium-collagen graft 
material in the treatment of acute long-bone fractures 
with both bone-grafting (<30 cm3 volume required) and 
internal or external fixation. The authors88 observed no 
differences between the two groups with regard to the 
union rate or functional measures, and they concluded 
that calcium-collagen graft material with autologous 
bone marrow can be used instead of autologous bone 
graft for patients who have an acute traumatic defect of 
a long bone. There is no scientific proof that calcium-
collagen graft materials can effectively substitute for 
autologous bone graft to stimulate healing of nonunion. 
This material with autologous bone marrow can be 
used as a replacement for autologous bone graft for 
acute long-bone fractures with enough comminution or 
cortical bone loss to require bone-grafting when internal 
or external fixation is planned26. It is not recommended 
to fill metaphyseal bone defects resulting from articular 
fractures as it does not offer structural support and also 
for the treatment of nonunion except in the role of a 
bone-graft expander when the supply of autologous 
bone graft is limited26.

III. Gene therapy

 Gene therapy involves the transfer of genetic 
information to cells. When a gene is transferred to a 
target cell, the cell synthesizes the protein encoded 
by the gene. For gene expression, the transferred 
DNA material must enter the nucleus where it can be 
transcripted. After transcription, the generated m-RNA 
is transported outside the nucleus and serves as a 
matrix for the production of proteins in the ribosome. 

The gene therapy used for gene induction is short-term 
and as regional therapy. The gene can be introduced 
directly to specific anatomic site (in-vivo technique) 
or specific cells can be harvested from the patient, 
expanded, genetically manipulated n tissue culture and 
then reimplanted (ex-vivo technique). Generally, the 
direct method is less technically demanding, indirect 
gene delivery is safer, because, the gene manipulation 
takes place under controlled conditions outside the 
organism. Viral and non-viral vectors can be used for 
the delivery of genetic materials into cells. Non-viral 
gene transfer systems such as liposomes, naked DNA 
are usually easier to produce and have a lower toxicity 
and immunogenicity, but the efficiency of their gene 
delivery is impeded by a blow rate of infection unless 
the transduced cells are selected89,90. Recently, viral 
gene vectors, including retrovirus, adenovirus, adeno-
associated virus and herpes virus are more efficient 
method of gene transfer91. 

 Tomita et al92 first reported successful delivery 
of genes into the articular cartilage using a 
haemagglutinating virus (HVJ; sendai virus) liposome 
suspension containing the SV40 large T antigen (SVT) 
gene which was injected intra-articularly into the 
knees of rats. Biological effect of an effective growth 
factor in cartilage healing was studied using rabbit 
mesenchymal stem cells transduced with retroviral 
vectors encoded for the gene of bone morphogenetic 
protein-7, seeded on polymer scaffold grafts implanted 
into osteochondral defects in rabbit knees93.

D. Ceramic-based bone graft substitutes

 Among different ceramic based graft substitute 
materials, calcium phosphate based ceramics such as 
hydroxyapatite (HA), β-tricalcium phosphate (β-TCP) 
and bioactive glass are used quite substantially for 
long time. Calcium phosphate ceramics are synthetic 
scaffolds that have been used in dentistry since the 
early 1970s and in orthopedics since 1980s94-97.

I. Calcium hydroxyapatite (HAp)

 Hydroxyapatite is a biocompatible ceramic 
produced through a high-temperature reaction and 
is highly crystalline form of calcium phosphate. The 
nominal composition of this mixture is Ca10 (PO4)6 
(OH) 2 with a calcium-to-phosphate atomic ratio of 
1.67. The most unique property of this material is 
chemical similarity with the mineralized phase of 
bone; this similarity accounts for their osteoconductive 
potential and excellent biocompatibility98-100. Calcium 
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hydroxyapatite/tricalcium phosphate (60/40) provide a 
structure or scaffold which can have a close interface 
with adjacent bone and have a limited application in 
the treatment of load-bearing segmental bone defects 
but did not fail at the early stages of implantation101. 
Hydroxyapatite has been established to be an excellent 
carrier of osteoinductive growth factors and osteogenic 
cell populations, which greatly add to their utility as 
bioactive delivery vehicles in the future102.

 The ideal pore size for a bioceramic should be similar 
to that of spongious bone. It has been demonstrated 
that microporosity (pore size <10 μm) allows body 
fluid circulation whereas macroporosity (pore size 
>50 μm) provides scaffold (Pore size-100-200 μm and 
porosity-60-65%) for bone-cell colonization103,104. An 
ideal pore size diameter of 565 μm is reported as the 
ideal macropore size for bone ingrowth compared to 
a smaller size (300 μm)105. However, in another study 
by Kuhne et al106 the optimal size of the pores was 
found to be 500 µm. In an experimental study in goats 
with porous calcium phosphate ceramics, Toth et al107 
found that the ceramic when mixed with autograft in 
the ratio of 70 (ceramic): 30 (autograft) were effective 
for anterior cervical interbody fusion, Johnson et al108 
found that hydroxyapatite alone gave poor results. The 
interconnected high porous structure of hydroxyapatite 
seems to be promising for the environment of 
posterolateral lumbar intertransverse process spine 
fusion (PLF) in the point of producing fusion mass 
with higher cellular viability109,110.

 During recent years, there have been efforts in 
developing doped bioceramics materials to enhance 
their mechanical and biological properties as well 
as cytocompatibility for use in tissue engineering 
applications111,112. Hydroxyapatite (HA) as a 
synthetic material, usually used as coating for dental 
and orthopedic implants, are known for its good 
cytocompatibility properties, but is limited in use due 
to its moderate to low solubility within the body and 
mechanical properties that differ from surrounding 
tissue and bone111. Doped HA with manganese and/or 
zinc as bone substitute have been tried and resulted in 
faster resorption kinetics113.

 Plasma spray HA coating has been used on 
metallic femoral stem and cup as a means of fixation 
in order to avoid complications related to the use of 
PMMA114. Hydroxyapatite-coated pins enhance pin 
fixation regardless of bone type and loading conditions 
and reduces the rate of infection and loosening during 
external fixation115,116. Nguyen et al117 studied the effect 

of sol-gel-formed calcium phosphate coatings on bone 
ingrowth and osteoconductivity of porous-surfaced 
Ti alloy implants in rabbit tibia and observed that 
endosteal bone growth along the porous-surfaced zone 
was greater with the Ca-P-coated implants compared 
to the non Ca-P-coated implants and greater bone-to-
implant contact within the sinter neck regions of the 
Ca-P-coated implants. 

II. Tri-calcium phosphate (TCP)

 Like hydroxyapatite, TCP is bioabsorbable 
and biocompatible. The chemical composition and 
crystallinity of the material are similar to those of the 
mineral phase of bone. The nominal composition of 
TCP is Ca3 (PO4)2. It exists in either α or β-crystalline 
forms. The rate of biodegradation is higher when 
compared with HA. Degradability occurs by combined 
dissolution and osteoclastic resorption103.

 Tricalcium phosphate implants have been used for 
two decades as synthetic bone void fillers in orthopaedic 
and dental applications95,118. The small particle size and 
interconnected sponge like microporosity are believed 
to improve osteoconductive properties and promote 
timely resorption concomitant with the process of 
remodeling100,119-121. Zhang et al122 reported bone 
formation with bone marrow stromal cells (BMSCs) 
and β-tricalcium phosphate (β-TCP) as bone substitute 
implanted in rat dorsal muscles. Cutright et al123 
found 95 per cent absorption of tricalcium phosphate 
ceramic implants in rat tibias 48 days postoperatively 
with extensive bone growth and marrow reformation. 
Cameron et al124 observed both the toxicity and the 
bone-ingrowth potential of TCP in canine model and 
reported no untoward tissue or systemic reaction 
when implanted in cancellous bone; it was rapidly 
infiltrated with bone and slowly resorbed. Breitbart 
et al125 conducted experimental trials with TCP 
ceramic and osteogenin, an osteoinductive protein as 
an onlay graft substitute in a rabbit calvarial model. 
Gao et al126 evaluated the effects of biocoral and TCP 
cylinders in segmental tibial bone defects (16 mm in 
length) and observed that biocoral is superior to TCP 
in repair of segmental defects in weight bearing limbs. 
Recombinant human bone morphogenetic protein 
(rhBMP)-2 with beta-TCP is a promising composite 
having osteogenicity and efficient enough for repairing 
large bone defects127.

III. Bioactive glass

 Bio-active glass ceramics (Bioglass) were 
first developed by Hench et al128. This glass is 
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biocompatible, osteoconductive and bonds to bone 
without an intervening fibrous connective tissue 
interface129,130. This material has been widely used for 
filling bone defects100,131,132 alone and in combination 
with autogenous and allogenic cancellous bone graft133. 
Bioglass is composed mainly of silica, sodium oxide, 
calcium oxide and phosphates.

 The bone-bonding reaction results from a 
sequence of reactions in the glass and its surface134. 
After long-term implantation, this biological apatite 
layer is partially replaced by bone135. The behaviour 
of bioactive glasses is dependent on the composition 
of the glass136,137, the surrounding pH, the temperature, 
and the surface layers on the glass138,139. The porosity 
provides a scaffold on which newly-formed bone can 
be deposited after vascular in growth and osteoblast 
differentiation. The porosity of bioglass is also 
beneficial for resorption and bioactivity140. 

 In experimental cancellous bone defects in rat 
models, bioglass was found biocompatible, and the 
filler effect was greater with bioactive glass than with 
autogenous bone141. Bioglass was found to trigger new 
bone formation by allogenic demineralized bone matrix, 
and the biocompatibility of the glass was verified by 
the absence of adverse cellular reactions142,143. Bone-
bonding response significantly enhanced with the 
microroughening of the bioactive glass surface, but 
the glass composition affected the intensity of the 
response144. In another study, the microroughening of 
the bioglass surface accelerated temporal changes in 
the expression of specific genes involved in the bone 
healing process145. Bioactive glasses have shown no or 
only mild inflammatory responses in the surrounding 
tissue in histological in vivo studies and in 6 months, 
the glass fiber scaffolds are completely resorbed146.

 Bioactive glasses have been clinically used for 
tympanoplastic reconstruction147, as filling material in 
benign tumour surgery148, for reconstruction of defects 
in facial bones149,150, for treatment of periodontal bone 
defects151,152, in obliteration of frontal sinuses153-155, in 
repairing orbital floor fractures156,157, in lumbar fusion158, 
and for reconstruction of the iliac crest defect after bone 
graft harvesting159. 

IV. Calcium phosphate cement

 Calcium phosphate ceramics introduced more than 
three decades ago are considered as bioactive bone 
substitutes. The paste or injectable calcium phosphates 
cement offers the advantage of being freely mouldable 

and adaptable to bone defects. Brown and Chow160,161 

first reported the formation of apatitic cement consisting 
of a mixture of tetracalcium phosphate (TetCP) and 
dicalcium phosphate anhydrite (DCPA). Grüninger et 
al162 introduced the term “calcium phosphate cements 
(CPC)” and described as: ‘a powder or as a mixture of 
powders which, upon mixing with water or an aqueous 
solution to a paste, reacts around room or body 
temperature by the formation of a precipitate containing 
crystals of one or more calcium phosphates and sets by 
the entanglement of the crystals of that precipitate’163. 
After implantation, this composition form HAp in 
situ in contact with the physiological fluid. Since its 
inception CPCs have attracted much attention and 
different formulations have been put forward164-168.

 The drawback in using these materials was that 
close proximity to the host bone was necessary to 
achieve osteoconduction. Even, when this is achieved, 
new bone growth is often strictly limited because these 
materials are not osteoinductive in nature. To overcome 
this limitation, a number of different bone derived-
growth factors have been demonstrated to stimulate 
bone growth, collagen synthesis and fracture repair 
both in vitro and in vivo. 

 The combination of high biocompatibility, easy-
to-shape characteristic, and the capacity to self-setting 
under ambient conditions makes it an asset in the 
repair of hard tissue defects169-172 and research and 
development on CPC have attracted much attention 
in recent years172-175. Based on its flow behavior 
before setting of slurry, CPC has been used as a root 
sealer-filler176 and as an injectable biomaterial177-181 
for bone replacement, especially in percutaneous 
vertebroplasty182-184 and kyphoplasty185-187. Šiniković et 
al188 investigated the potential of CPC in the treatment 
of orbital wall defect fractures in an adult sheep model 
and compared the same with autologous calvarias 
split-bone grafts. However, CPC also suffers from its 
inherent lack of microporosity for tissue invasion189 
and poor injectibility190. Pore size and inherent strength 
play a major role in the ultimate usefulness of calcium 
phosphate cement. The pore size of Bone Source, a 
prototype CPC, has been reported to be as small as 
2-5 nm191 to as large as 8-12 μm189, unsuitable for this 
particular application. Earlier it was generally believed 
that calcium phosphate cements are reabsorbed with 
bone formed via osteoconduction, but, recent studies 
suggested that calcium phosphate cements directly 
initiate osteogenesis189. Although the mechanism of 
osteoinduction remains unclear, the ionic exchanges 
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properties of the calcium phosphate cement with the 
surrounding milieu have been pointed out as a relevant 
parameter, among others. High microporosity in CPC 
is directly correlated with the exposed surface, and 
therefore an elevated dissolution in the pores where 
the level of stable critical level of free calcium ions 
and possibly free orthophosphate ions might trigger 
cell differentiation into osteogenic lineage. In addition, 
through a dissolution–precipitation process, the 
development of a bone-like mineral layer might initiate 
bone formation either by mimicry with the bone mineral 
structure or by the presence of osteogenic compounds 
(for example bone morphogenetic proteins) contained 
naturally in body fluids that might have concentrated at 
the newly formed mineral layer. 

V. Calcium Sulfate:

 Calcium sulfate graft material with a patented 
crystalline structure described as an alphahemihydrate 
acts primarily as osteoconductive bone-void filler that 
completely resorbs as newly formed bone remodels and 
restores anatomic features and structural properties. 
Potential application of calcium sulfate graft material 
includes the filling of cysts, bone cavities192, benign 
bone lesions193 and segmental bone defects; expansion 
of grafts used for spinal fusion; and filling of bone-
graft harvest sites26. It is biocompatible, bioactive 
and resorbable after 12 wk194. Significant loss of its 
mechanical properties occurs upon its degradation; 
therefore, it is a questionable choice for load-bearing 
applications.

E. Polymer-based bone graft substitutes

 Polymers present some options that the other groups 
do not. Like many polymers are potential candidates 
for bone graft substitutes represent different physical, 
mechanical, and chemical properties. The polymers 
used today can be loosely divided into natural polymers 
and synthetic polymers. These, in turn, can be divided 
further into degradable and nondegradable types.

Polymer-based bone graft substitutes include the 
following:

 Healos (DePuy Orthopaedics, Inc, Warsaw, 
Ind) is a natural polymer-based product, a polymer-
ceramic composite consisting of collagen fibers 
coated with hydroxyapatite and indicated for spinal 
fusions195. Cortoss is an injectable resin-based product 
with applications for load-bearing sites196. Rhakoss 
(Orthovita, Inc) is a resin composite available as a solid 
product in various forms for spinal applications196. 

Degradable synthetic polymers, like natural polymers, 
are resorbed by the body. The benefit of having the 
implant resorbed by the body is that the body is able to 
completely heal itself without remaining foreign bodies. 
To this end, companies have used degradable polymers 
such as polylactic acid and poly (lactic-co-glycolic 
acid) as stand-alone devices and grafted with grafted 
hyaluronic acid for periodontal barrier applications197. 
BoneTec, Inc (Toronto, Canada) has developed a 
porous poly (lactic-co-glycolic acid) foam matrix by 
using a particulate leaching process to induce porosity. 
Immix Extenders (Osteobiologics, Inc), a particulate 
poly (lactic-co-glycolic acid) product, is used as a graft 
extender.

F. Miscellaneous

I. Coral 

 Chiroff et al198 first observed that corals from 
marine invertebrates have skeletons with a structure 
similar to both cortical and cancellous bone, with 
interconnecting porosity. Coralline hydroxyapatite is 
processed by a hydrothermal exchange method that 
converts the coral calcium phosphate to crystalline 
hydroxyapatite with pore diameters between 200 
and 500 μm and in a structure very similar to that of 
human trabecular bone. Bucholz et al199 reported that 
the clinical performance of autologous cancellous bone 
graft and coralline hydroxyapatite are similar during 
filling of bone voids resulting from articular surface 
depression in tibial plateau fractures. More recently, 
coralline hydroxyapatite has been used as a carrier for 
some bone derived growth factors. It has been used as 
a carrier for BMP with success in rabbit model and as 
a carrier for transforming growth factors and fibroblast 
growth factors in a rabbit model200. To avoid donor 
site morbidity, coralline hydroxyapatite granules or 
blocks of various size, depending on the size of the 
defect can be used to fill metaphyseal defects after 
reduction of depressed articular segments26. Coralline 
hydroxyapatite bone graft substitute appears to be a 
clinically effective material for use in foot procedures 
although the slow resorption is a concerning 
characteristic of the graft material without any adverse 
effect201. Another contraindication to the use of this 
material is a joint surface defect that would allow the 
grafting material to migrate into the joint.

II. Chitosan and Sponge skeleton:

 Over the past three decades, an enormous array 
of biomaterials proposed as ideal scaffolds for cell 
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growth have emerged, yet few have demonstrated 
clinical efficacy. Natural marine sponge skeletons202 

and chitosan203 have proved as effective biomaterials 
for modern tissue engineering. The abundance and 
structural diversity of natural marine sponge skeletons 
and their potential as multifunctional, cell conductive 
and inductive frameworks along with collagenous 
composition of the fiber indicate a promising new 
source of scaffold for tissue regeneration204. Chitosan, 
a natural product derived from the polysaccharide 
chitin (Aminopolysaccharide; combination of 
sugar and protein), an abundantly available natural 
biopolymer found in the exo-skeletons of crustacean 
like shrimp, crabs, lobster and other shellfish would be 
an effective material to repair bone defects due to its 
biocompatibility203. In an experimental study, natural 
hydroxyapatite/chitosan composite were evaluated 
in reconstruction of bone defects and observed 
that this composite has good biocompatibility and 
osteoconduction. It is a potential repairing material 
for clinical application205. The drawback in using 
these materials was that close proximity to the host 
bone was necessary to achieve osteoconduction. 
Advances in tissue engineering and the integration 
of the biological, physical, and engineering sciences, 
will create new carrier constructs that regenerate and 
restore functional state. These constructs are likely 
to encompass additional families of growth factors, 
evolving biological scaffolds, and incorporation of 
mesenchymal stem cells. Ultimately, the development 
of ex vivo bioreactors capable of bone manufacture 
with the appropriate biomechanical cues will provide 
tissue-engineered constructs for direct use in the 
skeletal system.

Conclusions

 Future biosynthetic bone implants may obviate 
the need for autologous bone grafts. There is 
increasing interest in combining an osteoconductive 
protein in an osteoconductive carrier medium to 
facilitate timed-release delivery and/or to provide 
a material scaffold for bone formation. Further, 
advances in tissue engineering, “the integration of 
the biological, physical and engineering sciences” 
will generate new carrier constructs that repair, 
regenerate and restore tissue to its functional state. 
These constructs are likely to encompass additional 
families of growth factors, evolving biological 
scaffolds and incorporation of mesenchymal stem 
cells. Ultimately, the development of ex vivo 
bioreactors capable of bone manufacture with the 

appropriate biomechanical cues will provide tissue-
engineered constructs for direct use in the skeletal 
system. Finally, as researchers continue to find new 
materials and biologic approaches to bone repair, the 
future of bone graft substitutes continues to be an 
expanding topic of interest.
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Dobiecki K, Białecki P, et al. Factors determining the 
contamination of bone tissue procured from cadaveric and 
multiorgan donors. Transplant Proc 2006; 38 : 301-4.
Laursen M, Christensen FB, Burger C, Lind M32.  . Optimal 
handling of fresh cancellous bone graft-Different peroperative 
storing techniques evaluated by in vitro osteoblast-like cell 
metabolism. Acta Orthop Scand 2003; 74 : 490-6.
Coupland BR. Experimental bone grafting in the canine: the 33. 
use of autoclaved autogenous normal tibial bone. Can Vet J 
1969; 10 : 170-5.

Burchardt H, Jones H, Glowczewskie F, Rudner C, Enneking 34. 
WF. Freeze-dried allogeneic segmental cortical-bone grafts in 
dogs. J Bone Joint Surg Am 1978; 60-A : 1082-90.

Connolly JF. Injectable bone marrow preparations to stimulate 35. 
osteogenic repair. Clin Orthop Relat Res 1995; 313 : 8-18.

Connolly JL, Guse R, Lippiello L, Dehne R. Development of 36. 
an osteogenic bone-marrow preparation. J Bone Joint Surg 
Am 1989; 71 : 684-91.

Tiedeman JJ, Connolly JF, Strates BS, Lippiello L. Treatment 37. 
of nonunion by percutaneous injection of bone marrow and 
demineralized bone matrix : An experimental study in dogs. 
Clin Orthop Relat Res 1991; 268 : 294-302.

Cornell CN, Lane JM, Chapman M, Merkow R, Seligson D, 38. 
Henry S, et al. Multicenter trial of collagraft as bone graft 
substitute. J Orthop Trauma 1991; 5 : 1-8.

Muschler GF, Boehm C, Easley K. Aspiration to obtain 39. 
osteoblast progenitor cells from human bone marrow: the 
influence of aspiration volume. J Bone Joint Surg Am 1997; 
79 : 1699-709.

Curylo LJ, Johnstone B, Petersilge CA, Janicki JA, Yoo JU. 40. 
Augmentation of spinal arthrodesis with autologous bone 
marrow in a rabbit posterolateral spine fusion model. Spine 
1999; 24 : 434-8; discussion 438-9.

Tiedeman JJ, Garvin KL, Kile TA, Connolly JF. The role  41. 
of a composite, demineralized bone matrix and bone marrow 
in the treatment of osseous defects. Orthopedics 1995; 18 : 
1153-8.

Harkins HN, Phemister DB. Simplified technic of onlay grafts: 42. 
for all ununited fractures in acceptable position. JAMA 1937; 
109 : 1501-6. 

Jones KG, Barnett HC. Cancellous bone grafting for non-43. 
union of the tibia through the posterolateral approach. J Bone 
Joint Surg Am 1955; 37-A : 1250-9; discussion 1259-60.

Habibovic P, de Groot K. Osteoinductive 44. 
biomaterials - properties and relevance in bone repair. J Tissue 
Eng Regen Med 2007; 1 : 25-32.

Hofmann C, von Garrel T, Gotzen L. Bone bank management 45. 
using a thermal disinfection system (Lobator SD-1). A critical 
analysis. Unfallchirurg 1996; 99 : 498-508.

Farrington M, Matthews I, Foreman J, Richardson KM, 46. 
Caffrey E. Microbiological monitoring of bone grafts: two 
years experience at a tissue bank. J Hosp Infect 1998; 38 : 
261-71.

Peterson B, Whang PG, Iglesias R, Wang JC, Lieberman JR. 47. 
Osteoinductivity of commercially available demineralized 
bone matrix. Preparations in a spine fusion model. J Bone 
Joint Surg Am 2004; 86A : 2243-50.

Wang JC, Alanay A, Mark D, Kanim LEA, Campbell PA, 48. 
Dawson EG, et al. A comparison of commercially available 
demineralized bone matrix for spinal fusion. Eur Spine J 
2007; 16 : 1233-40. 

McKee MD. Management of segmental bony defects : the role 49. 
of osteoconductive orthobiologics. J Am Acad Orthop Surg 
2006; 14 : S163-7. 



26 INDIAN J MED RES, JULY 2010

Pietrzak WS, Perns SV, Keyes J, Woodell-May J, McDonald 50. 
NM. Demineralized bone matrix graft : a scientific and clinical 
case study assessment. J Foot Ankle Surg 2005; 44 : 345-53.
Katz JM, Nataraj C, Jaw R, Deigl E, Bursac P. Demineralized 51. 
bone matrix as an osteoinductive biomaterial and in vitro 
predictors of its biological potential. J Biomed Mater Res B 
Appl Biomater 2009; 89 : 127-34.
Tuli SM, Singh AD. The osteoinductive property of decalcified 52. 
bone matrix. An experimental study. J Bone Joint Surg Br 
1978; 60 : 116-23. 
Tynan JR, Schachar NS, Marshall GB, Gray RR. 53. Pathologic 
fracture through a unicameral bone cyst of the pelvis: CT-
guided percutaneous curettage, biopsy, and bone matrix 
injection. J Vasc Interv Radiol 2005; 16 : 293-6.
Docquier PL, Delloye C54. . Treatment of aneurysmal bone cysts 
by introduction of demineralized bone and autogenous bone 
marrow. J Bone Joint Surg Am 2005; 87 : 2253-8. 
Damien CJ, Parsons JR, Prewett AB, Rietveld DC, 55. 
Zimmerman MC. Investigation of an organic delivery system 
for demineralized bone matrix in a delayed-healing cranial 
defect model. J Biomed Mater Res 1994; 28 : 553-61.
Knothe UR, Springfield DS. A novel surgical procedure for 56. 
bridging of massive bone defects. World J Surg Oncol 2005; 
3 : 7.
Bibbo C, Patel DV. The effect of demineralized bone matrix-57. 
calcium sulfate with vancomycin on calcaneal fracture healing 
and infection rates: a prospective study. Foot Ankle Int 2006; 
27 : 487-93.
Lieberman JR, Ghivizzani SC, Evans CH. Gene transfer 58. 
approaches to the healing of bone and cartilage. Mol Ther 
2002; 6 : 141-7.
Van der Kraan PM, Buma P, van Kuppevelt T, van Den 59. 
Berg WB. Interaction of chondrocytes, extracellular matrix 
and growth factors: relevance for articular cartilage tissue 
engineering. Osteoarthritsis Cartilage 2002; 10 : 631-7.
Hunziker EB. Growth factor-induced healing of partial-60. 
thickness defects in adult articular cartilage. Osteoarthritis 
Cartilage 2001; 9 : 22-32.
Fujimoto E, Ochi M, Kato Y, Mochizuki Y, Sumen Y, Ikuta 61. 
Y. Beneficial effect of basic fibroblast growth factor on the 
repair of full-thickness defects in rabbit articular cartilage. 
Arch Orthop Trauma Surg 1999; 119 : 139-45.
Weisser J, Rahfoth B, Timmermann A, Aigner T, Bräuer R, 62. 
von der Mark K. Role of growth factors in rabbit articular 
cartilage repair by chondrocytes in agarose. Osteoarthritis 
Cartilage 2001; 9 (Suppl A) : 548-54.
Dallari D, Savarino L, Stagni C, Cenni E, Cenacchi A, 63. 
Fornasari PM, et al. Enhanced tibial osteotomy healing with 
use of bone grafts supplemented with platelet gel or platelet 
gel and bone marrow stromal cells. J Bone Joint Surg Am 
2007; 89 : 2413-20.
Tang CH, Yang RS, Huang TH, Liu SH, Fu WM. Enhancement 64. 
of fibronectin fibrillogenesis and bone formation by basic 
fibroblast growth factor via protein kinase c-dependent 
pathway in rat osteoblasts. Mol Pharmacol 2004; 66 : 440-9.
Geiger F, Lorenz H, Xu W, Szalay K, Kasten P, Claes L,  65. 
et al. VEGF producing bone marrow stromal cells (BMSC) 

enhance vascularization and resorption of a natural coral bone 
substitute. Bone 2007; 41 : 516-22.
Chen Y. Orthopedic applications of gene therapy. 66. J Orthop Sci 
2001; 6 : 199-207.
Kaito T, Myoui A, Takaoka K, Saito N, 67. Nishikawa M, Tamai 
N, et al. Potentiation of the activity of bone morphogenetic 
protein-2 in bone regeneration by a PLA-PEG/hydroxyapatite 
composite. Biomaterials 2005; 26 : 73-9.
Robey PG. Stem cells near the century mark. 68. J Clin Invest 
2000; 105 : 1489-91.
Watt FM, Hogan BL. Out of Eden: stem cells and their niches. 69. 
Science 2000; 287 : 1427-30.
Bianco P, Gehron Robey P. Marrow stromal stem cells. 70. J Clin 
Invest 2000; 105 : 1663-8.
Alvarez-Buylla A, Garcia-Verdugo JM, Tramontin AD. A 71. 
unified hypothesis on the lineage of neural stem cells. Nat Rev 
Neurosci 2001; 2 : 287-93.
Watt FM. Epidermal stem cells as targets for gene transfer. 72. 
Hum Gene Ther 2000; 11 : 2261-6.
Gallacher L, Murdoch B, Wu D, Karanu F, Fellows F, Bhatia 73. 
M. Identification of novel circulating human embryonic blood 
stem cells. Blood 2000; 96 : 1740-7.
Bruder SP, Kurth AA, Shea M, Hayes WC, Jaiswal N, 74. 
Kadiyala S. Bone regeneration by implantation of purified, 
culture-expanded human mesenchymal stem cells. J Orthop 
Res 1998; 16 : 155-62.
Martin CH, Kaufman DS. Synergistic use of adult and 75. 
embryonic stem cells to study human hematopoiesis. Curr 
Opin Biotechnol 2005; 16 : 510-5.
Li M, Pevny L, Lovell-Badge R, Smith A. Generation of 76. 
purified neural precursors from embryonic stem cells by 
lineage selection. Curr Biol 1998; 8 : 971-4.
Monteiro M77. C, Wdziekonski B, Villageois P, Vernochet C, 
Iehle C, Billon N, et al. Commitment of mouse embryonic 
stem cells to the adipocyte lineage requires retinoic acid 
receptor beta and active GSK3. Stem Cells Dev 2009; 18 : 
457-63. 
Prelle K, Wobus AM, Krebs O, Blum WF, Wolf E. 78. 
Overexpression of insulin-like growth factor-II in mouse 
embryonic stem cells promotes myogenic differentiation. 
Biochem Biophys Res Commun 2000; 277 : 631-8.
Klug MG, Soonpaa MH, Koh GY, Field LJ. Genetically 79. 
selected cardiomyocytes from differentiating embryonic stem 
cells from stable intracardiac grafts. J Clin Invest 1996; 98 : 
216-24.
Kramer J, Hegert C, Guan K, Wobus AM, Müller PK, Rohwedel 80. 
J. Embryonic stem cell-derived chondrogenic differentiation 
in vitro: activation by BMP-2 and BMP-4. Mech Dev 2000; 
92 : 193-205.
Lumelsky N, Blondel O, Laeng P, Velasco I, Ravin R, McKay 81. 
R. Differentiation of embryonic stem cells to insulin-secreting 
structures similar to pancreatic islets. Science 2001; 292 : 
1389-93.
Buttery LD, Bourne S, Xynos JD, Wood H, Hughes FJ, 82. 
Hughes SP, et al. Differentiation of osteoblasts and in vitro 
bone formation from murine embryonic stem cells. Tissue Eng 
2001; 7 : 89-99.



 NANDI et al: BONE GRAFT & GRAFT SUBSTITUTES 27

Sempuku T, Ohgushi H, Okumura M, Tamai S. Osteogenic 83. 
potential of allogeneic rat marrow cells in porous 
hydroxyapatite ceramics : a histological study. J Orthop Res 
2005; 14 : 907-13.
Bruder SP, Kurth AA, Shea M, Hayes WC, Jaiswal N, 84. 
Kadiyala S. Bone regeneration by implantation of purified, 
culture-expanded human mesenchymal stem cells. J Orthop 
Res 1998; 16 : 155-62.
Arinzeh TL, Peter SJ, Archambault MP, van den Bos C, 85. 
Gordon S, Kraus K, et al. Allogeneic mesenchymal stem cells 
regenerate bone in a critical-sized canine segmental defect.  
J Bone Joint Surg Am 2003; 85A : 1927-35.
Koga H, Engebretsen L, Brinchmann JE, Muneta T, Sekiya 86. 
I. Mesenchymal stem cell-based therapy for cartilage repair: 
a review. Knee Surg Sports Traumatol Arthrosc 2009; 17 : 
1289-97.
Caplan, AI, Elyaderani M, Mochizuki Y, Wakitani S, Goldberg 87. 
VM. Principles of cartilage repair and regeneration. Clin 
Orthop Relat Res 1997; 342 : 254-69.
Chapman MW, Bucholz R, Cornell C. Treatment of acute 88. 
fractures with a collagen-calcium phosphate graft material. A 
randomized clinical trial. J Bone Joint Surg Am 1997; 79 : 
495-502.
Lind M, Bünger C. Orthopaedic applications of gene therapy. 89. 
Int Orthop 2005; 29 : 205-9.
Martinek V, Fu FH, Lee CW, Huard J. Treatment of 90. 
osteochondral injuries. Genetic engineering. Clin Sports Med 
2001; 20 : 403-16; viii.
Robbins PD, Ghivizzani SC. Viral vectors for gene therapy. 91. 
Pharmacol Ther 1998; 80 : 35-47.
Tomita T, Hashimoto H, Tomita N, Morishita R, Lee SB, 92. 
Hayashida K, et al. In vivo direct gene transfer into the articular 
cartilage by intraarticular injection mediated by HVJ (Sendai 
virus) and liposomes. Arthritis Rheum 1997; 40 : 901-6.
Mason JM, Breitbart AS, Barcia M, Porti D, Pergolizzi RG, 93. 
Grande DA. Cartilage and bone regeneration using gene-
enhanced tissue engineering. Clin Orthop Relat Res 2000; 379 
(Suppl) : 171-8.
Truumees, E, Herkowitz HN. Alternatives to autologous bone 94. 
harvest in spine surgery. Orthop J 1999; 12 : 77-88.
Hak DJ. The use of osteoconductive bone graft substitutes in 95. 
orthopaedic trauma. J Am Acad Orthop Surg 2007; 15 : 525-36.
Doursounian L, Cazeau C, Touzard RC. Use of tricalcium 96. 
phosphate ceramics in tibial plateau fracture repair: results of 
15 cases reviewed at 38 months. Available from: http:// bhd. 
online.fr/framensus.htm, 1999.
Bohner M. Calcium orthophosphates in medicine : from 97. 
ceramics to calcium phosphate cements. Injury 2000; 31 
(Suppl 4) : 37-47.
Erbe EM, Marx JG, Clineff TD, Bellincampi LD. Potential 98. 
of an ultraporous ß-tricalcium phosphate synthetic cancellous 
bone void filler and bone marrow aspirate composite graft. 
Eur Spine J 2001; 10 (Suppl 2) : S141-6.
Nandi SK, Kundu B, Ghosh SK, De DK, Basu D. Efficacy 99. 
of nano-hydroxyapatite prepared by an aqueous solution 
combustion technique in healing bone defects of goat. J Vet 
Sci 2008; 9 : 183-91.

Ghosh SK, Nandi SK, Kundu B, Datta S, De DK, Roy SK, 100. et 
al. In vivo response of porous hydroxyapatite and ß-tricalcium 
phosphate prepared by aqueous solution combustion method 
and comparison with bioglass scaffolds. J Biomed Mater Res 
B Appl Biomater 2008; 86 : 217-27.
Balcik C, Tokdemir T, Senköylü A, Koç N, Timuçin M, Akin 101. 
S, et al. Early weight bearing of porous HA/TCP (60/40) 
ceramics in vivo: a longitudinal study in a segmental bone 
defect model of rabbit. Acta Biomater 2007; 3 : 985-96. 
Noshi102.  T, Yoshikawa T, Ikeuchi M, Dohi Y, Ohgushi H, 
Horiuchi K, et al. Enhancement of the in vivo osteogenic 
potential of marrow/hydroxyapatite composites by bovine 
bone morphogenetic protein. J Biomed Mater Res 2000; 52 
: 621-30.
Daculsi G, LeGeros RZ, Heughebaert M, Barbieux I. 103. 
Formation of carbonate apatite crystals after implantation 
of calcium phosphate ceramics. Calcif Tissue Int 1990; 46 
: 20-7.
Daculsi G. Biphasic calcium phosphate concept applied to 104. 
artificial bone, implant coating and injectable bone substitute. 
Biomaterials 1988; 19 : 1473-8.
Gauthier O, Bouler JM, Weiss P, Bosco J, Daculsi G, Aguado 105. 
E. Kinetic study of bone ingrowth and ceramic resorption 
associated with the implantation of different injectable 
calcium phosphate bone substitutes. J Biomed Mater Res 
1999; 47 : 28-35.
Kuhne JH, Barti R, Frisch B, Hammer C, Jansson V, Zimmer 106. 
M. Bone formation in coralline hydroxyapatite. Effects of 
pore size studied in rabbits. Acta Orthop Scand 1994; 65 : 
246-52.
Toth JM, An HS, Lim TH, Ran Y, Weiss NG. Lundberg 107. 
WR, et al. Evaluation of porous biphasic calcium phosphate 
ceramics for anterior cervical interbody fusion in a caprine 
model. Spine 1995; 20 : 2203-10.
Johnson KD, Frierson KE, Keller TS, Cook C, Scheinberg R, 108. 
Zerwekh J, et al. Porous ceramics as bone graft substitutes 
in long bone defects : a biomechanical, histological and 
radiographic analysis. J Orthop Res 1996; 14 : 351-69.
Motomiya M, Ito M, Takahata M, Kadoya K, Irie K, Abumi, 109. 
K, et al. Effect of hydroxyapatite porous characteristics 
on healing outcomes in rabbit posterolateral spinal fusion 
model. Eur Spine J 2007; 16 : 2215-24.
Kaito T, Mukai Y, Nishikawa M, Ando W, Yoshikawa H, 110. 
Myoui A. Dual hydroxyapatite composite with porous and 
solid parts : experimental study using canine lumbar interbody 
fusion model. J Biomed Mater Res B Appl Biomater 2006; 78 
: 378-84.
Santos MH, Valerio P, Goes AM, Leite MF, Heneine LG, 111. 
Mansur HS. Biocompatibility evaluation of hydroxyapatite/
collagen nanocomposites doped with Zn+2. Biomed Mater 
2007; 2 : 135-41. 
Massa EA, Slamovich EB, Webster TJ. Enhanced 112. 
cytocompatibility properties of hydroxyapatite doped with 
trivalent ions. Materials Research Society. Available from: 
:http ://www.mrs.org/s_mrs/sec_subscribe.asp?CID=2522&
DID=136382&action=detail
Irigaray JL, Oudadesse H, Jallot E, Brun V, Weber G, 113. 
Frayssinet P. Kinetics resorption after implantation of some 



28 INDIAN J MED RES, JULY 2010

hydroxyapatite compounds used as biomaterials. Materials in 
clinical applications, 1998 (Florence, 14-19 June). Available 
from: http ://cat.inist.fr/?aModele=afficheN&cpsidt=1810976.
Moroni A, Pegreffi F, Cadossi M, Hoang-Kim A, Lio V, 114. 
Giannini S. Hydroxyapatite-coated external fixation pins. 
Expert Rev Med Devices 2005; 2 : 465-71.
Pommer A, Muhr G, David A. Hydroxyapatite-coated Schanz 115. 
pins in external fixators used for distraction osteogenesis: a 
randomized, controlled trial. J Bone Joint Surg Am 2002; 
84A : 1162-6.
Nguyen HQ, Deporter DA, Pilliar RM, Valiquette N, 116. 
Yakubovich R. The effect of sol-gel-formed calcium 
phosphate coatings on bone ingrowth and osteoconductivity 
of porous-surfaced Ti alloy implants. Biomaterials 2004; 25 
: 865-76.
Hayashi K, Uenoyama K, Mashima T, Sugioka Y. Remodelling 117. 
of bone around hydroxyapatite and titanium in experimental 
osteoporosis. Biomaterials 1994; 15 : 11-6.
Shigaku S, Katsuyuki F. Beta-tricalcium phosphate as a bone 118. 
graft substitute. Jikeikai Med J 2005; 52 : 47-54.
Erbe E, Clineff T, Lavagnino M, Dejardin L, Arnoczky S. 119. 
Comparison of Vitoss (tm) and ProOsteon 500R in a critical-
sized defect at 1 year [abstract]. Annual Meeting of the 
Orthopaedic Research Society; 2001 February 25-28; San 
Francisco; California. 
Hing KA, Wilson LF, Buckland T. Comparative performance 120. 
of three ceramic bone graft substitutes. Spine J 2007; 7 :  
475-90.
Nandi SK, Ghosh SK, Kundu B, De DK, Basu D. Evaluation 121. 
of new porous β-tri-calcium phosphate ceramic as bone 
substitute in goat model. Small Rumin Res 2008; 75 : 144-
53.
Zhang M, Wang K, Shi Z, Yang H, Dang X, Wang W. 122. 
Osteogenesis of the construct combined BMSCs with β-TCP 
in rat. J Plast Reconstr Aesthet Surg 2008; doi :10.1016/j.
bjps.2008.11.017.    
Cutright DE, Bhaskar SM, Brady JM, Getter L, Posey WR. 123. 
Reaction of bone to tricalcium phosphate ceramic pellets. 
Oral Surg Oral Med Oral Pathol 1972; 33 : 850-6.
Cameron HU, Macnab I, Pilliar RM. Evaluation of 124. 
biodegradable ceramic. J Biomed Mater Res 1977; 11 : 179-
86.
Breitbart AS, Staffenberg DA, Thorne CH, Glat PM, 125. 
Cunningham NS, Reddi AH, et al. Tricalcium phosphate 
and osteogenin: a bioactive onlay bone graft substitute. Plast 
Reconstr Surg 1995; 96 : 699-708.
Gao TJ, Tuominen TK, Lindholm TS, Kommonen B, 126. 
Lindholm TC. Morphological and biomechanical difference 
in healing in segmental tibial defects implanted with biocoral 
or tricalcium phosphate cylinders. Biomaterials 1997; 18 : 
219-23.
Yoneda M, Terai H, Imai Y, Okada T, Nozaki K, Inoue H, 127. et 
al. Repair of an intercalated long bone defect with a synthetic 
biodegradable bone-inducing implant. Biomaterials 2005; 26 
: 5145-52.
Hench LL, Splinter RJ, Allen WC, Greenlee TK Jr. Bonding 128. 
mechanisms at the interface of ceramic prosthetic materials. 
J Biomed Mater Res Symp 1971; 2 : 117-41.

Dusková M, Smahel Z, Vohradník M, Tvrdek M, Mazánek 129. 
J, Kozák J, et al. Bioactive glass-ceramics in facial skeleton 
contouring. Aesthetic Plast Surg 2002; 26 : 274-83.
Zhang H, Ye XJ, Li JS. Preparation and biocompatibility 130. 
evaluation of apatite/wollastonite-derived porous bioactive 
glass ceramic scaffolds. Biomed Mater 2009; 4 : 45007.  
Vogel M, Voigt C, Gross UM, Muller-Mai CM. 131. In 
vivo comparison of bioactive glass particles in rabbits. 
Biomaterials 2001; 22 : 357-62.
Nandi SK, Kundu B, Datta S, De DK, Basu D. The repair of 132. 
segmental bone defects with porous bioglass: an experimental 
study in goat. Res Vet Sci 2009; 86 : 162-73.
Dorea HC, McLaughlin RM, Cantwell HD, Read R, 133. 
Armbrust L, Pool R, et al. Evaluation of healing in feline 
femoral defects filled with cancellous autograft, cancellous 
allograft or Bioglass. Vet Comp Orthop Traumatol 2005;  
18 : 157-68.
Hench LL, Wilson J. Surface-active biomaterials. 134. Science 
1984; 226 : 630-6.
Neo M, Nakamura T, Ohtsuki C, Kasai R, Kokubo T, 135. 
Yamamuro T. Ultrastructural study of the A-W G C-bone 
interface after long-term implantation in rat and human bone. 
J Biomed Mater Res 1994; 28 : 365-72.
Brink M. The influence of alkali and alkaline earths on the 136. 
working range for bioactive glasses. J Biomed Mater Res 
1997; 36 : 109-17.
Brink M, Turunen T, Happonen RP, Yli-Urpo A. 137. 
Compositional dependence of bioactivity of glasses in the 
system Na2O-K2O-MgO-CaO-B2O3-P2O5-SiO2. J Biomed 
Mater Res 1997; 37 : 114-21.
Andersson OH, Karlsson KH, Kangasniemi K, Yli-Urpo A. 138. 
Models for physical properties and bioactivity of phosphate 
opal glasses. Galstech Ber 1988; 61 : 300-5.
Gatti AM, Zaffe D. Long-term behaviour of active glasses in 139. 
sheep mandibular bone. Biomaterials 1991; 12 : 345-50.
De Aza PN, Luklinska ZB, Santos C, Guitian F, De Aza S. 140. 
Mechanism of bone-like formation on a bioactive implant in 
vivo. Biomaterials 2003; 24 : 1437-45.
Heikkila JT, Aho HJ, Yli-Urpo A, Happonen RP, Aho AJ. 141. 
Bone formation in rabbit cancellous bone defects filled 
with bioactive glass granules. Acta Orthop Scand 1995; 66 
: 463-7.
Pajamaki KJ, Andersson OH, Lindholm TS, Karlsson KH, 142. 
Yli-Urpo A. Induction of new bone by allogenic demineralized 
bone matrix combined to bioactive glass composite in the rat. 
Ann Chiru Gynaecol 1993; 207 (Suppl) : 137-43.
Pajamaki KJ, Andersson OH, Lindholm TS, Karlsson KH, Yli-143. 
Urpo A, Happonen RP. Effect of bovine bone morphogenetic 
protein and bioactive glass on demineralized bone matrix 
grafts in the rat muscular pouch. Ann Chiru Gynaecol 1993; 
207 (Suppl) : 155-61.
Itala A, Koort J, Ylanen HO, Hupa M, Aro HT. Biologic 144. 
significance of surface microroughening in bone incorporation 
of porous bioactive glass implants. J Biomed Mater Res A 
2003; 67A : 496-503.
Itala A, Valimaki VV, Kiviranta R, Ylunen HO, Hupa M, 145. 
Vuorio E, et al. Molecular biologic comparison of new 



 NANDI et al: BONE GRAFT & GRAFT SUBSTITUTES 29

bone formation and resorption on microrough and smooth 
bioactive glass microspheres. J Biomed Mater Res B Appl 
Biomater 2003; 65 : 163-70.
Moimas L, Biasotto M, Di Lenarda R, Olivo A, Schmid C. 146. 
Rabbit pilot study on the resorbability of three-dimensional 
bioactive glass fibre scaffolds. Acta Biomater 2006; 2 : 191-9.
Reck R. Bioactive glass ceramic: a new material in 147. 
tympanoplasty. Laryngoscope 1983; 93 : 196-9.
Heikkila JT, Mattila KT, Andersson OH, Knuuti J, Yli-Urpo 148. 
A, Aho AJ. Behaviour of bioactive glass in human bone. In: 
Wilson J, Hench LL, Greenspan D, editors. Bioceramics vol. 
8. Great Britain : Elsevier Science, Oxford; 1995. p. 35-40.
Suominen E, Kinnunen J. Bioactive glass granules and plates 149. 
in the reconstruction of defects of the facial bones. Scand J 
Plast Reconstr Surg Hand Surg 1996; 30 : 281-9.
Suominen E. Bioactive ceramics in reconstruction of bone 150. 
defects [Doctoral Thesis]. University of Tampere; Finland; 
1996.
Villaça JH, Novaes AB Jr, de Souza SL, Taba M Jr, Molina 151. 
GO, Carvalho TL. Bioactive glass efficacy in the periodontal 
healing of intrabony defects in monkeys. Braz Dent J 2005; 
16 : 67-74.
Leonetti JA, Rambo HM, Throndson RR. Osteotome sinus 152. 
elevation and implant placement with narrow size bioactive 
glass. Implant Dent 2000; 9 : 177-82.
Suonpaa J, Sipila J, Aitasalo K, Antila J, Wide K. Operative 153. 
treatment of frontal sinusitis. Acta Otolaryngol (Suppl) 1997; 
529 : 181-3.
Peltola M, Suonpaa J, Aitasalo K, Maattanen H, Andersson 154. 
O, Yli-Urpo A, et al. Experimental follow-up model for 
clinical frontal sinus obliteration with bioactive glass (S53P4). 
Acta Otolaryngol (Suppl) 2000; 543 : 167-9.
Peltola MJ, Suonpaa JT, Andersson OH, Maattanen HS, 155. 
Aitasalo KM, Yli-Urpo A, et al. In vitro model for frontal 
sinus obliteration with bioactive glass S53 P4. J Biomed Mater 
Res 2000; 53 : 161-6.
Kinnunen I, Aitasalo K, Pollonen M, Varpula M. 156. 
Reconstruction of orbital floor fractures using bioactive 
glass. J Craniomaxillofac Surg 2000; 28 : 229-34.
Aitasalo K, Kinnunen I, Palmgren J, Varpula M. Repair of 157. 
orbital floor fractures with bioactive glass implants. J Oral 
Maxillofac Surg 2001; 59 : 1390-5; disussion 1395-6.
Ido K, Asada Y, Sakamoto T, Hayashi R, Kuriyama S. 158. 
Radiographic evaluation of bioactive glass-ceramics grafts in 
postero-lateral lumbar fusion. Spinal Cord 2000; 38 : 315-8.
Asano S, Kaneda K, Satoh S, Abumi K, Hashimoto T, Fujiya 159. 
M. Reconstruction of an iliac crest defect with a bioactive 
ceramic prosthesis. Eur Spine J 1994; 3 : 39-44.
Brown WE, Chow LC. A new calcium phosphate setting 160. 
cement. J Dent Res 1983; 62 : 672.
Brown WE, Chow LC. A new calcium phosphate water-161. 
setting cement. In: Brown PW, editor. Cement Research 
Progress. Westerville, OH: American Ceramic Society; 
1986. p. 352-79.
Grüninger A, Hugo B, Stassinakis A, Hotz P. The Celay 162. 
System. Prepara Schweiz Monatsschrr Zahnmed 1996; 106 
: 126-40.

Bermúdez O, Boltong MG, Driessens F, Planell J. 163. 
Development of some calcium phosphate cements from 
combinations of α-TCP, MCPM and CaO. J Mater Sci : 
Mater Med 1994; 5 : 160-3.
Driessens FC, Boltong MG, Bermudez O, Ginebra MP, 164. 
Fernández E, Planell JA. Effective formulations for the 
preparation of calcium phosphate bone cements. J Mater Sci 
Mater Med 1994; 5 : 164-70.
Constantz BR, Ison IC, Fulmer MF, Poser RD, Smith ST, 165. 
VanWagoner M, et al. Skeletal repair by in situ formation of 
the mineral phase of bone. Science 1995; 267 : 1796-9.
Ginebra MP, Fernandez E, De Maeyer EA, Verbeeck RM, 166. 
Boltong MG, Ginebra J, et al. Setting reaction and hardening 
of an apatitic calcium phosphate cement. J Dent Res 1997; 
76 : 905-12.
Freche M, Lacout JL, Hatim Z, Frache-Botton M. Method 167. 
for preparing a biomaterial based on hydroxyapatite, 
resulting biomaterial and surgical or dental use. FR Patent 
No. 2776282; 1999.
Tofighi A, Mounic S, Chakravarthy P, Rey C, Lee D. Setting 168. 
reactions involved in injectable cements based on amorphous 
calcium phosphate. Key Eng Mater 2001; 192-195 : 769-72.
Chow LC. Development of self-setting calcium phosphate 169. 
cements. J Ceramic Soc Japan 1991; 99 : 954-64.
Chen TY, Li L, Li XD, Wang WB, Chen ZW. Clinical 170. 
application of autosolidification calcium phosphate cement 
to repair bone defects, a preliminary report. Chin J Traumatol 
1999; 15 : 184-6.
Tien YC, Chih TT, Lin JH, Ju CP, Lin SD. Augmentation 171. 
of tendon-bone healing by the use of calcium-phosphate 
cement. J Bone Joint Surg Br 2004; 86 : 1072-6.
Carey LE, Xu HH, Simon CG Jr, Takagi S, Chow LC. 172. 
Premixed rapid-setting calcium phosphate composites for 
bone repair. Biomaterials 2005; 26 : 5002-14. 
Yokoyama A, Yamamoto S, Kawasaki T, Kohgo T, Nakasu 173. 
M. Development of calcium phosphate cement using chitosan 
and citric acid for bone substitute materials. Biomaterials 
2002; 23 : 1091-101.
Burguera E, Xu HH, Takagi S, Chow LC. High strength 174. 
hydroxyapatite cement based on dicalcium phosphate 
dehydrate for bone repair. J Biomed Mater Res 2004; 71A 
: 272-82.
Knabe C, Berger G, Gildenhaar R, Meyer J, Howlett CR, 175. 
Markovic B, et al. Effect of rapidly resorbable calcium 
phosphates and a calcium phosphate bone cement on the 
expression of bone-related genes and proteins in vitro.  
J Biomed Mater Res A 2004; 69 : 145-54.
Cherng AM, Chow LC, Takagi S. 176. In vitro evaluation of a 
calcium phosphate cement root canal filler/sealer. J Endod 
2001; 27 : 613-5.
Shirakata Y, Oda S, Kinoshita A, Kikuchi S, Tsuchioka H, 177. 
Ishikawa L. Histocompatible healing of periodontal defects 
after application of an injectable calcium phosphate bone 
cement. A preliminary study in dogs. J Periodontol 2002; 73 
: 1043-53. 
Ooms EM, Egglezos EA, Wolke JG, Jansen JA. Soft-178. 
tissue response to injectable calcium phosphate cements. 
Biomaterials 2003; 24 : 749-57.



Reprint requests: Dr Samit Kumar Nandi, Anandam Abasan, Block-B, Flat-5, 229, R.B.C. Road, Kolkata 700 028, India
 e-mail: samitnandi1967@yahoo.com

30 INDIAN J MED RES, JULY 2010

Gauthier O, Khairoun I, Bosco J, Obadia L, Bourges X, Rau 179. 
C, et al. Noninvasive bone replacement with a new injectable 
calcium phosphate biomaterial. J Biomed Mater Res A 2003; 
66A : 47-54.
Apelt D, Theiss F, El-Warrak AO, Zlinszky K, Bettschart-180. 
Wolfisberger R, Bohner M, et al. In vivo behavior of three 
different injectable hydraulic calcium phosphate cements. 
Biomaterials 2004; 25 : 1439-51.
Renner SM, Lim TH, Kim WJ, Katolik L, An HS, Andersson 181. 
GB. Augmentation of pedicle screw fixation strength using 
an injectable calcium phosphate cement as a function of 
injection timing and method. Spine 2004; 29 : E212-6. 
Lim TH, Brebach GT, Renner SM, Kim WJ, Kim JG, Lee 182. 
RE, et al. Biomechanical evaluation of an injectable calcium 
phosphate cement for vertebroplasty. Spine 2002; 27 : 1297-
302. 
Krebs J, Ferguson SJ, Bohner M, Baroud G, Steffen T, Heini 183. 
PF. Clinical measurements of cement injection pressure 
during vertebroplasty. Spine 2005; 30 : E118-22. 
Kobayashi K, Shimoyama K, Nakamura K, Murata K. 184. 
Percutaneous vertebroplasty immediately relieves pain of 
osteoporotic vertebral compression fractures and prevents 
prolonged immobilization of patients. Eur Radiol 2005; 15 
: 360-7.
Tomita S, Molloy S, Jasper LE, Abe M, Belkoff SM. 185. 
Biomechanical comparison of kyphoplasty with different 
bone cements. Spine 2004; 29 : 1203-7.
Keller TS, Kosmopoulos V, Lieberman IH. Vertebroplasty 186. 
and kyphoplasty affect vertebral motion segment stiffness 
and stress distributions: a microstructural finite-element 
study. Spine 2005; 30 : 1258-65.
Kasperk C, Hillmeier J, Noldge G, Grafe IA, Dafonseca 187. 
K, Raupp D, et al. Treatment of painful vertebral fractures 
by kyphoplasty in patients with primary osteoporosis : a 
prospective nonrandomized controlled study. J Bone Miner 
Res 2005; 20 : 604-12.
Šiniković B, Kramer FJ, Swennen G, Lübbers HT, Dempf R. 188. 
Reconstruction of orbital wall defects with calcium phosphate 
cement : clinical and histological findings in a sheep model. 
Int J Oral Maxillofac Surg 2007; 36 : 54-61.
Friedman CD, Costantino PD, Takagi S, Chow LC. Bone 189. 
source hydroxyapatite cement : a novel biomaterial for 
craniofacial skeletal tissue engineering and reconstruction. 
 J Biomed Mater Res 1998; 43 : 428-32. 
Ishikawa K. Effects of spherical tetracalcium phosphate on 190. 
injectability and basic properties of apatitic cement. Key Eng 
Mater 2003; 240-242 : 369-72.
Schmitz JP, Hollinger JO, Milam SB. Reconstruction of bone 191. 
using calcium phosphate bone cements: a critical review.  
J Oral Maxillofac Surg 1999; 57 : 1122-6.

Maeda ST, Bramane CM, Taga R, Garcia RB, de Moraes 192. 
IG, Bernadineli N. Evaluation of surgical cavities filled with 
three types of calcium sulfate. J Appl Oral Sci 2007; 15 : 
416-9.
Mirzayan R, Panossian V, Avedian R, Forrester DM, 193. 
Menendez LR. The use of calcium sulfate in the treatment of 
benign bone lesions. A preliminary report. J Bone Joint Surg 
Am 2001; 83A : 355-8. 
Peters CL, Hines JL, Bachus KN, Craig MA, Bloebaum RD. 194. 
Biological effects of calcium sulfate as a bone graft substitute 
in ovine metaphyseal defects. J Biomed Mater Res A 2006; 
76A : 456-62.
Boughton P, Ferris D, Ruys AJ. A ceramic-polymer 195. 
functionally graded material: a novel disk prosthesis. In: 
Singh M, Jessen T, editors. 25th Annual Conference on 
Composites, Advanced Ceramics, Materials and Structures: 
B: Ceramic Engineering and Science Proceedings; vol. 22, 
2008. American Ceramic Society. Chap. 67; 593-600.
Laurencin 196. C, Khan Y, El-Amin SF. Bone graft substitutes. 
Expert Rev Med Devices 2006; 3 : 49-57.
Park JK, Yeom J, Oh EJ, Reddy M, Kim JY, Cho DW, 197. et al. 
Guided bone regeneration by poly(lactic-co-glycolic acid) 
grafted hyaluronic acid bi-layer films for periodontal barrier 
applications. Acta Biomater 2009; 5 : 3394-403. 
Chiroff RT, White EW, Weber KN, Roy DM. Tissue ingrowth 198. 
of replamineform implants. J Biomed Mater Res 1975; 9 : 
29-45.
Bucholz RW, Carlton A, Holmes R. Interporous 199. 
hydroxyapatite as a bone graft substitute in tibial plateau 
fractures. Clin Orthop Relat Res 1989; 240 : 53-62. 
Ashby ER, Rudkin GH, Ishida K, Miller TA. Evaluation of 200. 
a novel osteogenic factor, bone cell stimulating substance, 
in a rabbit cranial defect model. Plast Reconstr Surg 1996; 
98 : 420-6.
Coughlin MJ, Grimes JS, Kennedy MP. Coralline 201. 
hydroxyapatite bone graft substitute in hindfoot surgery. 
Foot Ankle Int 2006; 27 : 19-22.
Green D, Howard D, Yang X, Kelly M, Oreffo RO. Natural 202. 
marine sponge skeleton: a biomimetic scaffold for human 
osteoprogenitor cell attachment, growth and differentiation. 
Tissue Eng 2003; 9 : 1159-66. 
Mukherjee DP, Tunkle AS, Roberts RA, Clavenna A, Rogers 203. 
S, Smith D. 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; 67B 
: 603 - 9.
Green DW. Tissue bionics : examples in biomimetic tissue 204. 
engineering. Biomed Mater 2008; 3 : 034010.
Yuan H, Chen N, Lü X, Zhen B. Experimental study of 205. 
natural hydroxyapatite/chitosan composite on reconstructing 
bone defects. J Nanjing Med Univ 2008; 22 : 6372-5.


