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one is a metabolic and dynamic tissue. Such tissue is
egularly implemented during operative treatment in
arious skeletal components to stabilize or restore func-
ion and structure through a process called bone fusion.
pinal fusion is a commonly performed procedure used
o align and stabilize the axial skeleton.

Spinal fusion was first reported in 1911 by Albee,1

ased on his efforts to inhibit the extension of tubercu-
osis by using bone harvested from the tibia to provide

echanical support and stability to the spine. That same
ear, Hibbs2 also noted the use of fusion to retard the
rogression of scoliotic deformity. Since then, spinal fu-
ion has gained immense popularity. In the United
tates, the use of bone grafts has become so frequent3,4

hat bone in humans is considered the second most
ransplanted tissue.5 Although a solid bone fusion can
fford longterm stability at the motion segment, its
rowess is at times hindered by local and systemic factors
hat often contribute to nonunion and associated
orbidities.6-18

Approximately 250,000 bone graft procedures are
erformed each year for spinal fusion.19 Because non-
nion and donor-site morbidity are significant, constant
oncerns, the search for the ideal graft source is under
ontinuous investigation. As such, autograft has long
een considered the gold standard for graft material.
utograft does not carry the risk of transmissible disease,

t is biomechanically stable, and it is a highly osteoin-
uctive graft substrate. But disadvantages of this mate-
ial include increased operative time, deep infection, vas-
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ular injury, chronic pain, fracture, increased use of
nesthetic, hypersensitivity, cosmesis, gait abnormali-
ies, and insufficient quantity.20-25 Even as the gold stan-
ard, nonunion rates in the literature for autograft range
etween 5% and 45%.26,27

Alternatively, allograft is used to avoid morbidities
ften associated with autograft. Allograft is available in
ncreased quantity and avoids donor-site morbidity.
ertain disadvantages also exist with allograft material,

uch as delayed time to fusion, increased rate of non-
nion, delayed or incomplete graft incorporation be-
ause of an immune response elicited by the graft, trans-
ission of infection, poor osteoinductive capabilities,

nd less osteogenic competence as compared with
utograft.28-31 Nevertheless, proper graft processing and
reservation techniques are influential in decreasing im-
unogenicity and maintaining optimal osteoconduc-

ive and osteoinductive aptitude of allograft.
Selection of proper bone-graft substrate is essential to

chieve successful fusion. The ideal bone graft is charac-
erized by its osteoconductive and osteoinductive capa-
ilities (Table 1), freedom from disease, minimal anti-
enic factors, and biomechanical stability.32 But local
echanical forces influence the structural integrity of

he graft. According to Wolff’s laws, bone responds and
dapts to structural forces.33 Compressive and tensile
orces are required for proper bone remodeling. Bone
ormation is optimized under compressive stress and re-
bsorbed in its absence. Structural integrity is essential
nd relies heavily on stress forces.33,34 In the spine, three
ain sites encompass the majority of the application of

raft material to promote fusion: interbody, intertrans-
erse, and interlaminar. Although dependent on opera-
ive technique, number of levels fused, and various risk
actors at play, similar and relatively satisfactory fusion
ates have been reported in the anterior column of the
pine (interbody fusion techniques) with allograft and
utograft.35-39 This is not the case in the posterior spine,
here tension forces predominate over compressive

orces. The posterior column of the spine is also a hostile

nvironment for bone fusion for many other reasons.
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uch a region has primarily cortical bone, less surface
rea for fusion, and a submuscular environment. Be-
ause of these factors, allograft tends not to fare as well as
utograft.40,41

It is worthwhile to categorize the multitude of bone
raft options for the sake of simplification. In the first
ategory, there are bone graft extenders. These sub-
tances act as scaffolding for bone growth, and they do
ot have any osteoinductive capacity. The second cate-
ory is the bone graft enhancer, which, when mixed with
utograft, can lead to a higher fusion rate than can au-
ograft alone. Finally, bone graft substitutes exist that
an replace autograft.

Attempts at fusion for multilevel spine involvement
re also associated with high rates of nonunion and mor-
idity, increasing the risk of failed spinal fusion.14,42-48 As
he number of fusion sites increases, the risk of non-
nion increases and is largely attributed to increased
tress and micromotion across the motion segment. To
ssist in fusion, instrumentation has been used to en-
ance fusion rates by preventing micromotion across the
otion segment, providing a balanced graft stress expo-

ure to optimize the structural integrity of the
raft.46,47,49,50 But internal fixation may provide excessive
tress shielding or improper load sharing that could re-
ult in inappropriate mechanical stress exposure, which
ould contribute to nonunion, potential instrumenta-
ion failure, subsequent morbidities, and increased risk

Abbreviations and Acronyms

ALIF � anterior lumbar interbody fusion
BMP � bone morphogenetic protein
OP-1 � osteogenic protein-1
rhBMP � recombinant bone morphogenetic protein

able 1. Properties of a Bone Graft That Are Integral to
romoting Spinal Fusion

Process Activity

steogenesis Cellular properties (osteoprogenitor cells)
intrinsic to the graft substrate that aid in
the synthesis of new bone at the recipient
site

steoconduction The scaffolding capabilities and
properties of the graft substrate that can
support new bone formation and growth

steoinduction The recruitment and differentiation of
host mesenchymal stem cells to induce
the formation of new bone via the
mproduction of osteoblasts
f reoperation.44,45 So even though internal instrumen-
ation in spinal fusion has improved fusion rates some-
hat, it has failed to completely eradicate the risk of
onunion. Many alternative graft substrates have been

nvestigated to avoid associated complications, but no
ubstitute has yielded superior or similar results to the
old standard—autograft. To address the growing con-
ern of failed spinal fusions and associated morbidities,
he efficacy and feasibility of bone morphogenetic pro-
eins (BMPs) has gained considerable interest and
nvestigation.

istorical perspective
he initial indication for the existence of BMPs was

eported in 1917 with the observation that bone growth
as evident in surgically implanted fascia to bridge gaps
ithin the bladder.51 Later, in 1931, Huggins52 noted

hat demineralized bone and transitional urinary epithe-
ium possessed osteoinductive capabilities for connec-
ive tissue ectopic bone formation. In 1965, Urist53 iso-
ated bone inductive extract from adult bone and
emonstrated the ability of this extract to induce new
ndochondral bone formation at ectopic sites in a rat
odel. As a result, Urist identified this extract as bone
orphogenetic protein. But because no reproducible as-

ay for this protein was available, Urist could not defin-
tively illustrate its capabilities in inducing new bone
ormation. It wasn’t until the early 1980s that Sampath
nd Reddi54 clearly demonstrated, using an assay based
n the activity of calcium and alkaline phosphatase, that
he protein and not its matrix was responsible for ectopic
one formation. In the ensuing years, extracted and pu-
ified forms of human BMPs have exhibited promise in
reatment of nonunions of the tibia,55 femur,56 and seg-
ental long bone defects.57,58 In a landmark decision,

he FDA finally approved the use of BMPs (BMP-2 in a
ollagen carrier) in 2002 for the use of anterior lumbar
nterbody fusion (ALIF). Through further evaluation of
he recombinant DNA technology of the genes respon-
ible for the induction of BMPs and their signaling ca-
abilities toward bone formation, understanding of
hese bone-forming agents and their application to the
pine has further increased.

olecular biology of BMPs
MPs are multifunctional cytokines that are members of

he TGF-� superfamily proteins, which consist of 43

embers. The role of the TGF-� superfamily involves
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ell growth, differentiation, and embryonic pattern for-
ation. Currently, approximately 20 BMPs are known,

ncluding the addition of various growth/differentiation
actors (GDFs) based on sequence homology, that are
esponsible for inducing ectopic bone formation, chon-
roblast formation, and visceral development. So BMPs
re involved in cell proliferation, differentiation,
poptosis, and morphogenesis. They are broadly divided
nto three subclasses based on derived amino acid se-
uences. The first subclass is the BMP-2 and BMP-4.
hey differ mainly in the amino terminal group. The

econd subgroup is BMP-5,6, 7(OP-1), and 8(OP-2).
hese molecules are larger than the first group.The third

ubgroup is BMP-3 (osteogenin), which is more dis-
antly related.59

The function of BMPs is multifaceted. Besides in-
olvement in bone and cartilage formation, BMPs create
n environment for red bone marrow formation and
ontribute to systemic hematopoietic production.
hrough cooperative signaling in the neural tube, BMPs

ct as morphogens to induce differentiation of dorsal
nd intermediate cell types.60 Studies have indicated that
MP-2 is involved in the formation of neuronal pheno-

ype by development of the neural crest.61 BMP-4 has
een noted in the development of the dorsal neuromus-
ulature and in the inhibition of the myogenesis process
o direct somite development.62 BMP-2 and BMP-7 are
lso involved in the formation of the sympathetic adren-
rgic phenotype.61 BMPs are also involved within the
NS to promote astroglial lineage and induce embry-
nic progenitor cells to maintain regional neuronal sur-
ival.60,63 The various functions and alternative names
or the more common BMP subtypes can be found in
able 2.
Although about 20 BMPs are known, each enjoys

pecific structural features. In general, BMPs are 30- to
8-kDa homodimers that are synthesized as prepropep-
ides, consist of roughly 400 to 525 amino acids, and, at
aturity, form a cysteine knot with 6 conserved cysteine

esidues with the possibility of an additional 1 to 3 cys-
eines. Before secretion, the prosegment length is vari-
bly cleaved and forms a dimer with occasional disulfide
inkage at mature segments. Also, BMPs vary in

-linked glycosylation sites and present cross-species
ioactivity. As such, BMPs are further classified based on
heir amino acid sequence into the following suggested
roups: 1) BMP-2 and BMP-4; 2) BMP-3 and BMP-3b;

) BMP-5, BMP-6, BMP-7, BMP-8, and BMP-8b (oc- m
urs only in mice); 4) BMP-9 and BMP-10; 5) BMP-12,
MP-13, and BMP-14; and 6) BMP-11 and GDF-8

myostatin).60,64,65 But 6 of the 20 isolated BMPs appear
o be structurally related in regard to endochondral bone
ormation.

Receptors are vital in the signal transduction of
MPs. Three transforming growth factor receptors exist:

ype I, type II, and type III, but type I and type II are the
nly established receptors that are integral to BMP sig-
aling and binding. These receptors have similarities,
ut vary in their interaction with various BMPs. Both
ave serine/threonine kinase receptors and a “creatine
ox” located in a compact extracellular matrix. In addi-
ion, both receptors entail the interaction of various
mad intracellular molecules that play an integral role in
he cellular activity of BMP-induced osteoinduction
Fig. 1).66-68 The type of Smad activation is dependent on
he type of BMP receptor activated and the type of BMP
igand.

one healing
roper bone repair and graft incorporation are essential
or optimal osseous healing. Bone incorporation entails
he following stages: inflammation, vascularization, os-
eoinduction, osteoconduction, and remodeling.69 In-
lammation initiates the first stage of bone repair and
asts approximately 14 days, with increased duration and
uantity seen in allograft as compared with autograft.
he vascularization stage follows and is characterized by
ascular ingrowth of capillary buds that extend from the
ost and invade the graft. Interference with this vascular

ngrowth stemming from infection, irradiation, dense
car, severe osteopenia, or excessive inflammation may
revent proper healing and graft-host incorporation.70

uring this stage, sensitivity to donor antigens from the
ost occurs. Afterward, pluripotential cells differentiate

nto osteoblasts and represent the third stage, osteoin-
uction. This stage runs parallel with the vascularization
tage and is initiated between days 14 and 21. BMPs
urther aid in inducing osteoblast formation by acting
n perivascular undifferentiated mesenchymal cells.
his stage is also characterized by a creeping substitu-

ion, in which osteoblasts are deposited in trabeculae
here, simultaneously, osteoclasts are involved in bone

esorption. The fourth stage, osteointegration, entails
assive host ingrowth into the graft and may last for

onths in cancellous bone or for several years in cortical
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able 2. Subtypes of Bone Morphogenetic Proteins and Their Respective Primary and Common Functions
MP subtype Alternative name Function

MP-1 — Not a member of the TGF-� superfamily and not technically a BMP
Cleaves procollagens I, II, and III to produce fragments that self-associate into
mature collagen fibrils
Induces cartilage and bone formation

MP-2 BMP-2a Role in cartilage and bone formation during embryogenesis
Possible role in morphogenesis
Active role in the induction of osteogenesis from lineage-specific differentiation
of mesenchymal progenitor cells and in mature osteoblasts
Role as apoptotic signal molecule
Expressed in lung, spleen, and colon

MP-3 Osteogenin Role in cartilage and bone formation
Functions as chemoattractant
Induces synthesis and secretion of TGF-�-1 by monocytes (certain factors
associated with collagen synthesis and associated matrix constituents)
Expressed in lung, ovary, and small intestine

MP-3b GDF-10 Role in endochondral bone formation in mature animals
Expressed in cerebellum, lung, pancreas, testis, and femur

MP-4 BMP-2b Regulatory developmental molecule
Involved in mesoderm and bone induction, limb formation, fracture repair,
and tooth development
Role in spinal cord oligodendrogenesis patterning
Induces formation of embryonic hematopoietic tissue
Expressed in lung and kidneys

MP-5 — Role in early developmental skeletal patterning
Expressed mainly in lungs and liver

MP-6 Vgr-1 Role in cartilage and bone formation
Active role in the induction of osteoblast lineage-specific differentiation of
mesenchymal progenitor cells
High concentration found in cartilage of the fetus

MP-7 OP-1 Role in cartilage and skeletal patterning, lens formation, and acts as an early
inducer of glomeruli formation
Possible osteoinductive factor for epithelial osteogenesis
Role in bone homeostasis and calcium regulation
Expressed in brain, kidney, and bladder

MP-8 BMP-8a, OP-2 Role in the maintenance of spermatogenesis
Expressed at high levels during pregnancy in the decidual cells of the uterus

MP-8b OP-3 Found only in mice
Role in the prevention of male adult germ cell apoptosis
Expressed at high levels in the trophoblasts of the placenta

MP-9 GDF-2 Active role in the induction of osteogenesis from lineage-specific differentiation
of mesenchymal progenitor cells and in mature osteoblasts
Role in hepatic reticuloendothelial and nervous system
Acts as hematopoietic hormone

MP-10 — Role in cardiac development (trabeculation of embryonic heart)
MP-11 GDF-11 Role during embryogenesis in the development of mesodermal and neuronal

(dorsal root ganglia and dorsal lateral region of the spinal cord) tissues
MP-12 GDF-7, CDMP-3 Involved in chondrogenesis

Role in tendon/ligament formation and repair
MP-13 GDF-6, CDMP-2 Involved in chondrogenesis

Role in tendon/ligament formation and repair
Expressed mainly in long bones during embryonic development

MP-14 GDF-5, CDMP-1 Involved in chondrogenesis
Role as neurotrophic, survival-promoting molecule for dopaminergic neurons
Enhances tendon healing and bone formation
Expressed mainly in long bones during embryonic development

MP-15 GDF-9b Role in ovarian development and function

MP, bone morphogenetic protein; CDMP, cartilage-derived morphogenetic protein; GDF, growth/differentiation factor; OP, osteogenic protein; Vgr, vegetal

elated.
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one. The final stage, remodeling, is initiated and com-
letes within several months to years.
Although autograft bone is considered the gold stan-

ard for graft material, differences do exist between cor-
ical and cancellous tissue in regard to incorporation and
trength. Usually, the inflammatory stage is the same for
oth tissue types, but revascularization is slower, usually
ot complete, occurs along Haversian canals, and bony
esorption precedes bony deposition in cortical bone. So

igure 1. Schematic drawing showing cellular mechanisms of bone
orphogenetic protein (BMP)–induced osteoinduction in a mesen-

hymal bone marrow stem cell. 1, Homodimers of type I and type II
MP receptors exist independently in the cell membrane. Although
oth receptors have poor affinity for BMP in their native state, type
has better affinity than type II. Type II receptors are constitutively
hosphorylated and both types of receptors are serine/threonine
inases. 2, Optimal activation occurs within a complex of BMP, type
, and type II receptors. Complexes of type I and type II receptors
ave strong affinity for BMP. On activation by BMP, type II receptors
ransphosphorylate type I receptors. 3, Intracellular messengers
Smads) are phosphorylated into active forms by phosphorylated
ype I BMP receptors. Depending on the specific BMP ligand and the
pecific type I BMP receptor, various receptor–Smad proteins are
ctivated. Osteoinduction primarily is signaled by Smads 1, 5, and
. 4, Activated Smads localize across the nuclear membrane after
ssociation with activated Smad-4, a critical cofactor. 5, Once within
he nucleus, Smad proteins induce specific gene expression. Differ-
nt genes are transcribed depending on the species of Smad pro-
ein activated. In mesenchymal marrow cells, BMP-2 induces the
xpression of type I collagen, osteopontin, and osteocalcin. Al-
hough the entire feedback process is not yet understood, inhibitory
mads are also activated by phosphorylation. Smads 6 and 7
ompetitively inhibit the phosphorylation of receptor-Smads, com-
ete for Smad-4, and inhibit Smad-mediated transcription. (Re-
rinted from Walker DH, Wright NM. Bone morphogenetic proteins
nd spinal fusion. Neurosurg Focus 2002;13:1–13,68 with permis-
ion. Copyright 2002 American Association of Neurological Sur-
eons.)
he structural strength decreases to half of its initial d
rowess at 6 to 8 months after implantation.71 During
his period, necrotic bone deposits also build up, leading
o graft failure demanding internal fixation. In compar-
son, incorporation of cancellous allograft is slower and
ess complete as compared with autograft. Inflammation
s greater and vascularization and osteoinduction are af-
ected because of thrombosed and decreased amounts of
ascular budding capillaries. To compensate, BMPs
unction as a scaffold in fresh-frozen allografts to facili-
ate bony ingrowth. Cortical allograft also varies from
utogenous sources and occurs at a slower, less complete
ace, with decreased structural support. Nevertheless,
arious bone graft substrates do exist and possess varied
iomechanical and molecular properties that warrant
ttention and consideration (Table 3).

ncorporation and sources of BMPs
MPs have potential to heal fractures, stabilize motion

egments, and provide an environment to promote
raft-host incorporation. An ideal BMP would induce
he formation of osteoblasts and osteocytes from osteo-
rogenitor cells. Because the precursor cells are limited
n an aging spine, increasing the concentration of mar-
ow cell extract is possible but minimal. So the graft
ubstrate would need to promote the production of local
rowth factors to stimulate osteoinduction. Various fac-
ors are also believed to stimulate vascularization and
one growth and are attributed to growth factors and
ematoma stemming from the site of injury. The hema-
oma milieu develops from an inflammatory response
roduced by localized necrotic tissue deposits. Hema-
oma is believed to act as an osteogenic agent, capturing
ytokines from the necrotic bone.72 The graft substrate
ould also need to provide a proper scaffold for bone

ngrowth to facilitate osteoconduction.
The hallmark of BMPs is their ability to enhance os-

eoinduction. The osteoinductive role of BMPs acts as
oth a chemotactic agent and a growth and differentiat-
ng factor. As a chemotactic agent, BMPs influence mi-
ration of progenitor and stem cells to the graft-host
nterface or injury site. BMPs act as growth factors to
timulate angiogenesis and stem cell proliferation, and,
s differentiating factors, they induce the maturation of
tem cells into chondrocytes, osteoblasts, and osteo-
ytes.73 So BMPs can start the entire process of bone
ormation de novo. But Cheng and colleagues,74 sug-
ested a BMP hierarchical model that addresses the in-

uction of osteoblast differentiation from mesenchymal
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tem cells as opposed to just stimulating osteogenesis in
ature osteoblasts, which most BMPs are capable of

oing. The authors concluded that BMPs-2, -6, and -9
re more capable of inducing osteogenesis from lineage-
pecific differentiation of mesenchymal progenitor cells
han are their BMP counterparts. The authors stated
hat to optimize bone regeneration, a synergism between
MPs in contrast to sole BMP use may be an aspect to
onsider increasing osteogenic activity.

Avenues for extracting bone-promoting factors have
eveloped with innovative techniques during the past
ecade. Currently available sources to obtain osteopro-
oting and differentiation factors include human or an-

mal bone matrices, recombinant DNA technology, and
irect site application of DNA encoding for the desired
actor.

As was previously noted, bone-stimulating factors can
e obtained from human or animal bone matrices. Iso-

ation of these factors from bovine bone has been inves-
igated since the initial discovery of BMPs by Urist and
is colleagues 35 years ago. Presently, such sources are
ngineered and manufactured for commercial use and
mplemented with carrier substances, such as hydroxy-
patite, collagen, and calcium sulfate.75,76 According to
revious studies, such sources of BMPs have yielded
romising results in bone bridging to address skeletal
egmental defects in dogs and in posterolateral spinal
usion in animal models.75-77 Bovine BMP mixture is not
eadily available commercially and is limited to one
ource—NeOsteo(Sulzer Orthopaedics Biologics). This
ommercial mixture undergoes reproducible extraction

able 3. Properties of Various Bone Graft Substrates

rafting material Osteoconduction Osteoinductio

ancellous autologous graft ���� ��

ortical autologous graft � �/�
resh allograft � �/�
rozen allograft � �/�
reeze-dried allograft � �/�
eramics � �/�
emineralized bone matrix � �

one marrow � �/�
articulate ceramic with
bone marrow �� �/�

, weak positive role; ��, more positive role; ���, strong positive role; �
azdag AR, Lane JM, Glaser D, et al. Alternatives to autogenous bone graft:
opyright 1995 American Academy of Orthopaedic Surgeons.)
nd has demonstrated osteoinduction. w
A second source of BMP is through recombinant
echnology. The desired structure is identified through
ovine protein from bone extracts. Human cDNA se-
uence is obtained by oligonucleotide probes. Next, the
rocess of recombination ensues; the cDNA clone is
pliced into a viral expression vector and transferred into
carrier cell. The product is recombinant BMP (rh-
MP) and may vary in purity. The use of rhBMP has
een implemented in animal and human subjects with
romising results.
A third method of obtaining bone growth and differ-

ntiation factors entails gene therapy and direct delivery
f a genetic growth factor to the site of interest to encode
or certain desired factors. This method obviates the di-
ect local application of BMPs to the site, but is the most
ovel method and is still under intense investigation. It

s believed that this strategy provides a more prolonged
ignal for desired osteoinduction, and the production
ost of DNA replication is less than the manufacturing
f recombinant proteins.

esearch
nimal studies
xtracted human BMPs purified from cadaveric bone
xist in limited quantities and exhibit variable osteoin-
uctive and biochemical capabilities attributed to indi-
idual composition and purity. To address such short-
omings, recombinant techniques to produce BMPs to
nduce bone formation in vivo have exhibited prowess in
arious animals models. Experimental work is technical
nd investigation of these effects is an arduous process,

Osteoprogenitor
cells Immunogenicity

Donor-site
morbidity

Immediate
torque

strength

��� � � �

�/� � � ��

� �� � ��

� � � ��

� �/� � �

� � � �/�
� � � �

�� � � �

�� � � �

, strongest positive role; �, no role; �/�, may play a role. (Reprinted from
y and indications. J Am Acad Orthop Surg 1995;3:1–8,119 with permission.
n

���
efficac
hich has led to the identification of six members of the
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MP family through molecular cloning methods in-
olved in bone or cartilage formation. In vivo, BMP-
nduced osteoblast and chondroblast formation is evi-
ent and is extensively explored with rhBMP-2 and, to a

esser degree, with rhBMP-7, also known as osteogenic
rotein-1 (OP-1).
In 1990, Wang and associates78 reported the effects of

hBMP-2 in Chinese hamster ovarian cell lines. The
mplications of rhBMPs in defects on intramuscular,
ibia, and calvarium regions in baboons were reported
ith promising results.79-81 Later, the dose-effect rela-

ionship of rhBMP-2 and ectopic bone formation was
emonstrated in a rat model to be as much as 10-fold
reater than the original bone extract.77,82-84 Work pub-
ished by Sandhu and colleagues85,86 in a canine inter-
ransverse fusion model indicated that rhBMP-2 is dose
ependent. The study indicated that successful bone fu-
ion was noted by 3 months in the rhBMP-2 specimens,
nd no fusion was noted in the autograft samples. Boden
nd coauthors87 further supported the notion that in-
reased dosages of rhBMP-2 can yield quicker bone for-
ation. Work in rabbits, sheep, and goats demonstrated
greater amount of fusion and graft stiffness in BMP-

reated animals than non-BMP-treated animals.
In order to establish validity and practical clinical ap-

lications of BMPs, primate experimental work was
ought. Boden and coworkers88 investigated the effects
f rhBMP-2 in a sponge carrier in a nonhuman primate
nvolving intertransverse spinal fusion, where decortica-
ion was performed for fusion. The study illustrated a
igher rate of new bone formation and minimal scar
ormation in the nonhuman primate model with
hBMP-2 compared with control samples. Conversely,
andhu and associates89 demonstrated that intertrans-
erse fusion is obtained with rhBMP-2 without having
o decorticate the site to facilitate bone fusion, as is
eadily performed in spine fusion procedures to establish
nion. Cook and colleagues90 reported on the effects of
P-1 as compared with autograft pertaining to inter-

ransverse spinal fusion in a canine model. The study
oted fusion in all animals, but overlapping osteoinduc-
ive signaling existed from the concomitant application
f both autograft and OP-1 at different levels within the
ame sample. Paramore and colleagues91 later reported
uccessful fusion using OP-1 in 10 of 11 dogs by manual
alpation and in 7 of 11 dogs by cross-sectional imaging
valuation. Grauer and associates92 further elucidated in

heep the efficacy of OP-1 as compared with other graft f
ubstrates, demonstrating a 100% fusion rate in the car-
ier OP-1 group and 63% and 0% in the autograft and
arrier-alone groups, respectively.

Vaccaro and coworkers93 compared OP-1 and au-
ograft alone to achieve noninstrumented posterolateral
usion after decompression in the treatment of patients
ith degenerative spondylolisthesis. This multicenter

tudy with 12 patients demonstrated OP-1 to be safe,
ut the fusion rates were not significantly better than in
istorical controls of autograft alone. In addition, a
tudy by Jenis and associates94 evaluated in rabbits the
oles of rigid instrumentation and no instrumentation
or lumbar posterolateral fusion with autogenous iliac
rest bone graft or OP-1. Their findings demonstrated
hat by 12 weeks, all animals with OP-1 exhibited fu-
ion; no fusion was noted in the autograft group. Also,
igid instrumentation did not seem to affect the fusion
ate in the OP-1 animals at 12 weeks, but slightly in-
reased the fusion rate for both groups at 3 weeks. The
uthors concluded that the application of rigid instru-
entation as an adjunct to OP-1 for posterolateral fu-

ion of the lumbar spine may enhance fusion early in the
one-healing process, but may not serve any benefit
ith regard to fusion rate in the longterm.
Because of the risk of graft collapse, resorption, and

ubsidence, the role of BMPs in interbody fusion were
lso addressed. Zdeblick and coworkers95 investigated
he use of BMPs in goats in anterior cervical interbody
usion procedures. The study demonstrated that inter-
ody cages packed with autograft developed nonunions
n three of seven animals; successful fusion was noted in
ll specimens with a cage filled with a collagen-
mpregnated rhBMP-2 sponge. The results also indi-
ated that the biomechanical strength of both constructs
as equal.
Boden and coauthors87 further illustrated the prowess

f rhBMP-2 in interbody fusion through a laparoscopic
nterior lumbar approach in a nonhuman primate
odel by using a titanium-threaded interbody cage car-

ier. Their findings demonstrated a higher fusion rate in
hBMP-2 specimens as compared with autograft. In
002, Sandhu and colleagues96 further illustrated that
hBMP-2 can result in earlier radiographic fusion assess-
ent and enhanced segmental stiffness as compared
ith autograft in a sheep ALIF model implementing a

ylindrical fenestrated titanium interbody fusion device.
he study also noted a threefold increase in histologic
usion rate and a decrease in fibrous tissue encompassing
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he implant in rhBMP-2 specimens in comparison to
he autograft group. Studies have demonstrated that a
reater histologic ossification, irrespective of vascularity
t the graft-host interface, has been noted in lumbar
nterbody fusion with the use of OP-1 as compared with
utograft.78,97-99

Nicotine use is a well-documented systemic factor
hat compromises bone healing in spinal fusion and in-
reases the potential for nonunion.10,15,18,100 Bone re-
odeling and incorporation require the vascular in-

rowth of mesenchymal cells into the graft substrate for
steoblast and osteoclast differentiation. Cigarette
moking inhibits appropriate vascular ingrowth to the
raft substrate in order to promote osteoblast cellular
etabolism, preventing osteoblast proliferation and en-

uing collagen synthesis for scaffold formation.7-9,14 It
as been suggested that nicotine causes circulatory oc-
lusion to the bone-host interface because of an increase
n blood viscosity to bone, which could lead to impaired
one growth.6,12,13,16 To address the concern of improper
one healing from exposure to smoking and its nicotinic
ontent, Silcox and associates101 implemented bovine-
erived osteoinductive bone protein extracts to evaluate
he inhibitory effect of posterolateral lumbar spinal fu-
ion in a rabbit model. The study demonstrated that
steoinductive bone protein coupled with autogenous
one graft yielded a 100% fusion rate in the presence of
icotine. Conversely, autograft alone and osteoinductive
one protein plus demineralized bone matrix demon-
trated 0% and 64% fusion rates, respectively. In the
bsence of nicotine exposure in a rabbit model, OP-1
emonstrated a 100% fusion rate in posterolateral fu-
ion.92 Using a rabbit posterolateral spine fusion model
n the presence of nicotine exposure, Patel and cowork-
rs102 demonstrated a 25% fusion rate using autograft
nd a 100% fusion rate in samples with OP-1.

A significant focus of research on BMP has been on
eveloping an ideal carrier. McKay and Sandhu103 sum-
arized three important functions of the carrier. First,

he carrier should act as three-dimensional space scaf-
olding across which de novo bone formation can occur.
lso, the carrier should maintain a certain effective

hreshold concentration of BMP. Third, the carrier
hould be able to contain the BMP and not allow for
xtraneous bone formation. So the carrier should be a
esorbable substrate that has a resorption rate that
atches bone formation. To date, no effective structural
arrier for BMP has been identified. The collagen T
ponge has been shown to be an effective carrier for
MP in multiple studies. In order to provide a structural

upport for anterior interbody fusion, the collagen
ponge has been housed in a variety of structural tita-
ium cages.87,95 Hecht and coauthors104 conducted a
tudy evaluating the use of allograft structural dowels in
ombination with rhBMP-2 in a rhesus monkey model.
he allograft with rhBMP-2 had undergone complete

esorption and remodeling during the fusion period.
his implied a much larger role for the rhBMP-2 than

ust osteoblastic activity.
The collagen sponge has not worked as an effective

arrier in posterior intertransverse process fusion in pri-
ates. Martin and associates84 demonstrated that the

ose used in lower animals was insufficient to allow for
one growth in nonhuman primates. The hypothesis
as that compression of the collagen sponge from the

ocal muscles inhibited bone formation. When the com-
ression of the collagen sponge was eliminated by a poly-
thylene protector, bone fusion was noted. Boden and
oauthors105 studied a carrier made of a highly porous
iphasic calcium phosphate ceramic. This carrier was
ble to produce a solid fusion in a primate model regard-
ess of the dosage tested. Evaluation of a compression-
esistant matrix to help shield the rhBMP carrier from
ompression and ease radiographic visualization of new
one has been performed with promising results entail-
ng biphasic calcium phosphate granules or allograft
one chips to the collagen sponge for posterolateral fu-
ion in monkeys.106

uman studies
uman BMP studies are limited, but promising. Boden

nd colleagues107 reported their experience in a prospec-
ive clinical and radiographic study with 14 human sub-
ects who underwent a single-level ALIF with a threaded
itanium cage. All patients who received cage-filled
hBMP-2 demonstrated successful fusion as compared
ith 66% success in the cage-filled autograft control
roup. The rhBMP-2 group indicated improved func-
ional scores sooner than did the autograft group. Gor-
et and colleagues108 reported their prospective findings

n human subjects of rhBMP-2 in conjunction with ta-
ered metal fusion cages compared with cages packed
ith autograft. At 24 months postoperatively, the

hBMP-2 group achieved a fusion rate of 94.5% com-
ared with the 88.7% fusion rate in the autograft group.

he study also noted fusion for all patients with
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hBMP-2 at 6 months. Average operative time, blood
oss, and hospital stay were less than in the autograft
roup. Autograft patients reported considerable donor-
ite pain compared with no pain for patients who under-
ent rhBMP-2 application.
Burkus and associates109 presented a multicenter, pro-

pective, randomized, controlled trial of single-level
pen ALIF comparing patients with threaded cortical
llograft dowels and rhBMP-2 (investigational group)
ith patients who received threaded allograft dowels
ith iliac crest autogenous bone (control group). The

tudy showed that the investigational group achieved a
igher rate of fusion at 1 and 2 years than did the control
roup. This study also demonstrated persistent donor-
ite pain 2 years after operation in a high proportion of
he controlled group patients. Burkus and coauthors110

lso reported the results of a multicenter, prospective,
andomized, nonblinded, controlled 2-year study of pa-
ients undergoing an ALIF with a tapered titanium cage;
43 patients received rhBMP-2 on an absorbable colla-
en sponge compared with 136 patients who got iliac
rest autogenous bone. Operative time and blood loss
ere less in the rhBMP-2 group. At 24 months, fusion

ates were 94.5% and 88.7% for the rhBMP-2 and au-
ograft groups, respectively. Similar clinical outcomes
easurements were noted in both groups, but at 24
onths, 32% of patients reported graft site–related

omplications. Alexander and coworkers111 described
he use of rhBMP-2 with a posterior lumbar interbody
usion approach. The cages were cylindrical hollow-
hreaded cages used as stand-alone devices. The study
ad 36 patients in the control autograft group and 35
atients in the BMP group. The fusion rate was lower in
he BMP group. In addition, bone formation was noted
n the insertion tract of the device. There were no re-
orted neurologic sequelae, though. This concern has
topped this study.

With respect to the cervical spine, Baskin and col-
eagues,112 in a prospective, randomized trial, evaluated
3 patients who underwent instrumented anterior cer-
ical discectomy and fusion and received either fibular
llograft with rhBMP-2–laden collagen carrier inside
he graft or fibular allograft with internal iliac crest au-
ologous bone. Although there was no difference in fu-
ion rates between these two groups, the rhBMP group
eported superior neck disability and arm pain scores.

Boden and associates113 reported on the use of

hBMP-2 in human subjects to attain posterolateral fu- s
ion. Twenty-five patients were enrolled in the study and
ivided into three groups. Group I patients had au-
ograft and Texas Scottish Rite Hospital (TSRH) instru-
entation, Group II had rhBMP-2 and TSRH instru-
entation, and Group III had rhBMP-2 alone without

nstrumentation. This study used both radiographs and
T scan to determine fusion. Both of the rhBMP-2
roups showed good bone formation in the posterolat-
ral lumbar spine. Johnsson and coworkers114 reported
o improved fusion rates with OP-1 versus autograft in
oninstrumented posterolateral fusion at the L5-S1

evel. But overall, early human trials indicated that rh-
MPs enhance fusion rate and avoid morbidities and
omplications associated with autograft and allograft.

The role of gene therapy is also an exciting frontier.
here has been a surge of new studies demonstrating the

bility of gene transfection to upregulate the expression
f BMPs. Hidaka and colleagues115 demonstrated en-
anced spine fusion in rats with adenovirus vector en-
oding for BMP-7. Riew and coauthors116 reported on a
horacoscopic intradiscal spine fusion in a pig model
sing adenovirus BMP-2 transduced mesenchymal stem
ells. The study had six discs that were treated and six
iscs that had sham operations. All six discs that were
reated showed histologic bridging bone from endplate
o endplate at 6 weeks.

afety considerations
he safety profile must be determined before consider-

ng any new technology. Concerns for bone overgrowth
nd subsequent potential neural compression have
topped the pilot study using BMP for a posterior lum-
ar interbody fusion/transforaminal lumbar interbody
usion approach. No study has demonstrated any clini-
ally significant neural compression to date. The use of a
MP in postlaminectomy patients for intertransverse

pine fusion also raises concern for potential restenosis.
artin and coworkers84 showed some bone overgrowth

t the laminectomy site in rhesus monkeys undergoing
ecompression and posterolateral fusion. This has not
een demonstrated in human trials but remains a theo-
etic risk. The fusion of unintended adjacent levels dur-
ng spine fusion has also been studied. It has been shown
hat if the substrate is contained within the carrier, bony
vergrowth does not occur.117

Different tumors have shown the ability to produce
MP and some have BMP receptors.118 This has caused
ome concern that BMP possibly has a prooncogenic
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ffect. There is no animal or human evidence that BMPs
re carcinogenic. There are multiple different lines of
roteins other than BMPs that are upregulated by tumor
ells, and tumor cells demonstrate many different types
f receptors.

In conclusion, the spine is a complex system whose
reatment modalities have evolved tremendously within
he past 30 to 40 years. Spinal fusion has enjoyed wide
cceptance, regardless of potential risks and complica-
ions involved. As the understanding of the molecular
asis of bone biology increases and the technical aspects
f bone tissue engineering are advanced, a plethora of
ommon and complex spine problems can be treated by
uch technologic innovations to improve postoperative
utcomes and enhance the patient’s quality of life.

The use of BMPs for spine surgery remains promis-
ng. BMPs are proved to be osteoinductive in anterior
nd posterior fusion models, but the exact indications
an’t be delineated until studies are designed to deter-
ine effectiveness, reproducibility, comorbidities, risk

actors, and cost-benefit. At this time, it has not been
etermined which carriers are ideal with BMPs. Also, in
ertain cases, if BMPs are used, there is a potential to
ctually diminish fusion rates and, in certain cases, to
overkill” and increase costs without clinical advantages.
t is also somewhat difficult to determine the efficacy of
MPs because not all nonunions are symptomatic. Even

hough it is generally believed that a higher fusion rate is
ssociated with a higher clinical success rate, this has not
een conclusively shown in the literature. In addition,
ow BMPs will compare with demineralized bone ma-
rix, which is also composed to some degree with BMPs,
n terms of effectiveness and cost is not known and
hould be evaluated. Nonetheless, increasing osteoin-
uction factors will lead to enhanced bone fusion and
ugmentation of surgical techniques, with an inclination
oward minimally invasive procedures and decreased or
ltered use of internal instrumentation.
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