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Connecticut

Bone morphogenetic proteins have been in use in spinal surgery since 2002. These proteins
are members of the TGF-beta superfamily and guide mesenchymal stem cells to differenti-
ate into osteoblasts to form bone in targeted tissues. Since the first commercial BMP be-
came available in 2002, a host of research has supported BMPs and they have been rapidly
incorporated in spinal surgeries in the United States. However, recent controversy has arisen
surrounding the ethical conduct of the research supporting the use of BMPs. Yale Univer-
sity Open Data Access (YODA†) recently teamed up with Medtronic to offer a meta-analy-
sis of the effectiveness of BMPs in spinal surgery. This review focuses on the history of
BMPs and examines the YODA research to guide spine surgeons in their use of BMP in
spinal surgery. 

INTRODUCTION

The frequency of spinal fusion proce-
dures has significantly increased over the
last 15 years, concurrent with the increas-
ing popularity and use of osteobiologics to
improve fusion. Lumbar and cervical fu-
sion are the most common spine surgeries
performed in the United States, with a com-

bined annual rate of approximately 450,000
operations [1]. Although there have been
numerous advances in surgical fixation
techniques, nonunion still occurs in 10 per-
cent to 15 percent of patients [2]. Despite
advancements in materials and constructs,
instrumentation remains only a temporiz-
ing measure — biologic processes are re-
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quired to solidify an arthrodesis for long-
term fusion success.

Successful fusion is contingent upon
multiple host and graft characteristics. Low
bone density, alcohol abuse, cigarette smok-
ing, and long fusions are known risk factors
for nonunion. To augment spinal fusion,
bone graft is often used, and bone graft ma-
terial must have sufficient osteoconductive
and osteoinductive activities to promote
healing. For healing to occur, osteogenic
cells lay down new bone on an acceptable
scaffolding (osteoconductivity) and stimulate
differentiation of stem cells or osteoprogen-
itor cells into osteoblasts (osteoinduction).
Given the critical role graft materials play in
driving successful fusion, substantial re-
search efforts have focused upon methods to
augment this biologic process in order to
achieve stable fusion in circumstances which
otherwise would be unfeasible. 

Autograft, most commonly taken from
the iliac crest, remains the gold-standard
graft material as it naturally possess both os-
teoinductive and osteoconductive properties
and is associated with a low risk of infection
and rejection. However, autograft is associ-
ated with several disadvantages, including
increased procedure time, limited donor site
availability, and donor site pain — with rates
that vary significantly in the literature [3-7].
Allograft circumvents donor site morbidity
but has been associated with increased rates
of infection and rejection and has poor os-
teoconductive properties [8,9]. These limi-
tations, combined with a nontrivial
incidence of nonunion, have stimulated re-
search into potential alternatives or im-
provements, including bone morphogenetic
proteins (BMPs) and bone marrow aspirate
(BMA). BMPs have traditionally been pre-
ferred over BMA as head-to-head studies
have shown the superiority of BMPs in ani-
mal models [10].

BMPs are a unique group of cytokines
with osteoinductive activity that belong to
the transforming growth factor beta (TGF-
β) super-family [11]. In 1965, Urist demon-
strated the ability of BMPs to induce ectopic
differentiation of cartilage and bone in ro-
dents [12]. New bone production required

for a solid fusion occurs as a result of a se-
ries of complex cascades involving osteo-
progenitor cells and numerous osteogenic
growth factors and competing effects of os-
teoclasic and osteoblastic cells. BMPs func-
tion through a variety of pathways that
include the initiation of an increase in alka-
line phosphatase and parathyroid hormone
levels, as well as an increase in expression of
osteocalcin (a marker for differentiated os-
teoblasts). When bound to transmembrane
receptors on mesenchymal stem cells, BMPs
induce differentiation into osteoprogenitor
cells and form new bone.

Following the sequencing and cloning of
BMP genes in the early 1990s, mass produc-
tion of different BMPs became feasible. In
the past decade, 20 individual human recom-
binant BMPs (rhBMPs) possessing various
bone and cartilage stimulation characteristics
have been identified [13]. Numerous trials
and case series have since evaluated the use
of these biologics as adjuvants or alternatives
to autograft in spinal fusion. The results and
complications of these studies have varied
with regard to the specific subtype of rhBMP
used, anatomic location of fusion, surgical
approach, and the specific authors conduct-
ing the studies [4].

Early positive results subsequently led
to the Food and Drug Administration (FDA)
approval of rhBMPs for use in human sur-
gery [3]. Although the FDA approved usage
in the spine is limited to a specific carrier,
approach, and range of levels, clinical off-
label use of these compounds is rampant. In
their 2009 study, Cahill et al. reported that
by 2006, rhBMP was used in 25 percent of
all fusion procedures in the United States
and 40 percent of lumbar fusions [14].
While the liberal usage of rhBMPs has led to
improved success rates for many proce-
dures, serious, unforeseen complications
have been encountered. Given that much of
the off-label use of rhBMPs occurs outside
the context of a clinical trial, the true inci-
dence of bad outcomes is unknown. Fur-
thermore, a majority of early studies were
industry sponsored and performed by sur-
geons with high levels of investment in the
success of BMP. As more independent re-
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search has become available, it has been
clear that the early studies were flawed in
their research design and biased in their out-
comes. 

Much remains unknown about these
powerful compounds. The risk of uncon-
trolled bone formation, BMP antibody for-
mation, bone resorprtion, immunogenicity,
urethrogenital complications, and malignan-
cies have yet to be fully characterized. All
of this on the recent backdrop of research
controversy makes it difficult for clinicians
to understand the proper use of BMP in a
clinical setting. Therefore, we have under-
taken to provide a review that examines the
evidence for and against BMP, chronicles
the controversy surrounding BMP, and pro-
vides insight into new research in a better ef-
fort to provide clinicians with a working
framework in which to apply BMP in their
clinical practices.

CONTROVERSY IN COMPLICATION
RATES WITH rhBMP-2 USE

Despite BMPs’ widespread use, con-
troversy about its effectiveness remains.
Controversy surrounds conflicting studies
on the success and failure of rhBMP-2 and
whether it is superior to autograft from the
iliac crest as well as underreporting of ad-
verse side effects in early clinical trials of
rhBMP-2 [15,16]. Starting in 2006, inde-
pendent research groups started to report se-
rious side effects of rhBMP-2 use, with
complication rates ranging from 20 to 70
percent [4]. The most notable complications
included retrograde ejaculation, seroma for-
mation, bone overgrowth, osteolysis, and an
increased risk of cancer. Serious side effects
began arising in BMP usage in the cervical
spine with large seroma formations placing
pressure on airways and causing major post-
operative morbidity and mortality compli-
cations. In June 2008, the FDA placed a
warning on BMP use in the cervical spine
due to severe dysphagia postoperatively
[17].

Soon after the FDA warning, additional
concerns arose with the Wall Street Journal
reporting that Medtronic was under investi-

gation by the federal government for off-
label use of INFUSE (rhBMP-2) [18]. Ad-
ditional lawsuits were also reported,
claiming damages on behalf of the federal
government with evidence from former
Medtronic employees alleging illegal mar-
keting, including “indictments paid to doc-
tors to use INFUSE” [4]. Even worse, an
early study showing the effective use of
rhBMP-2 was retracted by the Journal of
Bone and Joint Surgery after allegations of
research misconduct and fraud by the author
[19]. It was later reported that the author had
significant financial ties to the manufacturer
of rhBMP-2 [20]. To say the least, the repu-
tation of rhBMP-2 was tarnished, and the
clinical use of BMP was questioned.

In an effort to sort out the madness and
provide true evidence-based medicine for
the use of rhBMP-2, Medtronic agreed to
team up with the Yale University Open Data
Access Project (YODA). In this collabora-
tion, Medtronic offered to provide all of its
clinical data to the Yale investigators who
would independently analyze and interpret
the data of all known clinical trials of
rhBMP-2. In June 2013, the first two sys-
tematic reviews and meta-analyses from this
collaboration were reported in the Annals of
Internal Medicine [15,16].  

The reports had four important findings.
First, the reports found that in aggregate, the
current data does not show a significant im-
provement in fusion rates with rhBMP-2 as
compared to autograft iliac crest bone graft.
Second, both BMP-2 and iliac crest bone
graft are associated with similar rates of ret-
rograde ejaculation and neurological com-
plications when used in anterior interbody
lumbar fusion or posterolateral fusion. This
seems to not be associated with the graft ma-
terial but inherent to the patient population.
Third, there is clear evidence that BMP-2
usage leads to high rates of complication in
anterior cervical procedures and high rates
of ectopic bone formation in posterior lum-
bar interbody procedures. And fourth, al-
though there is a slight risk of cancer with
the use of BMP-2, the absolute risk remains
very small and therefore most likely clini-
cally insignificant (Table 1).  
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The findings of the Yale University
Open Data Access project mark an impor-
tant new milestone in clinical research by
combining the resources of an invested com-
pany with the independent review of an ac-
ademic institution. In light of these findings,
we have undertaken to offer both the history
of BMPs’ development alongside recent
YODA evidence to offer clinical practice
guidelines for five major spinal surgery ap-
plications in the following sections.

TYPES OF BMPs
Although 20 different BMPs have been

discovered, only BMP-2 is currently FDA
approved and available in recombinant form
for use in human spine surgery. BMP-7, or
OP-1, was previously given a Humanitarian
Device Exemption and ultimately was not
approved by the FDA. Additionally, growth
differentiation factor 5 (GDF-5), a member
of the TGF-β superfamily and closely re-
lated to BMPs, has also been preliminarily
tested in humans. 

rhBMP-2
In 1997, a prospective randomized con-

trol trial evaluating the use of rhBMP-2 was
conducted under an FDA-approved investi-
gational device exemption (IDE) [21]. In this
pilot study, the rhBMP-2 (Genetics Institute,
Cambridge, MA) was delivered on an ab-
sorbable collagen sponge (ACS) carrier (In-
tegra Life Sciences, Plainsboro, NJ) and
placed into a titanium interbody fusion de-
vice (LT-Cage; Medtronic Sofamor Danek).

The authors concluded that fusion not only
occurred, but occurred more reliably in the
patients who received rhBMP-2 [21]. In a
multicenter follow-up study, InFUSE Bone
Graft/LT-CAGE Lumbar Tapered Fusion De-
vice (Medtronic Sofamor Danek, Memphis,
TN) and autograft were compared for clini-
cal and radiographic fusion following ante-
rior lumbar interbody fusion (ALIF).
Successful radiographic fusion was achieved
in 94.5 percent of the experimental group
versus 88.7 percent in the control group at 2-
year follow-up. In the control group, 32 per-
cent of patients reported graft site discomfort
and 16 percent were bothered by its appear-
ance at 2-year follow-up [3]. Citing this work
as a pivotal study, Medtronic was granted
FDA approval in 2003 for the use of rhBMP-
2 in conjunction with the LT-CAGE™ Lum-
bar Tapered Fusion Device for ALIF.
Contraindications included pregnancy, ma-
terial allergy, infection, and previous tumor
near the site of implantation.

Although only specifically tested and
FDA approved for ALIF, off-label, or
“physician-directed application,” of IN-
FUSE is widespread. Publication of initial
clinical results indicating superior fusion
rates compared to autograft and no compli-
cations encouraged many surgeons to begin
using rhBMP-2 off-label — initially re-
stricted to patients with known risk factors
for nonunion and later with more general-
ized use. It is easy to see why as patients
with diabetes, hypothyroidism, or a history
of smoking have been shown to have re-
duced fusion rates [22]. The attractiveness
of augmenting these risk factors brought
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Table 1. Summary of Yale Open Access Study.
1. No difference in fusion rates between rhBMP-2 and autograft iliac crest bone graft

2. Both rhBMP-2 and iliac crest bone graft are associated with similar rates of retrograde
ejaculation and neurological complications when used in anterior interbody lumbar fusion
or posterolateral fusion

3. There is clear evidence that rhBMP-2 usage leads to high rates of complication in ante-
rior cervical procedures and high rates of ectopic bone formation in posterior lumbar inter-
body procedures

4. Although there is a slight increased relative risk of cancer with the use of BMP-2, the
absolute risk remains very small and therefore most likely clinically insignificant



many surgeons onboard with BMP use. In
the United States alone, BMP use in spinal
fusions increased from 0.7 percent in 2002
to 25 percent in 2006, with Medtronic re-
porting nearly $400 million dollars in sales
in 2012 [4,17]. 

Anterior Lumbar Interbody Fusion

In their 2002 landmark study, Burkus et
al. showed that patients treated with rhBMP-
2 with an LT-CAGE Lumbar Tapered Fusion
Device (Medtronic Sofamor Danek, Mem-
phis, TN, USA) had statistically superior
outcomes with regard to length of surgery,
blood loss, hospital stay, reoperation rate,
median time to return to work, and fusion
rates at 6, 12, and 24 months, as well as Os-
westry Disability Index (OSI) scores and
Physical Component and Pain Index scores
at 3, 6, 12, and 42 months compared to pa-
tients treated with iliac crest bone graft
(ICBG) [3]. Although this study was able to
prove non-inferiority, it lacked sufficient sta-
tistical power to prove fusion superiority of
rhBMP-2 versus autograft. In a follow-up
study, combining datasets from two addi-
tional clinical trials, a 24-month fusion suc-
cess rate of 94.4 percent (201/213) for
rhBMP-2 and 89.4 percent (252/282) for au-
tograft was found, showing statistical supe-
riority of rhBMP-2 with respect to fusion
[23]. At 6 years, 98 percent of the study
group showed radiographic fusion and 79
percent had an improvement in the OSI
score of > 15 points [24]. 

In two related, prospective FDA-ap-
proved Investigation Device Exemption
(IDE) studies, Burkus et al. also evaluated
the use of rhBMP-2 in ALIF with structural
cortical allografts and the INTER FIX
Threaded Fusion Device (Medtronic So-
famor Danek, Memphis, TN, USA) versus
ICBG [23,25]. Patients treated with rhBMP-
2 had superior clinical and radiographic out-
comes compared with patients who had
received ICBG. The study group was found
to have significantly higher rates of radi-
ographic fusion than the control group at all
time-points with a difference of 99 percent
and 76 percent, (p < 0.001) respectively at 2
years. Similarly, the authors also found that

the INTER FIX device packed with rhBMP-
2 led to improved ODI outcomes, improved
radiographic fusion rate, and improved rate
of return to work compared to ICBG con-
trols.

In a non-industry sponsored, prospec-
tive cohort study in 2006, investigators eval-
uated the outcomes for patients undergoing
ALIF with femoral ring allografts (FRAs)
with ICBG and rhBMP-2. In contrast to
Burkus et al. [25], the study found that
rhBMP-2 paradoxically caused a trend to-
ward higher rates of nonunion (56 percent)
compared to ICBG (36 percent) as well as
aggressive resorption of the FRAs [26]. One
year later, an industry-sponsored trial using
FRAs with pedicle screw fixation reported
statistically superior clinical outcomes and
fusion rates at all follow-up time points for
patients with rhBMP-2 added to the FRAs
(but no comparison to FRAs with ICBG)
[27].

Although rhBMP-2 has been shown to
significantly improve fusion rates in ALIF
and early studies revealed no increased rate
of rhBMP-2 related complications, more re-
cent studies have revealed an array of com-
plications. Multiple reports and trials have
reported significant endplate resorption, os-
teolysis, and graft subsidence with rhBMP-
2 used in ALIF [28-30]. Although many
reports denied resultant clinical symptoms
or effect of fusion, Carragee et al. reported a
higher reoperation rate in patients treated
with rhBMP-2, principally attributed to graft
subsidence complications [4]. rhBMP-2 has
also been implicated in increased rates of
retrograde ejaculation (RE) following ALIF.
Baseline rates of RE in ALIF without
rhBMP-2 have been established to be less
than 1 percent [31-33], but rates of RE with
rhBMP-2 have been shown to be statistically
significantly higher at 6 to 7 percent [34,35].  

In spite of varying evidence, ALIF is
the only FDA-approved application of
rhBMP-2. Findings from YODA suggest no
difference between rhBMP-2 and autograft
iliac crest. However, iliac crest bone graft re-
quires an additional surgical site operation.
When autograft is not available or an addi-
tional procedure is not desired, rhBMP-2 is
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a reliable alternate. YODA found retrograde
ejaculation and neurological complications
to be equal in both autograft and BMP aug-
mented ALIF surgeries (Table 2) [16]. 

Posterolateral Lumbar Fusion

Two large, prospective randomized
multicenter trials have evaluated the use of
rhBMP-2 in posterolateral lumbar fusion
(PLF). The first, conducted in 2002, com-
pared three groups of patients with single-
level degenerative disc disease undergoing
PLF: autograft with pedical screw fixation,
rhBMP-2 with pedical screw fixation, and
rhBMP-2 without pedical screw fixation
[36]. At 17 months follow-up, the fusion rate
in the autograft group was 40 percent com-
pared to a 100 percent fusion rate in the pa-
tients who received rhBMP-2 (with or
without internal fixation). These authors
demonstrated that rhBMP-2 at a dose of 20
mg per side can achieve PLF at a higher rate
than iliac crest autograft alone.

The second study in 2009 compared the
use of autograft and higher dose rhBMP-2
(AMPLIFY rhBMP-2 Matrix; Medtronic So-
famor Danek) in single-level, instrumented

PLF. This study reported an 89 percent fu-
sion rate in the autograft group (n = 224) and
a 96 percent fusion rate in the rhBMP-
2/CRM group (n = 239) at 2 years follow-up
(p = 0.014). Clinical outcome measures were
similar between the two groups, and the re-
operation rate was significantly higher in the
autograft group (16 percent vs. 8 percent, P =
0.015). Of the patients in the autograft group,
60 percent reported donor site iliac crest pain
at 2 years follow-up [37]. Several smaller
studies have found similar results of superior
fusion rates with the use of rhBMP-2 in PLF
compared to ICBG with minimal complica-
tions [22,38-41].

Concerns with the use of rhBMP-2 in
PLF include risk for complications from het-
erotopic ossification and post-surgical
edema and seroma formation. A study in
2008 reported a case of post-operative psoas
ossification with subsequent development of
pain along the iliac wing, groin, and greater
trochanter 3 months after surgery [42]. In a
2010 retrospective review of 130 patients
undergoing PLF with rhBMP-2, authors re-
ported a 4.6 percent incidence of sterile sero-
mas requiring surgical exploration (no data
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Table 2. Recommendations for use of rhBMP-2.

Anterior Lumbar Interbody
Fusion (ALIF)

Anterior Cervical Fusion

Posterolateral Fusion
(PLF)

Posterior Interbody 
Lumbar Fusion (PLIF)  

Transforaminal Interbody
Fusion (TLIF)

No difference between rhBMP-2 and ICBG.  However, iliac
crest bone graft requires additional surgical site operation.
When autograft is not available or procedure is not desired,
rhBMP-2 is a reliable alternate. Retrograde ejaculation and
neurological complications are equal with both rhBMP-2 and
ICBG.

An FDA warning has been issued to not use rhBMP-2 in the
anterior cervical spine due to inflammation causing severe
dysphagia and airway compromise.

No difference between rhBMP-2 and ICBG. However, iliac
crest bone graft requires additional surgical site operation.
When autograft is not available or procedure is not desired,
rhBMP-2 is a reliable alternate.

Use of rhBMP-2 has been associated with high rates of ec-
topic bone formation leading to neurological compromise.
ICBG is preferred.

Use of rhBMP-2 has been associated with seroma formation
and neurological compromise. Further evidence is needed,
but judicious use of rhBMP-2 is recommended due to compli-
cations.



for seroma incidence in ICBG group for
comparison) [43].  

In accordance with the large body of
positive study results and limited published
reports of serious complications, Medtronic
applied for FDA approval of higher dose
rhBMP-2, AMPLIFY, for application in pos-
terolateral spine fusion. In March 2011, the
application for FDA was rejected due to con-
cerns about potential increased risk of ma-
lignancy [4].

Recent YODA evidence shows that
while there may be a small increased relative
risk of malignancy with the use of rhBMP-2
in PLF, the absolute risk remains very low
and therefore clinically insignificant. Find-
ings show no difference between rhBMP-2
and ICBG in PLF and also show higher rates
of ectopic bone formation in PLF proce-
dures. Therefore, rhBMP-2 may be useful
when autograft is not available in PLF sur-
gery, and the benefits outweigh the risks of
ectopic bone formation (Tables 1 and 2) [16].  

Posterior Lumbar Interbody Fusion

Multiple clinical studies have shown
positive fusion results using rhBMP-2 in
posterior lumbar interbody fusion (PLIF),
but have also identified a high propensity for
the development of heterotopic bone forma-
tion. When comparing PLIF with rhBMP-2
in two INTER FIX cages (Medtronic So-
famor Danek, Memphis, TN) versus auto-
graft, fusion rates were 92.3 percent for the
rhBMP-2 group versus 77.8 percent for the
control group, with no significant difference
in clinical improvement between the two
groups [5]. Although the findings show fa-
vorable results, ectopic bone formation
away from the PLIF cages in preliminary
CT imaging caused the investigators to sus-
pend recruitment in the study. There was sta-
tistically significantly more extradiscal bone
formation in the BMP group (75 percent; 24
of 32 patients) compared with the control
group (13 percent; 4 of 31 patients). Despite
the statistical significance, there was no re-
lationship found between this bone forma-
tion and clinical symptoms.  

Follow-up studies found a similar
higher incidence of asymptomatic hetero-

topic bone formation in patients treated with
rhBMP-2 [44,45]. A case report also showed
the formation of ectopic bone following
PLIF with rhBMP-2 that led to neurologic
impairment and subsequent revision surgery
[46]. However, some authors have shown
high fusion rates with no incidence of het-
erotopic bone formation [46,47]. In addition
to heterotopic bone formation, cage migra-
tion following PLIF with rhBMP-2 has been
described [29]. Meta-analysis data from
YODA suggests clinicians should avoid
rhBMP-2 use in PLIF procedures due to
concern about ectopic bone formation and
neurological compromise (Table 2) [16]. 

Transforaminal Lumbar Interbody Fusion

The off-label use of rhBMP-2 in trans-
foraminal lumbar interbody fusion (TLIF) is
becoming increasingly common. Although
there are no prospective, randomized stud-
ies evaluating the use of rhBMP-2 in TLIF,
results from several retrospective studies
support its clinical efficacy. In a series of 74
patients who underwent single and multiple-
level TLIF with rhBMP-2 applied on an
ACS and combined with allograft or auto-
graft, all patients had developed radi-
ographic fusion at 10 months follow-up
[48]. No complications or adverse reactions
attributed specifically to the rhBMP-2 were
reported, although two patients had persist-
ent postoperative radiculitis. A similar study
retrospectively reviewed clinical and radi-
ographic outcomes in 48 patients who un-
derwent single-level TLIF using rhBMP-2
[49]. Radiographic fusion was achieved in
95.8 percent of patients, improvement in
symptoms was reported in 83 percent of pa-
tients, and satisfaction with surgical out-
come was reported in 84 percent of patients.
However, 27.1 percent of patients had one
or more complications, including transient
postoperative radiculitis (8/48), vertebral os-
teolysis (3/48), nonunion (2/48), and symp-
tomatic ectopic bone formation (1/48).

Complications with rhBMP-2 used in
TLIF have been reported in several case se-
ries and reports. Postoperative radiculitis has
been a complication of TLIF surgery with
rhBMP-2, with rates as high as 20 percent
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being reported [50]. Also, ectopic bone for-
mation following TLIF using rhBMP-2 has
been reported in many case reports, with
cases of symptomatic, delayed neural com-
pression in patients following TLIF using
rhBMP-2 [51]. Finally, vertebral osteolysis
has been reported to occur in 5.8 to 7.4 per-
cent [50,52]. Although the osteolytic defects
filled spontaneously in most of these pa-
tients, a small subset of these patients were
later found to have osteomyelitis that re-
quired revision debridement and reconstruc-
tion. 

Given the variety and frequency of
complications associated with rhBMP-2 use
in TLIF, additional caution should be exer-
cised in implementing BMP use in TLIF
procedures. Further evidence is needed in
order to make practice guidelines, and in the
meantime, judicious use of rhBMP-2 in
TLIF procedures is recommended due to
complications (Table 2) [16].  

Anterior Cervical Fusion

The efficacy of rhBMP-2 to promote
fusion in the cervical spine has been well
documented in numerous clinical studies. In
their prospective, randomized, FDA-ap-
proved pilot trial, Baskin showed a 100 per-
cent fusion rate and no increase in
complications when using rhBMP-2 versus
autograft within an allograft ring [53]. In
subsequent studies with larger sample sizes
and less contained doses of rhBMP-2, the ef-
ficacy of achieving solid fusion was further
supported with 100 percent fusion rates
when rhBMP-2 was added to absorbable
collagen sponges, PEEK cages, bioab-
sorbable spacers, and allograft rings. Despite
the common finding that rhBMP-2 was
equivalent or superior to autograft in pro-
moting fusion, there emerged a clear in-
crease in the incidence of soft-tissue related
complications.

In 2006, authors reported high compli-
cation rates in 151 patients who underwent
anterior cervical fusion using high-dose
rhBMP-2 (2.1mg/level) [54]. Overall, 23.2
percent (35/151) experienced complications,
including 15 patients diagnosed with a
hematoma (of whom eight were surgically

evacuated) and 13 patients with either a pro-
longed hospital stay or hospital readmission
because of swallowing/breathing difficulties
or dramatic swelling without hematoma. Al-
though there was no study group for com-
parison, the authors concluded that rate of
complications differed from their significant
surgical experience in anterior cervical fu-
sion without rhBMP-2. Two years later, an-
other report of soft tissue swelling emerged
in a series of 200 patients who underwent
single- or multilevel anterior cervical fusion
with PEEK spacers filled with an ACS im-
pregnated with varying doses of rhBMP-2
[55]. During the study, they decreased the
dose of rhBMP-2 twice. The first reduction
from 2.1mg to 1.05mg/level was due to an
observation of asymptomatic excess bony
formation. The second reduction from
1.05mg to 0.7mg/level was due to the au-
thors noting anecdotal reports of dysphagia
with higher concentration. The authors did
not find a significant difference in dysphagia
or swelling between the study group and his-
torical controls, and there were not a suffi-
cient number of patients to compare
complications between patients receiving
the different doses of rhBMP-2. However,
the authors of this study agreed with the con-
clusions of other studies suggesting a rela-
tionship between complication rates and
increased rhBMP-2 concentration.

Although there is a breadth of literature
documenting high complication rates with
rhBMP-2 usage in anterior cervical surgery,
it is difficult to assess true risk given the de-
sign of most of the published studies.
Specifically, surgical technique, instrumen-
tation, concentration of rhBMP-2, and num-
ber of levels fused are not controlled
between studies. Furthermore, in multiple
instances, authors cite that their use of
rhBMP-2 was due to their patients having
known risk factors for pseudarthrosis. Most
importantly, the only prospective, random-
ized trial evaluating rhBMP-2 in anterior
cervical fusion found that that there was no
increased rate of complication. However, in
light of the serious adverse events reported
in the literature, the FDA released a public
health notification warning of the life-threat-
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ening risks associated with rhBMP-2 in an-
terior cervical fusion and recommended that
“practitioners either use approved treatments
or consider enrolling as investigators in ap-
proved clinical studies” [17]. Currently, clin-
ical recommendations are to avoid the use
of rhBMP-2 in anterior cervical fusion
(Table 2) [16].

OP-1

OP-1, also known as BMP-7, is another
member of the TGF-β family that has re-
ceived significant investigation for clinical
use in the spine. Initial animal studies of
spinal fusion rates suggested OP-1 was a
promising new BMP. In 2000, a study in a
New Zealand White Rabbit model showed a
100 percent intertransverse process lumbar
fusion rate with OP-1 versus a 63 percent fu-
sion rate for autograft alone [56]. Two years
later, additional authors showed a superior
bone formation rate with OP-1 versus auto-
graft alone in a Canine model of posterolat-
eral arthrodesis [57].

These early animal studies led Vaccaro
et al. to perform safety and efficacy trials of
OP-1 in patients with grade I or II spondy-
lolisthesis. The safety and efficacy of OP-1
was first assessed in 2003 in a 12-patient
study in which the authors showed a 70 per-
cent rate of bridging bone formation and an
89 percent clinical success rate at 1-year fol-
low-up when OP-1 was used in conjunction
with autograft [58,59]. The authors then ex-
amined the efficacy of OP-1 versus autograft
alone in a study examining 36 patients with
neurogenic claudication and spondylolisthe-
sis who underwent decompression laminec-
tomy and one-level uninstrumented PLF
[60]. Successful radiographical fusion was
found in 74 percent of OP-1 patients versus
60 percent of patients with autograft alone.
These two studies led to an FDA Humani-
tarian Device Exemption approval in 2004
to allow up to 4,000 patients a year to re-
ceive OP-1 for revision PLF in patients who
suffer from factors that complicate healing
or for whom autograft harvest is not feasi-
ble.

Based on the success of the early pilot
studies, Vaccaro et al. undertook a large,

prospective, randomized, controlled multi-
center clinical trial of 295 patients to demon-
strate the noninferiority of OP-1 versus
autograft in patients with spondylolisthesis
undergoing one-level posterior decompres-
sion and uninstrumented posterolateral in-
tratransverse process arthrodesis [61]. The
investigators hypothesized that OP-1 would
prove as efficacious as autograft alone, and
therefore serve as a potential replacement,
circumventing the morbidity of an autograft
procedure. However, the study results
showed superior results for autograft versus
OP-1, with bone formation in 51.9 percent
of OP-1 patients compared to 73.5 percent
of autograft patients on plain films at 2-year
follow-up. The authors questioned if the re-
sult was due to the insensitivity of plain
films to assess for bridging bone formation
and decided to add an additional 3-year fol-
low-up with a CT scan for 257 of the origi-
nal 295 patients. CT results at 3 years again
suggested the superiority of autograft, with
36 percent of autograft patients showing ev-
idence of bridging bone formation versus 26
percent of OP-1 patients [62].

The findings of the large Vaccaro et al.
study ultimately lead to the FDA rejection
of Pre-Market Approval of OP-1 in April
2009. While this has been a significant set-
back in the clinical use of OP-1, studies are
ongoing to find an optimal dosage and de-
livery system for OP-1 in the future.    

GDF-5 

GDF-5, also known as cartilage-derived
morphogenetic protein-1or BMP-14, is
under development in combination with a
specific collagen carrier called Healos
(DePuy Spine, Inc., Raynham, MA), a cross-
linked type I collagen with hydroxyapatite
coating that serves as a vehicle for cellular
attachment and vascular ingrowth. The col-
lagen carrier is further soaked in bone mar-
row aspirate during preparation to provide
adequate stem cells for bone growth. When
used together with bone marrow aspirate,
Healos has shown promising results in terms
of fusion in both animal and human studies.  

Animal studies have shown that Healos
has strong potential for clinical benefit. A
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pre-clinical study using GDF-5 0.5 and 1.0
mg/cc Healos doses showed abundant bone
formation and 100 percent fusion in a New
Zealand Rabbit model [63]. A similar study
compared Healos and autograft in a pos-
terolateral instrumented spinal fusion in
sheep and found 100 percent fusion in both
the Healos and autograft groups [64]. These
early animal study results, combined with
many others, propelled Healos into clinical
testing.  

Clinical testing of Healos and bone
marrow aspirate are ongoing. However, a
few successful clinical studies have been
promising. A trial of Healos was conducted
in 2006, in which the authors compared 50
spinal fusion operations using Healos to 50
matched controls using autograft alone [65].
For posterolateral lumbar fusions, there
were equivalent radiologic fusion rates for
the two groups with no significant difference
in the subjective and objective clinical out-
comes. There were no lasting complications
associated with Healos use compared with a
14 percent persisting donor site complica-
tion rate in the autograft patients. Similar
positive results have been shown with Hea-
los in ACDF [62], TLIF [63], and PLF [64]
procedures [19,66,67].

These early clinical trials suggest Hea-
los has potential to have great clinical bene-
fit in spinal fusion procedures. However, it
remains to be seen if Healos will have the
same effect as other BMPs. In a study com-
paring Healos and INFUSE (BMP-2), Krai-
wattanapong et al. showed that INFUSE was
far superior to Healos in their posterolateral
lumbar spine fusion model in New Zealand
White Rabbits [10]. In the study, 100 per-
cent (12/12) of rabbits had successful fusion
with INFUSE, while 0 percent (0/12) had
successful fusion with Healos. The data on
Healos should be questioned, as the fusion
rates for Healos are not similar to other re-
ported fusion rates in rabbits, but the study
highlights the need to compare Healos with
other BMPs.  

The animal and clinical studies on Hea-
los suggest it has great clinical potential in
spinal fusion; however, the data is limited
and more research must be undertaken to

identify the risks and benefits of using Hea-
los in spinal fusion techniques. Additionally,
studies have not been undertaken to com-
pare Healos to other BMPs, which will be
essential in determining the clinical efficacy
of Healos.

SUMMARY AND FUTURE DIRECTIONS
Recent research calls into question the

ultimate fate of rhBMP-2 in its superiority
to autograft from the iliac crest. The Yale
University Open Access Project’s published
studies offer important insight for clinicians
in their determination to use BMPs in spinal
surgery. The authors of this study suggest ju-
dicious use of rhBMP-2 in spinal surgery.
rhBMP-2 will likely hold an important role
in future spinal surgery, as it offers augmen-
tation options when autograft from the iliac
crest is either unavailable or the side effects
of the procedure are unwanted by the pa-
tients (Table 2). However, it is most likely
that recent findings will temper the wide-
spread use of BMP in a majority of spinal
fusions where iliac bone graft is a reliable
option.  

In addition, ongoing research in spinal
fusion augmentation offers many alternates
to BMP-2 usage. Most promising is the
ever-increasing use of bone marrow aspirate
to augment spinal fusion. Recent studies
have described the use of bone marrow as-
pirate derived from the vertebral body,
which is already accessed during spinal fu-
sion procedures with instrumentation, re-
sulting in augmented fusion rates and no
donor site morbidity [68-70]. Additionally,
further studies with GDF-5 may provide
safer, more efficacious osteobiologics for
certain spinal surgeries.  

In conclusion, surgeons should be
aware that aggregate data analysis from the
Yale University Open Access Project does
not suggest that rhBMP-2 is superior to au-
tograft iliac bone graft. Additionally, sur-
geons should be wary of use of rhBMP-2 in
the cervical spine, aware of complications
of ectopic bone growth in posterolateral fu-
sion, and judicious when using BMP in
transforaminal interbody fusion due to
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seroma formation. Overall, rhBMP-2 re-
mains a viable option for complex cases
when autograft iliac bone graft is not desir-
able or available. Further research and eval-
uation of the clinical data is ongoing and
will likely further provide evidence for the
use of BMPs in spinal fusion. Spinal sur-
geons should remain aware of current re-
search in order to practice current
evidence-based medicine.  
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