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Abstract Recombinant human bone morphogenetic protein-
2 (rhBMP-2) is a potent biologic agent that carries both
osteoinductive and osteoconductive properties. Its potential
as an autologous bone graft substitute in spine surgery led to
its approval by theUnited States Food andDrugAdministration
(FDA) in 2002 following a series of industry-sponsored trials.
Although approved for a single level anterior lumbar interbody
fusion from L4-S1 with a proprietary cage, the off-label use of
rhBMP-2 rapidly escalated. Soon thereafter, reports of serious
and potentially life-threatening complications associated with
rhBMP-2 began emerging, which sparked concerns with
regards to potential bias in the original FDA trials. Ultimately,
an independent review of all published and unpublished data on
the safety and effectiveness of rhBMP-2 by the Yale University
Open Data Access (YODA) Project determined that while
rhBMP-2 is as effective as iliac crest bone graft (ICBG) in
potentiating spinal fusion, there was significant bias and con-
flicts of interests that resulted in an underreporting of compli-
cations in the original industry-sponsored trials.

Keywords Recombinant human bonemorphogenetic
protein-2 . rhBMP-2 . InFUSE .Medtronic Inc . Pilot trials .
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Introduction

Success with spinal fusion surgery is measured by the ability
to achieve a solid arthrodesis and improvement in the patient’s
clinical outcomes. Spinal fusion is often dependent upon the
bone graft to potentiate the formation of a fusion mass. Au-
tologous iliac crest bone graft (ICBG) is traditionally consid-
ered the gold standard for bony augmentation. However, the
morbidity associated with ICBG harvest, the limited supply
for multilevel fusions, and the variability of graft quality [1, 2]
resulted in the development of alternative osteobiologic ma-
terials [3–6]. Recombinant human bone morphogenetic
protein-2 (rhBMP-2) is the only bone graft substitute that
has demonstrated comparable outcomes to those of ICBG
[7]. Following a series of industry-sponsored publications
regarding its safety and efficacy, rhBMP-2 (InFUSE;
Medtronic Sofamor Danek, Memphis, TN) was ap-
proved in 2002 by the United States Food and Drug
Administration (FDA) as a bone graft substitute for a
single level anterior lumbar interbody fusion from L4-
S1 within a proprietary interbody cage [8]. However,
the majority of its clinical applications have been uti-
lized in “off label” settings. As rhBMP-2 gained accep-
tance and popularity among spine surgeons, reports of
devastating complications began to surface. These re-
ports brought into question the integrity of the original
industry sponsored trials that led to the FDA approval
of InFUSE.

This paper describes the events leading to the FDA
approval of rhBMP-2 in spine surgery, examines the
potential bias of the original industry-sponsored studies,
and recounts the events that prompted a Medtronic-
sponsored independent evaluation of all published and un-
published data by the Yale University Open Data Access
(YODA) Project.
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BMPs

Bone morphogenetic proteins (BMPs) are members of the
transforming growth factor beta (TGF-β) superfamily that
regulate cellular differentiation, proliferation, survival, and
apoptosis of various tissues and organs [9]. In bone, BMPs
regulate bone deposition and cartilage formation by signaling
osteoblast differentiation and promoting chondrocyte
maturation [10].

Currently, BMP-2 and BMP-7 are available for clinical use
in spinal fusion surgery. While BMP-2 is FDA approved,
BMP-7 carries only humanitarian device exemption status
[11].

Initial studies leading to the FDA approval of rhBMP-2
in spine surgery

Beginning in the 1990s, various animal models demonstrated
successful bony induction with the use of BMP-2 [12–16].
However, investigators remained uncertain regarding the ap-
propriate dosage, carriers, and safety of BMP-2, which ap-
peared to be highly variable and dependent upon the animal
species and the location within the body [14–17].

In 2000, Boden et al. published the first complete random-
ized controlled trial that evaluated the feasibility of a rhBMP-
2/collagen sponge as a substitute for autologous bone graft
utilization in the setting of an ALIF [18]. The authors reported
that spinal arthrodesis was more reliable with rhBMP-2 com-
pared with ICBG without any associated adverse events. In
2002, Boden et al. also reported that rhBMP-2, at a dose of
20 mg per side, demonstrated consistent radiographic spinal
fusion rates in patients who underwent a posterolateral lumbar
fusion (PLF) with or without the use of internal fixation [19].
From 2000 to 2009, a total of 13 published industry-sponsored
clinical trials evaluated the efficacy and safety of rhBMP-2 in
lumbar and cervical spine surgery (Table 1) [18–30]. These
studies enrolled a total of 1580 patients, with 780 patients in
the investigational group (rhBMP-2) and 800 patients in the
control group (ICBG). In the initial trials, rhBMP2 was deliv-
ered in 2 different preparations: InFUSE (1.5 mg/mL of
rhBMP-2) and a 33 % more concentrated formulation of
AMPLIFY (2.0 mg/mL) [30]. The 1.5 mg/mL concentration
of rhBMP-2 used in spine surgery was based on nonhuman
primate data and adopted to human use [31].

All of these initial studies reported that rhBMP-2 could
potentiate high fusion rates (95.6 % at last follow-up across all
fusion techniques). These studies further demonstrated that
rhBMP-2 was as effective or superior to ICBG in terms of
clinical outcomes and, most importantly, was not associated
with any adverse events.

As a result, rhBMP-2 (InFUSE; Medtronic Sofamor
Danek, Memphis, TN) was FDA approved in 2002 as a bone

graft substitute for a single level ALIF between L4 and S1
within a specific LT-cage (LT-CAGE; Medtronic Sofamor
Danek, Memphis, TN) [8]. Initially promoted as an adjunct
to spinal arthrodesis in complicated clinical situations, a more
widespread off-label utilization of InFUSE ensued. In the
United States, the use of InFUSE increased from 0.7 % in
2002 to greater than 25 % of all fusions in 2006 [32]. By the
end of 2007, more than 50 % of all primary ALIFs, 43 % of
posterior lumbar interbody fusions (PLIF)/transforaminal
lumbar interbody fusions (TLIF), and 30 % of posterolateral
fusions (PLF) were reportedly performed with InFUSE [15].
Ultimately, 85 % of its utilization was accounted for by off-
label administration [33].

Complications associated with the widespread
use of InFUSE

Several years following FDA approval, a series of publica-
tions surfaced that detailed the serious adverse events associ-
ated with InFUSE including heterotopic ossification,
osteolysis, seroma/hematoma, infection, allergic reaction, scar
formation, arachnoiditis, dysphagia and life threatening
retropharyngeal swelling (anterior cervical surgery), increased
incidence of neurologic deficits (radiculopathy, myelopathy),
retrograde ejaculation, and cancer [34]. In particular, the as-
sociation between retropharyngeal edema and rhBMP-2 ad-
ministration in cervical spinal fusion prompted the FDA to
issue a Public Health Notification in July 2008 [35]. The FDA
had received at least 38 reports, between 2004-2008, regard-
ing the complications associated with rhBMP-2 utilization in
the cervical spine that prompted postoperative airway man-
agement and second surgery to drain the surgical site. The
FDA concluded that the safety and effectiveness of rhBMP-2
in the cervical spine have not been established.

A full list of potential adverse events associated with the
use of InFUSE from the FDA Summary of Safety and
Effectiveness Data is listed in Table 2 [36].

Potential bias in the original BMP-2 industry sponsored
studies

Following the FDA issued Public Health Notification, the
Federal Government, Justice Department, and a US Senate
Committee launched independent investigations into the off-
label use of rhBMP-2 and claims of illegal marketing by
Medtronic including “inducements paid to doctors to use
InFUSE” [37, 38]. Allegations of inappropriate critical over-
sight from the publishing medical journals as well as concerns
about possible fraudulent data in the original rhBMP-2 publi-
cations surfaced in the press [39–42]. In 2011, Carragee et al.
[43••] compared the safety and efficacy reports in the original
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industry-sponsored trials with those of the FDA data summa-
ries, follow-up publications, and administrative databases.
The authors noted that the risk of complications and adverse
events in patients receiving rhBMP-2 were 10–50 times the
original estimates reported in the industry-sponsored publica-
tions [43••]. Carragee et al. also concluded that the Level I and
Level II evidence from FDA summaries suggested possible
study design bias in the original trials.

ICBG control groups

In the original industry-sponsored trials, the safety and effica-
cy of rhBMP-2was compared with the “gold standard” ICBG.
The rates of complications associated with ICBG administra-
tion were unusually high at 40 %–60 %. The latest systematic
review of the literature evaluating complications from ICBG
harvesting reported an overall morbidity rate of 19.37 %
among 6449 total patients [44]. It is believed that the estimates
of the morbidity associated with ICBG harvesting in the
original industry-sponsored trials were based upon invalid
assumptions and methodology. Carragee et al. noted that this
reporting bias may have exaggerated the benefits or

underestimated the morbidity of rhBMP-2 in the tested clini-
cal situations [43••].

Sample size

The small pilot studies regarding the effectiveness and safety
of rhBMP-2 [18, 19, 23] (49 patients in the rhBMP-2 group)
carried inadequate sample sizes to assess for safety. However,
suggestions of potential adverse events were apparent in at
least 1 study. In the other trials with larger sample sizes,
evidence of common and potentially serious adverse events
of rhBMP-2 also hinted upon. Nonetheless, these complica-
tions were failed to be reported [20, 22, 28, 29].

Conflict of interest

In a critical review of the rhBMP-2 pilot studies, Carragee
et al. [43••] reported significant financial relationships be-
tween the authors of the original 13 FDA trials and Medtronic
(Sum, approximately $12,000,000 to $16,000,000; Range,
$560,000–$23,500,000 per study). Carragee et al. also dem-
onstrated that for studies reporting on more than 20 patients
with rhBMP-2, 1 or more authors had financial relations with
Medtronic of more than $1,000,000. In addition, for all studies
reporting on more than 100 patients with rhBMP-2, 1 or more
authors had financial relations with Medtronic of more than
$10,000,000. Carragee et al. noted that the industry sponsored
trials failed to clearly describe any reporting bias and the
conflict of interest statements appeared to be vague, unintelli-
gible, or internally inconsistent [43••].

Surgical technique

In the industry-sponsored pilot trials comparing rhBMP-2
with ICBG in PLF, there appeared to be significant design
bias against the control group [19, 27–30]. In the PLF group,
facet preparation was not routinely performed as part of the
standard surgical protocol in all patients. Instead, the focus
was shifted toward intertransverse process fusion. Upon ra-
diographic analysis, the facet joints were not evaluated for the
presence of fusion, which may have biased the clinical out-
comes against the ICBG group. Furthermore, the reported rate
of radiographic fusion was based upon the presence of bilat-
eral, continuous trabeculated bone connecting the transverse
processes. As such, a solid facet fusion alone, often a primary
intention of PLF with ICBG, would not have counted as a
solid fusion in the ICBG group [43••]. In addition, the surgical
protocols involved very small quantities of ICBG (as little as
7 cc) while discarding the remaining local bone graft harvest-
ed during the surgery. The disposal of harvested local auto-
graft and the failure to prepare facets for arthrodesis are not
standard surgical procedures for PLF and may have signifi-
cantly biased the outcomes of the ICBG group [43••].

Table 2 List of potential adverse events associated with the use of
InFUSE Bone Graft/LT-Cage Device

Bone fracture

Bowel or bladder problems

Cessation of any potential growth of the operated portion of the spine

Change in mental status

Damage to blood vessels and cardiovascular system compromise

Damage to internal organs and connective tissue

Death

Development of respiratory problems

Disassembly, bending, breakage, loosening, and/or migration of
components

Dural tears

Ectopic and/or exuberant bone growth

Fetal development complications

Foreign body (allergic) reaction

Gastrointestinal complications

Incisional complications

Infection

Insufflation complications

Loss of spinal mobility or function

Neurological system compromise

Nonunion (Pseudarthrosis), delayed union, mal-union

Postoperative change in spine curvature, loss of correction, height, and/or
reduction

Retrograde ejaculation

Scar formation

Tissue or nerve damage
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Independent evaluation of the effectiveness and safety
of rhBMP-2

In the wake of the critical review of rhBMP-2 trials by
Carragee et al., members of the Senate Committee on Finance
issuedMedtronic with a deadline to respond to allegations that
it had failed tomention side effects or strong financial ties with
some of the clinicians involved in the initial trials evaluating
the safety and efficacy of rhBMP-2 [45]. In August 2011,
Medtronic sponsored a $2.5 million independent review of all
published and unpublished data by the Yale University Open
Data Access (YODA) Project. Patient-level meta-analyses of
data from the Medtronic sponsored randomized controlled
trials were obtained and reviewed by 2 separate teams from
Oregon Health & Science University and from the University
of York in the United Kingdom. The YODA team believed
that confidence in the findings would be enhanced if 2 sepa-
rate independent teams reached the same conclusion. Each
team handled one manuscript with neither having access to the
other manuscript nor associated review until both were ac-
cepted for publication [46].

On June 18, 2013, Annals of Internal Medicine published
the findings of the 2 systematic reviews and meta-analyses by
the YODA Project [47••, 48•]. The reviewers concluded that
the effectiveness of rhBMP-2 with regards to clinical out-
comes (ODI scores and SF-36 scores) and fusion rates were
comparable with that of ICBG. In addition, when considering
safety, the risks of any adverse event were high (77%–93% at
2 years) and similar for both groups [48•]. At or shortly
following surgery, pain was more common in the rhBMP-2
group (odds ratio, 1.78 [CI, 1.06–2.95]) [47••]. For ALIF,
rhBMP-2 was associated with an increase in retrograde ejac-
ulation and urogenital complications, but this was not statisti-
cally significant [48•]. Heterotopic bone formation, dyspha-
gia, and osteolysis may be more common with rhBMP-2
[47••]. In anterior cervical spinal fusion, rhBMP-2 was asso-
ciated with increased risk of wound complications and dys-
phagia [48•]. At 24 months, cancer risk was increased with
rhBMP-2 (RR, 3.45 [95 % CI, 1.98–6.00], however, the event
rates were low and the increased risk was no longer apparent
at 4 years [7, 48•]. The reviewers also addressed the reporting
bias in the Medtronic sponsored studies and concluded that
early journal publications misinterpreted the effectiveness and
adverse events through selective reporting, underreporting,
and duplicate publication [48•].

Conclusions

The clinical use of rhBMP-2 in spinal fusion surgery follow-
ing FDA approval in 2002 has been a topic of great contro-
versy in the spine community. The YODA trials demonstrated
substantial evidence of reporting bias in the original industry-

sponsored rhBMP-2 studies. Based on these findings, the role
of rhBMP-2 in spinal surgery and its associated risk are still
being defined. Further independent, standardized, unbiased
research is warranted to better characterize the effectiveness
and safety of rhBMP-2 as compared with ICBG.
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