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Background and Objective: Degenerative spine disease (DSD) imparts a substantial clinical burden as a
predominant etiology for both chronic low back and neck pain. Against the backdrop of an aging population,
the need for effective surgical strategies to treat DSD will rise, of which spinal fusion remains a cornerstone.
Recombinant human bone morphogenetic protein-2 (thBMP-2) has seen widespread use across spinal fusion
procedures for its osteoinductive capacity, although a large percentage as off-label applications. The objective
of this review is to examine current clinical evidence regarding the use of rhBMP-2 as a treatment modality
for DSD alongside its adverse effects and current state of development.

Methods: A non-systematic literature search of the PubMed database was carried out in August 2023 to
select papers published between 2000 and 2023. The inclusion criteria were studies that offered insights
into the utilization, clinical outcomes, and potential adverse effects of rhBMP-2 in spine surgery for DSD
and that were published in English or with translation. Articles that did not meet the above criteria were
excluded.

Key Content and Findings: Although the osteoinductive capacity of thBMP-2 is well-established, its
clinical application has also seen a multitude of adverse effects including seroma formation, ectopic bone
growth, and airway compromise amongst many others. Nonetheless, despite Food and Drug Administration
(FDA) approval for only specific procedures, rhBMP-2 remains widely utilized off-label given its
osteoinductive properties and ability to improve successful fusion rates in the treatment of degenerative
spinal pathology. As such, ongoing research efforts within the field of bone tissue engineering continue
to explore strategies for inducing robust bone regeneration while mitigating risk of adverse events. New
delivery methods incorporating synthetic osteobiologics, alongside small molecule osteobiologics have also
shown promise within the domain of osteobiologics.

Conclusions: rhBMP-2 has become a widely utilized surgical tool for treatment of DSD with strong
clinical efficacy but it is not without limitations. A deeper understanding of its characteristics is necessary for
a more robust and safer application in degenerative spine surgery, and to help guide future advancements in

osteobiologics.
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Introduction

Degenerative spine disease (DSD) represents a leading cause
of disability as a primary driver of chronic low back and
neck pain worldwide (1,2). The burden of these conditions
is further expected to rise in the setting of an aging
population. While conservative management may offer
symptomatic relief, the progressive nature of degenerative
spinal pathologies often necessitates operative intervention,
wherein spinal fusions are a cornerstone (3). Amongst
conventional procedures, bone grafts are commonly
implemented to facilitate bone repair and regeneration,
the current gold standard being iliac crest autograft, of
which use is constrained by limited quantities and donor
comorbidity (4,5). Such limitations in these bone grafts have
prompted rising interest in more advanced osteobiologics
of which recombinant human bone morphogenetic proteins
(rhBMPs) have gained considerable traction in recent
decades (6). In the context of spinal fusions, ideal grafting
material should aim to mimic natural bone with regards to
repair and regeneration. Alternatives to thBMP, particularly
synthetic osteobiologics such as calcium sulfates and
phosphates, bioactive glass, and polymers, are not naturally
occurring, giving thBMP an osteoinductive edge in terms of
emulating native bone. Additionally, rhBMPs address many
practical and logistic drawbacks assumed with other grafting
alternatives such as autografts, ceramics, bone marrow
aspirate/stem cells, and demineralized bone matrix (DBM)
given that they are reproducible, have long shelf-lives, and
avoid risk of disease transmission.

The advent of rhBMP saw a preponderance of industry-
sponsored studies to substantiate its osteoinductive efficacy
in lieu of iliac bone crest autograft (ICBG) (7). With growing
evidence to support its utility, thBMP-2 (inFUSE, Medtronic,
Inc., Minneapolis, MN, USA) received FDA approval for
single-level anterior lumbar interbody fusion (ALIF) using
a titanium tapered interbody cage (LT-CAGE, Medtronic,
Inc.) first in 2002 (8), and subsequently in 2004 and 2009
with thBMP-7 (OP-1, Stryker Biotech, Kalamazoo, MI,
USA) and rhBMP-2 respectively, for revision posterolateral
fusions (PLFs) within a select patient populations (9).

Upon initial inception in clinical practice, use of
rhBMP-2 became increasingly prevalent, albeit most
commonly through off-label use (10). Expanded applications
across various spine procedures, particularly within anterior
cervical discectomy and fusions (ACDFs), would reveal
serious adverse events, inciting an FDA-issued black box
warning in 2008 (11). In response, the safety profile of
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rhBMP-2 has since been called into question, with an array
of reports documenting various inflammatory-mediated
complications, heterotopic ossification, and neurological
injury amongst others (11). Several studies have additionally
described potential oncogenic effects with rhBMP-2 given
lack of a regulatory mechanism within its pathway—the
clinical data pertaining to its oncogenicity, however, remains
speculative (11-13). Nonetheless, with further studies to
repudiate safety concerns beyond ACDFs (14,15), utilization
of rhBMP-2 for treatment of degenerative spine pathology
remains prevalent in light of its osteoinductive capacity (16).
This review provides an overview of thBMP-2 applications
in degenerative spine conditions, and summarizes current
dispositions pertaining to its efficacy and safety profile
within each context. We present this article in accordance
with the Narrative Review reporting checklist (available at
https://amj.amegroups.com/article/view/10.21037/amj-23-
137/rc).

Methods

A literature search of the PubMed database was carried out
in August 2023 to select papers published between 2000 and
2023 (Table 1). The inclusion criteria for source selection
included studies that offered insights into the utilization,
clinical outcomes, and potential adverse effects of rhBMP-2
use for the treatment of DSD and that were published in
English or with translation. Articles that did not meet the
above criteria were excluded. Included studies were based
on a search query including the following MeSH terms
“rhBMP”, “Spine Surgery”, “Spinal Fusion”, “Graft”.
Primary source types targeted in the search included clinical
trials, case reports, systematic reviews, and observational
studies. After applying inclusion and exclusion criteria, 86
studies were selected.

Mechanistic background

BMPs belong to the transforming growth factor-beta
(TGF-B) class of proteins integral for cell growth,
differentiation, and development. Specifically, bone
regeneration proceeds initially with interactions between
two type I and type II serine/threonine kinase receptors on
mesenchymal stem cells (17). Type II receptors subsequently
phosphorylate type I glycine-serine (GS) domains, resulting
in further downstream phosphorylation processes directly
involved in bone growth, of which Smad1/5/8, mitogen-
activated protein kinase (MAPK), and phosphatidylinositol
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Table 1 The search strategy summary
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ltems Specification

Date of search August 2023
Databases and other sources searched PubMed database
Search terms used
Timeframe

Inclusion and exclusion criteria

February 2000-August 2023

“rhBMP”, “Spine Surgery”, “Spinal Fusion”, “Graft"

Inclusion criteria: studies reporting utilization, clinical outcomes, and potential adverse effects of

rhBMP-2 in spine surgery for degenerative spine disease; articles published in English

Exclusion criteria: studies that did not meet the above criteria; articles not published in English or

without translation

Selection process

All authors conducted the search. Articles were included when authors reached consensus

rhBMP-2, recombinant human bone morphogenetic protein-2.

3-kinase (PI3K) are integral regulatory proteins (18).

The Smad pathway regulates osteogenic gene transcription,
resulting in increased bone matrix protein production and
mineralization, additionally driving chondrogenesis (19). The
MAPK pathway has been implicated in bone remodeling
pathways during regenerative processes, playing a critical
role in both osteoblast proliferation and differentiation, as
well as osteoclast regulation (20). On the other hand, PI3K
facilitates osteoblast survival, growth, and differentiation,
promoting cellular migration and adhesion which are crucial
factors for effective bone repair and regeneration (21). As
such, thBMP offers a pragmatic clinical application in spinal
fusion procedures primarily owed to their substantive role
in bone regenerative signaling pathways, and consequently,
their ability to augment bone formation (22). Along with non-
specific differentiation of mesenchymal cells, the inherent
absence of allosteric regulatory processes within the Smad
pathway, however, leaves it susceptible to overactivation, which
may potentially result in uncontrolled, downstream cellular
proliferation. As such, the lack of a compensatory, negative
feedback mechanism underlies clinical concerns regarding
the oncogenicity of BMP as an osteobiologic (13). A brief
illustration of the BMP intracellular signaling pathway is
illustrated in Figure 1.

Food and Drug Administration (FDA)-approved
applications

ALIF

The development of thBMP-2 for use within spine
surgery was notable as the first commercially available
osteoinductive alternative autologous ICBG autograft (23).
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Boden ez al. conducted a formative prospective randomized
controlled trial (RCT) in 2000 in which rhBMP-2 was
delivered using an absorbable collagen sponge (ACS) carrier
and placed within cylindrical threaded fusion interbody
cages (LT-CAGE, Medtronic, Inc.). Across their rhBMP-2
cohort, all patients demonstrated radiographic fusion,
while only two of three ICBG patients had successful
fusion (24). Drawing upon these preliminary reports,
Burkus et a/. performed a multicenter RCT which initially
sought to establish non-inferiority, but instead observed
significantly greater fusion rates in rhBMP-2 compared to
ICBG (94.4% vs. 89.4%) at 2-year follow-up, and further
improving Oswestry Disability Index (ODI) scores at 6-year
follow-up (25)—these findings were followed by FDA-
approval of the INFUSE bone graft (inFUSE, Medtronic,
Inc.) in single-level ALIFs for lumbar degenerative
disc disease (DDD). Burkus et 4/. further demonstrated
improved clinical and radiographic outcomes using cortical
allograft struts and the INTERFIX™ Threaded Fusion
Device (Medtronic, Inc.) with thBMP-2 compared to ICBG
through a series of additional industry-sponsored studies
(26,27). Similarly, Slosar et al. found the rhBMP-2 in
combination with femoral ring allograft interbodies induced
higher fusion rates than ICBG controls, with complete
absence of revisions in the rhBMP-2 group and four (13%)
within the autograft cohort (28).

In contrast to findings reported by industry-sponsored
studies, Pradhan ez a/. reported greater nonunion rates
with thBMP-2 compared to ICBG (56% wvs. 36%), wherein
rhBMP-2 was also associated with significant femoral ring
allograft resorption (29). Other studies moreover unveiled
further evidence for increased endplate resorption, graft
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Figure 1 BMP intracellular signaling pathway. BMP, bone morphogenetic protein; GS, glycine-serine; MAPK, mitogen-activated protein

kinase; PI3K, phosphatidylinositol 3-kinase.

subsidence, and retrograde ejaculation with rhBMP-2
use (30-32).

Against the backdrop of contentious reports pertaining
to thBMP-2 use, the Yale University Open Data Access
(YODA) Project synthesized data from Medtronic-
sponsored trials with that of individual-participant data to
conduct a comprehensive meta-analysis. Overall, findings
from the YODA trial indicate equivalent fusion efficacy
between thBMP-2 and ICBG autograft, further reporting
comparable incidence in neurological complications and
retrograde ejaculation incidence following ALIFs (33). As
such, single-level ALIFs using the inFUSE™ Bone Graft,
solely in combination with the LT-CAGE™ tapered fusion
cage, remains one of the few FDA-approved rhBMP-2
applications for treatment of lumbar degenerative
pathology.

Revision PLFs

Amongst other FDA-approved applications for thBMP, was
its specific use within revision PLFs. In 2004, clinical trials
revealed promising preliminary findings with rhBMP-7 or
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osteogenic protein-1 (OP-1, Stryker Biotech), subsequently
prompting FDA-approved use in revision PLFs. Vaccaro
et al. conducted a series of studies investigating the fusion
efficacy of OP-1 putty relative to ICBG autograft indicated
for degenerative lumbar spondylolisthesis, wherein
the authors reported 86% of patients having attained
clinical success with OP-1—defined as an improvement
in preoperative ODI by >20%—compared to 73% using
autograft. Similarly, radiographic fusion in OP-1 was
observed in 74% of cases while only 60% in the autograft
group (34,35). Although sample size limitations (n=36)
precluded the study from statistical significance, findings
nonetheless invited precursory conceptions that fusion
rates and adverse effects between OP-1 putty and autograft
were comparable (36). FDA-approved applications of OP-1
would expand to revision PLFs, albeit for select patient
populations with compromised healing capabilities or in
cases where autologous bone graft was inaccessible (37).
Vaccaro et al. sought to expand upon previous preliminary
studies in a prospective multicenter RCT including 295
patients, in which criteria for successful fusion was strictly
modified to the presence of bridging bone on computed
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tomography (CT); subsequently, PLFs demonstrated
a fusion success rate of 26% vs. 36% for autograft,
invalidating the notion of non-inferiority between OP-1
and autograft in patients undergoing decompression and
uninstrumented posterolateral lumbar fusion for single-
level degenerative spondylolisthesis (38). These findings
eventually led the FDA panel to reject premarket approval
of OP-1 amongst other reasons pertaining to adverse effects
noted with off-label applications (37).

In concurrence with OP-1, the INFUSE bone graft
had also demonstrated substantial promise for use within
PLF. Boden et al. conducted a prospective randomized
multicenter trial comparing three groups of patients
undergoing PLF for single-level DDD with various
bone grafts including: (I) autograft with pedicle screw
fixation, (II) rhBMP-2 with pedicle screw fixation, and (III)
rhBMP-2 without. Across groups, the ICBG autograft
group demonstrated a 40% fusion rate compared to 100%
fusion rate for both rhBMP-2 cohorts, regardless of
instrumentation, using a 20 mg dose per side (39). Similarly,
Carreon et al. corroborated the efficacy of rhBMP-2 in
single-level instrumented PLFs, reporting an 89% fusion
rate with ICBG and 96% with rhBMP-2 at 2-year follow-
up; reoperation rates were moreover significantly greater in
the autograft group (16% vs. 8%), with 60% continuing to
report persistent donor site pain (40).

Nonetheless, disparate reports were also documented.
In 2010, Garrett et al. conducted retrospective review of
130 patients undergoing PLF using rhBMP-2, wherein
4.6% of patients subsequently developed sterile seromas
requiring reoperation (41). One case report by Rower
and Vickroy documented psoas ossification with L4-L5
PLF with subsequent reports of pain migration 3 months
postoperatively (42).

Medtronic eventually sought FDA approval for use
of higher rhBMP-2 dosages for an investigational device
named AMPLIFY, to be used in PLF. In 2011, the FDA
rejected the application due to concerns regarding the
potential elevated risk of cancer development (43). In their
meta-analysis, however, the 2013 YODA trial reported
the risk of malignancy to be clinically insignificant, and
further found that while rhBMP-2 carries a risk of ectopic
bone formation, the assumed benefits outweigh the risks
when used as an alternative to ICBG (33). More recently,
Mariscal ez al. [2020] conducted a meta-analysis overviewing
rhBMP-2 vs. ICBG for lumbar spine PLF, which included
908 patients across six RCTs (446 thBMP-2 vs. 462 ICBG).
Fusion rates were significantly greater at both 6 months
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[86% wvs. 60%; odds ratio (OR) =3.75; P<0.001] and
12 months [88% uvs. 80%; OR =1.76; P=0.03] for rhBMP-2.
The ICBG group was associated with significantly greater
operative times and hospital length of stay (LOS), although
patient-reported outcomes (PROs) including ODI and
visual analogue scale (VAS) back pain scores, as well as
adverse events were comparable (44). Notably, ICBG use
was associated with a higher incidence of adverse events
relative to thBMP-2. Wu et al. [2021] substantiated these
findings through a subsequent meta-analysis including
1,516 patients over 14 RCTs, reiterating the notion that
rhBMP-2 conferred significantly higher fusion rates,
lower operation times, and lower revision rates relative to
conventional ICBGs (45). As such, the efficacy of rhBMP-2
in lumbar spine PSFs remains well-established despite
the acknowledged, yet mitigable risk of potential adverse
effects, lending to its utility as an FDA-approved treatment
for degenerative spine conditions.

Off-label applications
ACDF

Amongst off-label applications for rhBMP-2, contentious
perceptions were preeminently established following
reports of serious complications in ACDFs. In 2006, Shields
et al. performed a retrospective review involving high-dose
inFUSE rhBMP-2 in ACDF, in which a greater incidence
of postoperative complications, including hematoma,
prolonged LOS, dysphagia, and respiratory distress was
associated with greater dosages (46). Subsequently in 2007,
Perri et al. documented a case of significant postoperative
prevertebral soft-tissue swelling requiring intubation
following two-level ACDF using rhBMP-2 (47); Vaidya
et al. correspondingly noted significantly greater incidence
in dysphagia at both 2- and 6-week postoperative marks in
a separate consecutive case series comparing rhBMP-2 with
polyetheretherketone (PEEK) cages and allograft spacers
with DBM (48). Congruent reports to reveal the underlying
inflammatory-mediated adverse effects would continue to
arise (49,50), leading to an FDA-issued black box advisory
in 2008 against the use of rhBMP-2/inFUSE in anterior
cervical spine surgery (51). Contemporary use of rhBMP-2
in ACDF, however, continues to be prevalent, despite
further reports to corroborate its adverse safety profile in
line with FDA warnings (52,53).

Nonetheless, despite evolving perceptions since its
inception, thBMP-2 remains commonly implemented in
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clinical practice through off-label applications as a highly
efficacious osteobiologic. In their pilot RCT comparing
INFUSE Bone Graft and autogenous ICBG with
CORNERSTONE-SR fibular allograft in 33 patients
undergoing ACDF for degenerative cervical pathologies,
Baskin et al. observed comparable fusion rates and safety
profiles between cohorts, but significantly improved Neck
Disability Index (NDI) and numerical rating scale (NRS) arm
pain scores up to 24 months postoperatively. Within the ICBG
group, statistically significant donor site pain continued to
6 weeks postoperatively, with residual cases persisting to
24 months (54). Regarding fusion efficacy, Frenkel et al.
conducted a retrospective review of 45 patients undergoing
multilevel ACDF for cervical DDD, and found a 100%
successful fusion rate, determined using C'T, with thBMP-2
and 82.6% fusion rate for cases without (55). Tumialin
et al. performed an observational cohort study involving 200
patients who underwent ACDF using rhBMP-2 with PEEK
spacers and titanium plate fixation, which demonstrated
100% successful radiographic fusion across all cases (56).
While greater risk for pseudarthrosis has been thoroughly
associated with the number of fused levels, several studies
have demonstrated the potential of thBMP-2 to mitigate
this risk (52,55). While continued use of thBMP-2 in ACDF
is predicated on its osteoinductive efficacy, the associated
complication risks underlines the importance of judicious
use—particularly in anticipation of compromised fusion

quality.

Posterior cervical fusion (PCF)

Relative to ACDF, rhBMP-2 use in PCF reportedly
assumes an improved safety profile. In 2009, Hiremath
et al. performed a single-institution retrospective review
of 83 patients who underwent PCE, either with or without
rhBMP-2, and reported comparable rates of dysphagia and
hematoma amongst other postoperative complications (57).
Aligned to these findings, a more recent retrospective
consecutive case series in 2022 of 765 patients by Weinberg
et al. in 2022 reported a 96% successful fusion rate with
rhBMP-2 vs. 91% for cases without one year postoperatively
(P=0.02) (58). Another study, specifically within the context
of subaxial DSD similarly revealed significant improvements
in fusion rates with rhBMP-2 use (59).

Despite favorable features, some studies have suggested
potential adverse effects of rhBMP-2 in PCEF, reporting
increased neck pain and risk of seroma formation (59,60).
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However, its overall safety has been accompanied by
several large-scale studies attesting to similar complication
profiles in PCFs performed with and without rhBMP-2
augmentation (60,61). Taken in constellation, current
evidence serves to suggest that thBMP-2 applications in
PCF may enhance fusion rates without increasing risks of
adverse clinical events as seen with ACDE.

Transforaminal lumbar interbody fusion (TLIF)

rhBMP-2 in the context of TLIF for DSD has demonstrated
reliable fusion, however it has also been associated with
adverse effects most commonly including radiculopathy,
hematoma, and ectopic bone formation. A 2009 study done
by Rihn ez al., demonstrated radiographic fusion in 95.8%
of cases in which rhBMP-2 was used for TLIF to treat
DSD (62). Villavicencio et al. applied rthBMP-2 using
an ACS to allografts used in TLIFs, demonstrating a
100% fusion rate at 12- and 24-month follow-up in 74
patients (63). Crandall er 4/. conducted an extensive study
involving 509 patients undergoing TLIF with inFUSE
with an average follow-up period of 59 months, revealing
a 0.92% rate of pseudarthrosis and statistically significant
enhancements in functional outcomes, including VAS and
ODI scores at 1 and 2 years postoperatively (64). Other
studies have demonstrated self-reported pain improvement
and patient satisfaction rates of 83% and 94% respectively,
in the context of TLIFs involving thBMP-2 (62). Despite
these favorable outcomes, several adverse effects of
rhBMP-2 in TLIFs have been discussed in recent literature.
In their study, Crandall ez /. noted infrequent occurrences
of seromas (0.4%) and ectopic bone growth (0.6%) within
the rhBMP-2 cohort, which did not indicate a clear dose-
related relationship with BMP; additionally, for patients
with DSD treated using rhBMP-2, a 1.7% rate of deep
infection was observed (64). In a retrospective review of
204 patients undergoing TLIF with rhBMP-2, Owens
et al. observed complications in in 47 (21.6%) patients, with
seroma/hematoma formation requiring revision in 4%,
persistent radiculopathy in 2.9%, wound problems in 2.9%,
and vertebral osteolysis in 0.5% (65). In addition, cases of
rhBMP-2 in TLIF associated with ectopic bone formation
leading to neurologic sequelae have been reported in
the literature (66). Although rhBMP-2 is associated with
favorable outcomes in TLIFs for DSD, these complication
rates suggest cautious application of thBMP-2 in this
context.
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Posterior lumbar interbody fusion (PLIF)

In the management of DSD with PLIF, rhBMP-2 has
demonstrated promising outcomes, although it has raised
significant concern with adverse effects that may have a
role in tumor development. In a study evaluating rhBMP-2
in PLIF for patients with DSD, Meisel ez al. observed full
fusion demonstrated on 6-month post-op radiographs (67). A
prospective study on PLIF conducted by Haid ez 4/. found a
92.3% fusion rate for rhBMP-2 as compared to a 77.8%
fusion rate for iliac crest autograft, although not statistically
significant (68). With regards to pseudarthrosis, several
studies have shown equivalent rates between PLIFs
done with and without rhBMP-2 (69,70). In addition
to successful fusion, thBMP-2 has been associated with
favorable functional outcomes in the context of PLIF.
Haid ez a/. demonstrated significant improvements in ODI,
back pain, leg pain, and physical components of SF-36
at all postoperative intervals for both rhBMP-2 and iliac
autograft groups (68). Meisel et 4/. also demonstrated clear
improvement in subjective pain measured by questionnaires
at 24 months follow-up for patients who underwent PLIFs
with thBMP-2 (67). Despite successful clinical outcomes,
studies have reported adverse effects of rhBMP-2 use in this
context related to ectopic bone formation and subsequent
neurological dysfunction (71). These complications allude
to a potential oncogenic role of rhBMP-2, which has been a
controversial topic of discussion.

Expanded applications: lateral lumbar interbody fusion
(LLIF)/oblique lateral interbody fusion (OLIF)

In 2015, the FDA expanded applications of rhBMP-2 to
include OLIFs, allowing the INFUSE Bone Graft to be
used alongside two fusion devices: the Perimeter Interbody
Fusion Device and the Clydesdale Spinal System. Now
known as the INFUSE™ Bone Graft/Medtronic Interbody
Fusion Device, it was designed for spinal fusion procedures
in patients diagnosed with DDD at a single level from L2-
S1. With this new approval, the Clydesdale Spinal System
could be implanted via an OLIF approach with rhBMP-2
at a single level from L2-L5. Another approved approach
was implantation of the Perimeter Interbody Fusion Device
through an OLIF approach with thBMP-2 at a single level
from L5-S1 (72,73). Despite the FDA’s approval for use of
rhBMP-2 in very specific OLIF cases, its general application
in both OLIFs and LLIFs lacks similar approval.

Despite lack of FDA-approval for general use in LLIFs
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and OLIFs for DSD, rhBMP-2 has demonstrated high
fusion rates along with reduced blood loss, shortened
hospitalization lengths, and reduced recovery times. In
a study analyzing OLIFs done for DSD using rhBMP-2
incorporated into a PEEK cage, Kai er 2/. demonstrated a
fusion rate of 100%, confirmed with radiographs (74). Singh
et al. conducted a study exploring the efficacy of rhBMP-2
in LLIF procedures, revealing robust potential for achieving
successful fusion outcomes in individuals with adult spinal
deformity arising from degenerative spinal conditions (75).
Another retrospective study compared three groups of 93
patients who underwent extreme lateral interbody fusions
(XLIF), comparing group A: allogenic bone, group B:
allogeneic bone + thBMP-2, and group C: autologous bone
marrow + allogeneic bone (76). It demonstrated a statistically
significant increase in fusion rate for groups B and C as
compared to group A, highlighting that the addition of
rhBMP-2 to allogeneic bone yielded notable improvement
in outcome. High fusion rates have been supported in a
study by Nourian ez 4/., which demonstrated fusion rates
of 92% for single-level and 86% for two-level LLIFs
using thBMP-2 (77). In addition to fusion rates, studies
incorporating thBMP-2 have shown improved functional
outcomes with long-term follow-up. Kai ez /. had a
mean follow up of 17.7 months and showed significantly
improved back pain and leg pain VAS scores for their cohort
of DSD patients undergoing OLIF using thBMP-2 (74).
Additionally, Gao et al. observed statistical improvement
of VAS and ODI scores for all three groups, however,
with higher improvement in group B (allogeneic bone +
rhBMP-2) and C (autologous bone marrow + allogeneic
bone) than group A (allogenic bone) (76). Given promising
clinical outcomes, use of rhBMP-2 use is growing with
regards to LLIF and OLIF management of DSD. However,
few studies to date have explored its adverse effects when
applied in this manner. Further analysis of long-term
patient outcomes and safety profile is needed prior to
widespread application of rhBMP-2 within this context, yet
early studies demonstrate noteworthy potential.

Future directions
Delivery systems

Recent advancements in the clinical application of BMPs
are now focusing largely on methods of delivery (78).
Exploring synthetic osteobiologics such as ceramics and
polymers as scaffolds for BMP delivery reveals synergistic
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effects, enhancing osteogenic properties and osteoblast
differentiation (79,80). Particularly when applied
with new 3D printing techniques, this combination of
biologics has demonstrated success with fusion along with
high biocompatibility and customizability (81). These
advancements may enable us to construct individualized
bone grafts with significant implications in regards to
personalized medicine in spine surgery for degenerative
disease. Targeted delivery systems also allow for precise
application of BMP and better controlled dosing. In
addition to osteobiologic scaffolds, novel delivery methods
including viral vectors have demonstrated utility in BMP-
2 gene transfer for bone regeneration in rat studies (82).
Studies have shown the potential of viral vector gene
therapy delivered through scaffolds to bypass biological
and engineering barriers, offering promising applicability
in vivo (83). Current research efforts are largely focused
on expanding delivery options for BMPs with favorable
preliminary data surrounding osteobiologics and viral
vectors.

Small molecule osteogenic agents

Within the realm of bone grafting and regeneration,
there are several newer molecules and substances that
play important roles in the healing and integration of
bone grafts. Oxysterols are one such molecule—they are
osteoinductive agents with higher reproducibility and
improved safety profiles (84). Studies have demonstrated an
efficacy similar to that of rhBMPs at lower costs and with
reduced adverse effects (85). However, given their early
stage of development, extensive research is required before
they can be widely clinically applied similarly to BMPs. In
addition to oxysterols, growth factors have been a recent
area of focus in the context of bone regeneration. Growth
factors including vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), fibroblast growth
factor (FGF), and insulin-like growth factor-1 (IGF-1) have
well-established mechanisms in relation to tissue regeneration
and angiogenesis. Recent literature has examined the utility
of these growth factors when used alongside BMPs for
bone growth and regeneration. These studies observed
a synergistic effect between growth factors that enhance
the osteoinductive properties of BMPs (86). Although
knowledge of their safety profile is limited, current clinical
evidence demonstrates a need for further exploration into
these treatment options. These molecules demonstrated
useful properties that, when used as an adjunct with BMPs,
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have great potential for bone growth and regeneration in
the surgical management of DSD.

Study limitations

Although the objective of this review is to describe the
contemporary evidence surrounding rhBMP-2 use in
context of its historical timeline, it carries several limitations.
As a narrative review, studies referenced herein were
included on the basis that they yielded insight to the subject
matter and contributed to the objectives of the present
review. Studies included were therefore heterogeneous by
design and level of evidence. It is important to highlight
that the presented findings are intended to provide only
a broad overview of the literature surrounding use of
rhBMP-2 for degenerative spinal pathology rather than
address a specified clinical question better suited through
a systematic design. Given these limitations, this review
presents an overview of rhBMP to provide context for its
general clinical application rather than to guide clinical
decision making. Caution should be exercised when using
rhBMP-2 in a clinical setting with careful consideration
to patient characteristics, comorbidities, and goals of
treatment.

Conclusions

RhBMP-2 has become increasingly prevalent in treatment
of DSD, despite limited FDA-approval. It is most
commonly utilized in off-label procedures, highlighting
the need for further research alongside caution with use.
Despite promising osteogenic ability and high fusion rates,
rhBMP-2 raises concerns with a range of adverse effects,
most notably including seroma formation, retrograde
ejaculation, ectopic bone formation, and a potential
oncogenic role. As such, a comprehensive understanding
of rhBMP-2 use for treatment of degenerative spine
pathology is not only necessary to safely extend applications
within spine surgery, but to further establish directions for
forthcoming, innovative osteobiologic developments.
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