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OBJECTIVE

To evaluate the safety and efficacy of BMP across different spinal procedures and
anatomical sites to inform decision-making in spinal fusion.

MATERIALS AND METHODS

A systematic search of PubMed and the Cochrane Central Register of Controlled Trials
was performed, focusing on randomized controlled trials (RCTs) published between 2003
and 2023. The search utilized the Medical Subject Headings (MeSH) terms “bone

9 €

morphogenetic protein,” “iliac crest bone graft,” and “spinal fusion.”

RESULTS

Seventeen RCTs encompassing 1,788 patients compared BMP with ICBG in terms of
efficacy, quality of life, morbidity, and safety outcomes. BMP consistently achieved higher
spinal fusion success rates than ICBG, particularly at 6 and 24 months, and in lumbar
procedures. BMP-2 outperformed ICBG, while OP-1 showed no significant benefit. BMP
also reduced operative time and showed slightly better clinical outcomes in pain,
disability, and return to work. Complication rates were 15% lower with BMP, notably
fewer non-unions and revision surgeries with BMP-2.

CONCLUSIONS

BMP, particularly BMP-2, demonstrates superior fusion success rates, improved clinical
outcomes, and lower complication rates compared to ICBG, especially in lumbar spine

procedures.

INTRODUCTION

Bone grafting is essential for intervertebral fusion, requir-
ing biocompatibility, osteoconductivity, osteoinductivity,
osteogenicity, safety, and cost-effectiveness.! Autologous
iliac crest bone graft (ICBG) is the gold standard for cervical
and lumbar fusion but is associated with donor site pain
and influenced by patient factors.2-* Allografts offer an al-
ternative but pose risks of disease transmission.>¢ Syn-
thetic grafts, such as those with bone morphogenetic pro-
tein (BMP), aim to improve fusion outcomes.1:6

BMPs, part of the transforming growth factor-beta (TGF-
B) superfamily, are potent osteoinductive growth factors.”
They regulate osteoblast and osteoclast activity through
Smad-dependent and non-Smad pathways, including p38
mitogen-activated protein kinase (MAPK), JNK, and
ERK.8-10 These pathways enhance osteogenic transcription
factors like Runx2, DIx5, and Osx, which are crucial for

bone remodeling.? The FDA has approved BMP-2 and
BMP-7 (osteogenic protein-1) for bone regeneration.!
BMP-2 promotes osteoprogenitor migration, differentia-
tion, and extracellular matrix production, aiding bone heal-
ing. BMP-7 supports osteoblast maturation and fracture
healing.1! BMP-2 is the most studied due to its key role
in bone regeneration and clinical efficacy.!® Recombinant
DNA technology produces modern BMPs (thBMP), but their
optimal use remains debated.10:12

Lumbar and cervical regions are common spinal fusion
sites.12 The FDA approves BMP for anterior lumbar inter-
body fusion, while other uses are off-label.1314 Cervical
fusion complications include airway obstruction, dyspha-
gia, and ectopic bone formation.!5-18 Evidence suggests
rhBMP-related malignancy risk may be dose-depen-
dent.17-19

Despite its benefits, BMP use raises concerns about
safety, cost, and efficacy.1820-23 Guidelines support


https://orcid.org/0009-0004-3458-4574
https://orcid.org/0000-0002-5567-4710
https://orcid.org/0000-0001-7201-0847
https://doi.org/10.52965/001c.160605
https://doi.org/10.52965/001c.160605

Is Bone Morphogenetic Protein the new Gold Standard? A Meta-Analysis and Systematic Review of Bone M...

rhBMP-2 for anterior lumbar interbody fusion (Grade B)
and posterior lumbar interbody fusion (Grade C), but ev-
idence for other uses is limited.!® This study evaluates
BMP’s effectiveness, functional outcomes, and complica-
tions compared to ICBG in spinal fusion patients.

MATERIALS AND METHODS

SEARCH STRATEGY AND STUDY SELECTION

This systematic review and meta-analysis followed the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines,?* and was registered with
PROSPERO (ID: CRD42023466104). The present study in-
cluded randomized controlled trials (RCTs) published in
English between 2003 and 2023, comparing BMP and ICBG
in spinal fusion surgery. A comprehensive literature search
was performed across two major databases—PubMed and
Cochrane Central. The search aimed to identify relevant
studies that met these criteria, covering a 20-year period.
Fusion success in spinal fusion surgery was considered the
primary outcome. Secondary outcomes included improve-
ments in the Oswestry Disability Index (ODI), Short
Form-36 (SF-36), reductions in the Numeric Rating Scale
(NRS) for back and leg pain, return to work, as well as com-
plications, duration of surgery, intraoperative blood loss,
and length of hospital stay.

ELIGIBILITY CRITERIA

The inclusion criteria for this systematic review were struc-
tured according to the Population, Intervention, Compari-
son, Outcome, and Study design (PICOS) framework. Pop-
ulation consisted of patients undergoing spinal fusion
surgery. The intervention was the use of BMP, and the com-
parison was ICBG. Eligible studies were required to report
on outcomes such as fusion success, improvements in func-
tional scores (ODI), SF-36, reductions in pain (NRS for back
and leg pain), complication rates, surgery duration, intra-
operative blood loss, and length of hospital stay. The study
design was limited to randomized controlled trials (RCTs).
Studies published in English between 2003 and 2023 and
available in full-text format were eligible for inclusion,
while non-human studies were excluded.

SEARCH STRATEGY

This systematic review and meta-analysis were conducted
in January 2024. A comprehensive literature search was
performed across two major databases—PubMed and
Cochrane Central—covering studies published between
2003 and 2023. For PubMed, the search string used was:
(“Bone Morphogenetic Proteins”[Mesh] OR “bone morpho-
genetic protein” OR “BMP” OR “rhBMP-2” OR “OP-1”)
AND (“Tliac Crest”[Mesh] OR “iliac crest bone graft” OR
“ICBG” OR “autograft”) AND (“Spinal Fusion”[Mesh] OR
“spinal fusion” OR “spinal arthrodesis” OR “interbody fu-
sion”). For Cochrane Central, the search string used was:
(bone morphogenetic protein OR BMP OR rhBMP-2 OR
OP-1) AND (iliac crest bone graft OR ICBG OR autograft)

AND (spinal fusion OR spinal arthrodesis OR interbody fu-
sion). Reference lists of included studies were also screened
to identify additional eligible trials.

DATA SCREENING AND SELECTION

The screening process was carried out by two co-authors
(R.MY. and M.T.), independently screened titles and ab-
stracts based on predetermined inclusion/exclusion criteria
for eligibility after removing duplicates using Zotero 7.0
(https://www.zotero.org/). Studies deemed relevant were
subjected to full-text screening. Any disagreements were
resolved through consultation with a third co-author
(L.C.S.).

DATA EXTRACTION

Data were systematically extracted, cross-checked, and or-
ganized, including details on the author, year, country,
study design, patient demographics, interventions, and
outcomes. A spreadsheet was used to record study titles,
authors, publication years, and inclusion/exclusion criteria.
Studies were categorized based on the lumbar and cervical
spine fusion regions, with documentation of study types,
preoperative diagnoses, interventions, BMP versus ICBG
comparisons, sample sizes, follow-up durations, and fusion
success rates. Complication rates and types were systemat-
ically recorded for both groups, including gastrointestinal,
trauma, cardiovascular issues, and tumor occurrences.

QUALITY ASSESSMENT

Two authors independently conducted the identification,
selection, data extraction, and quality assessment of the
studies. Discrepancies were resolved through discussions
and reassessment with a third author. If consensus could
not be reached, a third senior reviewer independently re-
evaluated the study and provided the final judgment. This
adjudication process ensured consistency and minimized
subjective bias in the risk-of-bias assessments. The quality
of each included RCT was assessed using the Cochrane Risk
of Bias 2.0 (RoB 2) tool,25 which is specifically designed for
randomized trials. RoB 2.0 tool evaluates studies across five
domains: D1 (Bias due to the randomization process), D2
(Deviation from intended intervention), D3 (Missing out-
come data), D4 (Measurement of outcomes), and D5 (Se-
lection of the reported result). For each domain, signaling
questions were answered according to the RoB 2 algorithm
to generate domain-level judgments of “low risk,” “some
concerns,” or “high risk.” An overall risk-of-bias judgment
was then derived for each study. Symbols within the table
indicate the risk levels: green circles with a plus sign (+) for
low risk, yellow circles for some concerns, blue circles with
a question mark (?) for unclear risk, and red circles with an
X (x) for high risk.25 The interpretation of pooled results
accounted for the risk-of-bias profiles of included studies,
and findings were considered more cautiously in analyses
where studies with ‘some concerns’ contributed to hetero-
geneity.
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Figure 1. PRISMA flow diagram illustrating the study selection process

STATISTICAL ANALYSIS

The meta-analysis was conducted using Cochrane’s Review
Manager 5.4 software (Cochrane Collaboration, London,
United Kingdom). For dichotomous variables, the risk ratio
(RR) and 95% confidence interval (CI) were calculated,
while for continuous variables, the standardized mean dif-
ference (SMD) and 95% CI were determined. Heterogeneity
was assessed using the I2 statistic, with a 12 value of < 25%
indicates low heterogeneity, 25%-75% suggests moderate
heterogeneity, and > 75% reflects high heterogeneity. The
results were visualized using forest plots.

RESULTS

CHARACTERISTICS OF THE INCLUDED STUDIES

A total of 215 relevant studies were identified through
searches in PubMed (n=190) and Cochrane (n=25) data-
bases, with 17 RCTs included for analysis (Figure 1). Clinical
studies comparing BMP and ICBG in spinal surgeries are
summarized (Table I). These studies involved patients with
conditions such as degenerative disc disease (DDD),
spondylolisthesis, spinal stenosis, and spinal instability.
Various surgical interventions, including anterior cervical
discectomy and fusion (ACDF), anterior lumbar interbody
fusion (ALIF), posterior lumbar fusion (PLF), and posterior
lumbar interbody fusion (PLIF), were evaluated. The studies
compared BMP-based interventions, such as BMP-2 and

OP-1, against ICBG or combinations of ICBG with other
materials. Sample sizes ranged from small cohorts (e.g.,
18 vs. 15 patients) to larger groups (e.g., 239 vs. 224 pa-
tients), with mean ages varying across studies. Reported
BMP dosages ranged from 6.0 mg to 52.5 mg, and follow-up
periods extended from 6 months to over 48 months. Com-
monly assessed outcomes included fusion success (FS), Os-
westry Disability Index (ODI), SF-36 quality-of-life scores,
Numeric Rating Scale (NRS) for pain, operative time (OT),
blood loss (BL), and complication rates.

RISK OF BIAS

The quality assessment of the included studies, conducted
using the RoB 2.0 tool (Figure 2), revealed varying levels of
risk of bias across different domains. The risk of bias as-
sociated with the randomization process was generally low
across the studies. No deviations from the intended inter-
ventions were reported. However, several studies demon-
strated some concern regarding bias related to missing out-
come data, although the risk associated with the
measurement of reported outcomes was generally low. Ad-
ditionally, most of the studies exhibited some concern re-
garding bias in the selection of reported results. These pat-
terns contributed to the heterogeneity observed in several
pooled analyses, particularly for fusion outcomes at early
follow-up intervals.
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Table I. Characteristics, intervention, and outcome of included studies

. Sample size (n) Mean age, mean+SD BMP Follow
Author, Preoperative diagnosis Surgical Comparison dose up Outcomes
year intervention BMP ICBG BMP ICBG
(mg) (months)
Baskin et One- or two-level cervical DDD ACDF rhBMP-2/ACS + 18 15 51.3+2.6 47.1+£3.2 NR 24 FS, neurologic
al, Fibullar allograft status, the Neck
200326 vs ICBG + fibullar Disability Index,
allograft SF-36, NRS, BL,
LOS, 0T
Burkus et Single-level lumbar DDD, grade | ALIF rhBMP-2/ACS vs 22 20 41.7+5.4 44.2+6.6 6.3 24 FS, reoperation
al, spondylolisthesis ICBG
200327
Haid et al, Single-level lumbar DDD, grade | PLIF rhBMP-2/ACS vs 34 33 46.3+4.1 46.1+4.6 6.0 24 FS, ODI, SF-36,
200428 spondylolisthesis ICBG NRS, OT, LOS, BL,
return to work,
complications
Vaccaro Lumbar DDD, grade | or 11| PLF OP-1/type | bone 24 12 63.1+£5.2 66.4+6.1 7.0 12 FS, SF-36, ODI, LOS,
etal, spondylolisthesis, and spinal collagen vs ICBG OT, complications
200429 stenosis
Burkus et Single-level lumbar DDD, ALIF rhBMP-2/ACS vs 79 52 40.2+4.6 43.6+£3.9 10.2 24+ FS, ODI, SF-36,
al, spondylolisthesis grade 1 or less ICBG NRS, OT, LOS, BL,
200530 return to work,
complications
Glassman Lumbar DDD, grade Il PLF rhBMP-2/CRM vs 38 36 53.4+2.9 53.3t4.6 40.0 12 FS, OT, BL,
etal, spondylolisthesis ICBG complications
200531
Dimar et Lumbar DDD, grade Il PLF rhBMP-2/CRM vs. 53 45 50.9+4.7 52.7+6.1 40.0 24 FS, SF-36,0DI, BL,
al, spondylolisthesis, HNP, instability, ICBG LOS, OT, NRS,
200632 spondylosis, stenosis return to work,
complications
Glassman Disc pathology, spondylolisthesis, PLF rhBMP-2/ACS vs 50 52 69.2+3.5 59.9+4.8 NR 24 FS, SF-36, ODI,
etal, stenosis, deformity, instability, ICBG NRS, BL, OT,
200833 post-decompression revision, or complications
adjacent level fusion
Vaccaro Lumbar DDD, grade l or I PLF OP-1/type | bone 208 87 68.1+4.3 69.2+5.7 7.0 24/36+ FS, ODI, SF-36,
etal, spondylolisthesis, and spinal collagen vs ICBG VAS, BL, OT
200834 stenosis
Vaccaro Lumbar DDD, grade | or Il| PLF OP-1/type | bone 24 12 63.2+7.1 67.3+5.1 7.0 48 FS, ODI,
etal, spondylolisthesis and spinal collagen vs ICBG complications
200835 stenosis
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. Sample size (n) Mean age, mean+SD BMP Follow
A, Preoperative diagnosis Surgiel Comparison dose u Outcomes
year P g intervention P BMP ICBG BMP ICBG -
(mg) (months)
Dawson Lumbar DDD grade | PLF rhBMP-2/ACS vs 25 21 55.9+5.4 56.9+6.4 12.0 24 FS, SF-36, 0D,
etal, spondylolisthesis ICBG VAS, BL, LOS, OT,
200936 return to work,
complications
Dimar et Lumbar DDD, grade | PLF rhBMP-2/bovine 239 224 53.2+4.2 52.3+3.6 40.0 24 FS, ODI, SF-36,
al, spondylolisthesis, spinal instability type | collagen vs reoperation, AD,
200937 ICBG NRS, OT, LOS, BL,
return to work
Delawi et Lumbar DDD, stenosis due to PLF OP-1/local 18 16 53.1+3.3 55.4+5.1 7.0 12 FS, ODI, AD, VAS,
al, isthmic or degenerative autograft vs ICBG/ OT, LOS, BL
201038 spondylolisthesis local bone
Hurlbert One- or two-level lumbar DDD, PLF rhBMP-2/BCP vs 95 93 53.3x2.1 53.0+2.7 52.5 48 FS, ODI, SF-36,
etal, grade | spondylolisthesis ICBG reoperation, AD,
201337 NRS, OT, LOS, BL
Yanetal, Atlantoaxial instability disease PCF rhBMP-2/ACS + 68 66 68.7+4.7 69.2+5.2 NR 24 FS, VAS, JOA score,
201470 ICBG vs ICBG BL, LOS, OT,
complications
Delawi et Lumbar DDD, grade | and Il PLF OP-1/type-l bone 60 59 54.1+4.1 55.3x34 7.0 12 FS, ODl,
al,2016 spondylolisthesis collagen + local reoperation, AD,
71 autograft vs ICBG OT, LOS, BL
+ local autograft
Choetal, Severe spinal stenosis, grade | PLF E.BMP-2/HAvs 42 51 64.9+2.3 62.4+5.5 6.0 6 FS, SF-36, ODlI,
201772 spondylolisthesis, spondylosis ICBG VAS, BL, LOS, OT,

complications

ACS: absorbable collagen sponge carrier
ACDF: anterior cervical discectomy and fusion
ALIF: anterior lumbar interbody fusion
BCP: biphasic calcium phosphate

BL: blood loss

E. BMP: Escherichia coli-derived BMP
CRM: compression resistant matrix
DDD: degenerative disc disease

FS: fusion success

ICBG: autogenous iliac crest bone graft
LOS: length of hospital stay

NR: no report

NRS: numeric rating scale

ODI: Oswestry disability index

OP: osteogenic protein

OT: operative time
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Figure 2. Quality assessment with RoB 2.0 tool

FUSION SUCCESS RATE

Fusion success was defined by the presence of trabecular
bone connecting the transverse processes on at least one
side, no motion (less than 3 mm of translation and less
than 5° of angulation), and the absence of radiolucent lines
within the fusion mass.26-3540 In certain studies, fusion
success was assessed through CT-scan evaluations, where
fusion grades 2-5 were considered indicative of successful
fusion.36-39

OVERALL BMP COMPARED TO ICBG

The analysis of fusion success at the 6-month follow-up,
based on eight studies, showed that the BMP group sig-
nificantly outperformed the ICBG group (RR: 1.26; 95%CI:
1.05-1.52; p=0.010), with high heterogeneity observed
(12=89%) (Figure 3). This heterogeneity likely reflects differ-
ences in BMP formulations, dosages, surgical approaches,
and imaging modalities used across studies. At 12 months,
a pooled analysis of 12 studies demonstrated a higher fu-
sion rate with BMP compared to ICBG group (RR: 1.08;
95%CI: 0.99-1.18; p=0.09) but statistically not significant
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BMP ICBG Risk ratio Risk ratio

Study orsubgroup Events Total Events Total Weight M-H,Random,95%CIl Year M-H,Random, 95% ClI
Lumbar Fusion
Burkus et al., 2003 18 22 10 20 7.5% 164 [1.01,2.65] 2003
Glassman et al., 2005 36 37 28 35 136% 1.221[1.02, 1.45] 2004 BTl
Haid et al_, 2004 32 34 31 33 146% 1.00 [0.89, 1.13] 2004 -
Burkus et al_, 2005 76 79 44 52 145% 1.14 [1.00, 1.29] 2005 %=
Dawson et al_, 2009 18 22 12 20 8.8% 1.36 [0.91, 2.05] 2009 ) -
Dimar et al., 2009 155 196 115 176 144% 1.21[1.06, 1.38] 2009 -5
Hulbert et al., 2013 89 a3 38 88 122% 222[1.74,283] 2013 CENECIS
Subtotal (95% CI) 483 424 B5.6% 1.31 [1.08, 1.60] <
Total events 424 278
Heterogeneity: Tau? = 0.05; Chi? =47.92, df =6 (P < 0.00001); I = 87%
Test for overall effect: Z = 2.73 (P = 0.006)
Cervical fusion
Baskin et al_, 2003 15 15 13 13 144% 1.00 [0.87, 1.14] 2003 o
Subtotal (95% CI) 15 13 14.4% 1.00 [0.87, 1.14] RS
Total events 15 13
Heterogeneity: Mot applicable
Test for overall effect: Z = 0.00 (P = 1.00)
Total (95% CI) 498 437 100.0% 1.26 [1.05, 1.52] <
Total events 439 291

ity: Tau? = - Chi2 = = - 12 = 899 t t —
Heterogeneity: Tau? = 0.06; Chi? = 61.55, df =7 (P < 0.00001); 12 = 89% 05 07 1 15 5

Test for overall effect: Z=2.51 (P =0.01)

Favours ICBG Favours BMP

Test for subgroup differences: Chi* = 5.09, df =1 (P = 0.02), I’ = 80.3%

Figure 3. Fusion success at 6 months between lumbar and cervical fusion

and with high heterogeneity (12=73%) (Figure 4 and 5). At
24 months, a combined analysis of 12 studies revealed a
significantly higher fusion rate in the BMP group compared
to the ICBG group (RR: 1.12; 95%CI: 1.04-1.20; p=0.002)
with moderate heterogeneity (I2=66%). (Figure 6 and 7).
At 48 months, no significant difference in fusion rates was
observed (RR: 1.18; 95%CI: 0.91-1.53; p=0.22), with high
heterogeneity (I?=70%) (Figure 8). Across all time points,
the BMP group consistently exhibited higher fusion success
compared to the ICBG group, with the largest difference
noted at 6 months (Figure 9).

LUMBAR AND CERVICAL FUSION

Fusion success at 6, 12, and 24 months was assessed
through a subgroup analysis comparing lumbar and cervical
fusion procedures. Seven studies were included in the fol-
low-up, revealing significant differences between the BMP
and ICBG groups for lumbar fusion (RR: 1.31; 95% CI:
1.08-1.60; p=0.006), exhibiting high heterogeneity (12=87)
(Figure 3). The substantial heterogeneity may be attributed
to variations in surgical technique, BMP dosage, and pa-
tient pathology across lumbar fusion studies. In cervical fu-
sion, represented by Baskin et al.,26 no significant differ-
ence in fusion success was found between the BMP and
ICBG groups (p=1.00). At 12 months, the BMP group
demonstrated a 9% higher fusion success rate compared to
ICBG in lumbar fusion, though the difference was not sta-
tistically significant. In cervical fusion, also represented by
Baskin et al.,26 the success rate remained comparable to
ICBG (95% CI:0.87-1.15, p=1.00) (Figure 5). At 24 months,
the BMP group showed a 14% higher fusion success rate in

lumbar fusion, which was statistically significant (95% CI:
1.05-1.23; p=0.002; 12=71%). In cervical fusion, the fusion
success rate was similar between BMP and ICBG (95% CI:
0.91-1.16; p=0.70) (Figure 7). From 6, 12, and 24 months,
BMP demonstrates a higher fusion success rate compared
to ICBG, particularly in lumbar fusion procedures. In cervi-
cal fusion, BMP shows a fusion success rate similar to ICBG,
with a slight superiority observed at 24 months (Figure 9).

BMP-2 AND OP-1

A subgroup analysis evaluated fusion success at 12, 24,
and 48 months in patients undergoing spinal fusion pro-
cedures with BMP-2, OP-1, and ICBG (Figure 9). At the
12-month follow-up, BMP-2 demonstrated a 12% higher
fusion success rate compared to ICBG, which was statis-
tically significant (95%CI:1.01-1.23, p=0.02, 12=78%). The
high heterogeneity suggests variability in BMP-2 dosing,
carrier materials, and surgical approaches. In contrast,
OP-1 showed a 17% lower fusion success rate compared to
ICBG, though this difference was not statistically signifi-
cant (95%CI:0.62-1.12, p=0.23, 1>=73%) (Figure 4). At 24
months, BMP-2 exhibited a significantly higher fusion suc-
cess rate, with a 14% difference compared to ICBG, which
was statistically significant (95%CI:1.07-1.22, p=0.0001,
12=61%) (Figure 6). The OP-1 group, represented by Vaccaro
et al.,3* showed an 11% lower fusion success rate compared
to ICBG, but this difference was not statistically significant
(p=0.08). At 48 months, the BMP-2 group, represented by
Hurlbert et al.,3? exhibited a significantly higher fusion suc-
cess rate, with a 35% difference compared to ICBG, which
was statistically significant (p<0.0001). The fusion success
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BMP ICBG Risk ratio Risk ratio

Study orsubgroup Events Total Events Total Weight M-H,Random,95%CI M-H,Random, 95% CI
BMP-2
Hulbert et al_, 2013 a1 93 50 88 9.0% 1.72[1.43,207] -
Haid et al., 2004 29 34 30 33 9.3% 0.94 [0.79, 1.12] —
Glassman et al., 2005 36 37 33 35 122% 1.03 [0.94, 1.14] N
Dimar et al., 2009 182 208 151 183 127% 1.06 [0.97,1.15] =
Dawson et al., 2009 17 21 13 20 4.0% 1.25[0.85, 1.83] = e
Choetal., 2017 42 42 46 51 122% 1.11[1.00, 1.22] o
Burkus et al., 2005 78 79 A7 52 124% 1.09 [1.00, 1.20] B2
Burkus et al., 2003 21 22 16 20 7.2% 119 [0.94, 1.51] i -
Baskin et al., 2003 14 14 12 12 105% 1.00 [0.87,1.15] =
Subtotal (95% CI) 550 494 89.5% 1.12 [1.01, 1.23] L3
Total events 510 398
Heterogeneity: Tau? = 0.02; Chi? = 37.17, df = 8 (P < 0.0001); I = 78%
Test foroverall effect: Z=2.25 (P =0.02)
OP-1
Vaccaro et al , 2004 14 19 6 10 21% 123 [0.69, 2.18]
Delawi et al_, 2016 32 60 44 59 6.1% 0.72 [0.54, 0.95] B E—
Delawi et al, 2010 10 18 10 15 2.3% 0831[0.48, 144] .
Subtotal (95% CI) a7 84 10.5% 0.83 [0.62, 1.12]
Total events 56 60
Heterogeneity: Tau®? = 0.02; Chiz=2.79,df =2 (P =0.25);, I = 28%
Test foroverall effect: Z=1.21 (P =0.23)
Total (95% CI) 647 578 100.0% 1.08 [0.99, 1.18] .
Total events 566 458

I 2 _ . 3 E_ - 12 = 739 } } + +
Heterogeneity: Tau? = 0.02; Chi? = 41.22, df = 11 (P < 0.0001); I = 73% 05 07 ] 15 >

Test for overall effect: Z=1.70 (P = 0.09)

Favours ICBG Favours BMP

Test for subgroup differences: Chi? =339, df=1 (P =007), P=70.5%

Figure 4. Fusion success at 12 months between BMPs (BMP-2 and OP-1) and ICBG

rate in the OP-1 group was similar to ICBG, with only a 1%
difference, which was not statistically significant33 (Figure
8).

COMPARATIVE ANALYSIS OF OPERATING TIME, BLOOD
LOSS, AND LENGTH OF STAY

Analysis of operating time involved 8 studies, which
demonstrated that the ICBG group had a significantly
longer operating time compared to the BMP group, with
an SMD of -1.9 (95%CI:-3.02 to -0.87; p=0.0004) and high
heterogeneity observed across studies (12=98%). This het-
erogeneity likely reflects differences in surgical complexity,
number of fusion levels, and graft harvesting techniques.
The analysis of blood loss included 7 studies, showing no
significant differences between the BMP and ICBG groups,
with an SMD of -0.1 (95% CI:-0.31 to 0.15; p=0.49) and
moderate heterogeneity observed across studies (12=66%).
Analysis of length of stay involved 7 studies, demonstrating
no significant differences between the BMP and ICBG
groups, with an SMD of -0.1 (95%CI:-0.21 to 0.08; p=0.39)
and low heterogeneity observed across studies (12=14%)

(Figure 10).

CLINICAL OUTCOMES

Clinical outcomes were evaluated through a systematic re-
view, as the included studies did not report standard devi-
ation data. Table II summarizes the mean improvements in
various health metrics, specifically the SF-36 physical com-
ponent, ODI, back pain, and leg pain scores across multi-
ple studies involving different treatment methods, namely
BMP and ICBG. The studies, spanning follow-up periods of
12 to 48 months, reveal that the average improvement in
SF-36 score was 12.8 for BMP and 10.9 for ICBG, indicat-
ing a greater overall enhancement in physical health for
patients treated with BMP. In terms of disability, the ODI
scores showed improvements of 23.7 for BMP and 20.9 for
ICBG, suggesting that both treatments effectively reduced
disability, with BMP again showing a slightly higher ben-
efit. When examining pain scores, the average back pain
score improvement was 6.6 for BMP compared to 5.5 for
ICBG, while leg pain scores improved by 6.1 for BMP and
5.1 for ICBG. These findings suggest that BMP may offer su-
perior outcomes in terms of physical health, disability re-
duction, and pain alleviation compared to ICBG, although
both methods demonstrate significant benefits for patients
suffering from back and leg pain. Neck pain scores were
excluded from the analysis due to insufficient data avail-
ability. A total of 5 studies reported data on the return to
work outcome among the analyzed samples. Haid et al. and
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BMP ICBG Risk ratio Risk ratio

Study orsubgroup Events Total Events Total Weight M-H,Random,95%CIl Year M-H,Random, 95% ClI
Lumbar fusion
Burkus et al., 2003 21 22 16 20 7.2% 1.19[0.94,1.51] 2003 1 =
Glassman et al., 2005 36 37 33 35 122% 1.03[0.94, 1.14] 2004 -
Haid et al, 2004 29 34 30 33 9.3% 0.94[0.79,1.12] 2004 SR R
Vaccaro et al., 2004 14 19 6 10 21% 1.23[0.69,2.18] 2004
Burkus et al., 2005 78 79 A7 52 124% 1.09[1.00, 1.20] 2005 e
Dawson et al., 2009 17 21 13 20 4.0% 1.25[0.85,1.83] 2009 1 -
Dimar et al., 2009 182 208 151 183 127% 1.06 [0.97,1.15] 2009 ™
Delawi et al., 2010 10 18 10 15  2.3% 0.83[0.48, 144] 2010
Hulbert et al_, 2013 91 93 50 88 9.0% 1.72[1.43,2.07] 2013 =
Delawi et al, 2016 32 60 44 59 6.1% 0.72[0.54,0.95] 2016 T S
Choetal., 2017 42 42 46 51 122% 1.11[1.00,1.22] 2017 =
Subtotal (95% CI) 633 566 89.5% 1.09 [0.99, 1.21] ‘
Total events 552 446
Heterogeneity: Tau? = 0.02; Chi? = 39.64, df = 10 (P < 0.0001); 12 =75%
Test for overall effect: Z=1.74 (P = 0.08)
Cervical fusion
Baskin et al_, 2003 14 14 12 12 105% 1.00[0.87,1.15] 2003 I
Subtotal (95% CI) 14 12 10.5% 1.00 [0.87, 1.15] <l
Total events 14 12
Heterogeneity: Not applicable
Test for overall effect: Z=0.00 (P = 1.00)
Total (95% CI) 647 578 100.0% 1.08 [0.99, 1.18] <
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Test for overall effect: Z=1.70 (P = 0.09)
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Test for subgroup differences: Chiz =097, df =1 (P =0.32), P=0%

Figure 5. Fusion success at 12 months between lumbar and cervical fusion

Burkus et al. found that the BMP group demonstrated a
shorter time to return to work (43 days and 89 days, re-
spectively) compared to the ICBG group (137 days and 96
days, respectively). Furthermore, studies by Dimar et al.
(2006 and 2009) and Dawson et al. showed a higher return
to work rate at 24 months postoperatively in the BMP group
(100%, 104.81%, and 75%, respectively) compared to the
ICBG group (90.62%, 93.75%, and 66.66%, respectively).

COMPLICATIONS
OVERALL COMPLICATIONS

Several complications identified in the included studies
were evaluated, including gastrointestinal, cardiovascular,
respiratory, urogenital, non-union, surgical infections,
cases requiring revision surgery, and malignancy (Figure
11). The analysis yielded a RR of 2.42 (95%CI:0.88-6.69,
p=0.09), indicating a potential increase in malignancy risk
associated with BMP, although this result was statistically
insignificant and largely driven by Dimar et al.374! To fur-
ther explore the underlying causes of complications, ad-
ditional subgroup analysis was conducted to assess differ-
ences in complication rates between BMP-2 and OP-1, with
a focus on non-union, revision surgery, and malignancy.
Due to data limitations, a comparison of complications be-
tween the lumbar and cervical regions was not performed.

COMPLICATIONS BETWEEN BMP-2 AND OP-1

Eight studies on non-union rates revealed that the BMP-2
group had significantly lower rates compared to the ICBG
group, with an RR of 0.37 (95%CI:0.18-0.74; p=0.005) and
no heterogeneity observed across studies (12=0%). Further-
more, the analysis of revision surgery needs showed sig-
nificantly lower rates in the BMP-2 group compared to the
ICBG group, with an RR of 0.51 (95%CI:0.34-0.77; p=0.001)
and no heterogeneity observed across studies (I1>=0%). The
examination of malignancy cases, including 3 studies (Fig-
ure 15), indicated significant differences with an RR of 2.80
(95%CI:0.73-10.72; p=0.13) and low heterogeneity ob-
served across studies (12=0%). Additionally, the OP-1 group
had relative risks of 1.22 for non-union, 1.27 for revision
surgery, and 2.00 for malignancy compared to the ICBG
group, showing varying levels of risk associated with these
outcomes. There was no statistically significant difference
in complications between the OP-1 and ICBG groups.

DISCUSSION

The findings highlight that BMP generally outperforms
ICBG in lumbar fusion, particularly in fusion success rates.
BMP showed significantly higher fusion success at 6 and 24
months, while differences at 12 and 48 months were not
statistically significant. BMP-2 demonstrated superior fu-
sion success compared to OP-1. BMP resulted in shorter op-
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BMP ICBG Risk ratio Risk ratio
Study orsubgroup Events Total Events Total Weight M-H,Random,95%Cl Year M-H,Random, 95% CI
BMP-2
Burkus et al., 2003 22, 22 19 20 94% 1.05[0.92, 1.20] 2003 =
Baskin et al , 2003 10 10 10 10 7.2% 1.00 [0.83, 1.20] 2003 I
Haid et al., 2004 31 34 26 33  6.3% 1.16 [0.94, 1.42] 2004 b
Burkus et al., 2005 78 79 40 52 85% 1.28 [1.10, 1.49] 2005 —_—
Dimar et al., 2006 48 53 33 45 6.7% 1.23[1.01, 1.50] 2006 ————
Glassman et al., 2008 43 50 37 52 6.3% 1.21[0.98, 1.49] 2008 =
Dawson et al., 2009 18 19 14 20 3.8% 135[1.00, 1.84] 2009 = =
Dimar et al., 2009 186 194 151 169 13.0% 1.07 [1.01, 1.14] 2009 B3
Hulbert et al , 2013 a0 a3 62 88 9.0% 1.37 [1.19, 1.58] 2013 ————
Yanetal, 2014 56 68 52 66 7.8% 1.05[0.88, 1.23] 2014 I
Cho, et al 2017 41 Ly 48 51 121% 1.06 [0.98, 1.15] 2017 ™
Subtotal (95% CI) 663 606 90.2% 1.14 [1.07, 1.22] ‘
Total events 623 492
Heterogeneity: Tau® = 0.01; Chi2 = 2563, df =10 (P =0.004); F=61%
Test for overall effect: Z=3.81 (P = 0.0001)
OoP-1
Vaccaro, et al 2008 154 208 72 87 9.8% 0.89[0.79, 1.01] 2008 -x1
Subtotal (95% CI) 208 87 9.8% 0.89 [0.79, 1.01] .
Total events 154 72
Heterogeneity: Mot applicable
Test for overall effect: Z=1.74 (P = 0.08)
Total (95% ClI) 871 693 100.0% 1.12 [1.04, 1.20] &
Total events 777 564

Heterogeneity: Tau? = 0.01; Chi? = 32.60, df = 11 (P = 0.0006); I = 66%

Test for overall effect: Z=3.13 (P = 0.002)
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Figure 6. Fusion success at 24 months between BMPs (BMP-2 and OP-1) and ICBG

erating times, with comparable blood loss and hospital stay
duration. Clinical outcomes demonstrated enhanced phys-
ical recovery and superior pain relief, which may facilitate
a quicker and more comprehensive return to work follow-
ing spinal fusion procedures utilizing BMP. BMP had fewer
complications, but a potential, though statistically insignif-
icant, malignancy risk increase was noted.42:43

BMP-2 promotes osteogenesis and enhances healing,
leading to high fusion rates, outperforming traditional
grafting. BMP-2 stimulates local stem cells and recruits os-
teoblasts, contributing to superior fusion rates.4243 BMP-2
significantly increased lumbar fusion success, but its im-
pact on cervical fusion was inconsistent, likely due to
anatomical and biomechanical differences.4445 Previous
studies found rhBMP-2 achieved faster, higher radiographic
healing rates in tibia, femur, and humerus non-unions
compared to OP-1.46

Meta-analyses by Zadegan et al.l> and others#147 re-
ported higher cervical fusion success rates for BMP than
ICBG. Similarly, lumbar fusion studies demonstrated BMP’s
superiority.4849 Clinical outcomes were consistently better
in the BMP group, reflected by improved SF-36, ODI, and
pain scores. BMP-2 improved fusion, patient satisfaction,
and mobility, reducing post-surgery pain.41:43 These find-
ings align with BMP-2’s role in faster recovery, whereas
ICBG is associated with donor site complications and longer
recovery periods.>0:51

ICBG remains widely used due to its osteoinductive and
osteoconductive properties, but its use requires graft har-

vesting, leading to postoperative pain and longer surgery
times.>2 BMP significantly shortened operative duration,
reducing surgical infection risks.>2 Eliminating autograft
harvesting with BMP-2 streamlines procedures and de-
creases complications related to prolonged surgery.53:54
Studies show BMP-2 surgeries are faster, reducing anesthe-
sia-related risks.>45> Cheng et al. reported infection risk
increased with surgery duration, reinforcing BMP’s advan-
tages.s6

Despite its advantages, BMP presents concerns in spinal
fusion applications. BMP-2’s superiority in fusion success
and lower complication rates over ICBG is mainly seen in
lumbar fusion. OP-1 did not consistently outperform ICBG,
showing comparable non-union, revision surgery, and ma-
lignancy rates. Clinical studies report mixed OP-1 fusion
success. A systematic review by Vavken et al. found varying
rhBMP-7 fusion success rates, with some studies showing
improvement while others reported comparable non-union
rates to ICBG.57

BMP efficacy varies with dosing and application tech-
niques. Kaspiris et al. found rhBMP-2 improved healing
more than rhBMP-7, suggesting formulation and delivery
impact outcomes.>8 Oliveira et al. reported BMPs had fa-
vorable outcomes, but evidence did not consistently sup-
port superiority over ICBG.59 Among BMPs, BMP-2 is the
most potent, inducing ALP activity and osteocalcin expres-
sion, marking early extracellular matrix mineralization dur-
ing osteogenic differentiation.69:61 Cervical fusion success
rates did not significantly differ from ICBG. Subgroup
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BMP ICBG Risk ratio Risk ratio
Study orsubgroup Events Total Events Total Weight M-H,Random,95%CIl Year M-H,Random, 95% CI
Lumbar fusion
Burkus et al_, 2003 22 22 19 20 9.4% 1.051[0.92, 1.20] 2003 il i
Haid et al., 2004 31 34 26 33 6.3% 1.16 [0.94, 1.42] 2004 T = =
Burkus et al_, 2005 78 79 40 52 8.5% 1.28 [1.10, 1.49] 2005 —=%
Dimar et al_, 2006 48 53 33 45 6.7% 1.23[1.01, 1.50] 2006 %
Glassman et al , 2008 43 50 37 52 6.3% 1.21[0.98,149] 2008 T =
Vaccaro et al, 2008 154 208 72 87 9.8% 0.89[0.79, 1.01] 2008 |
Dawson et al_, 2009 18 19 14 20 3.8% 1.35[1.00, 1.84] 2009 I ==
Dimar et al., 2009 186 194 151 169 13.0% 1.07 [1.01, 1.14] 2009 B
Hulbert et al , 2013 90 93 62 88 9.0% 1.37 [1.19, 1.58] 2013 i
Choetal, 2017 41 4 48 51 121% 1.06 [0.98, 1.15] 2017 T
Subtotal (95% CI) 793 617 85.0% 1.14 [1.05, 1.23] . 4
Total events 711 502
Heterogeneity: Tau? = 0.01; Chi* = 31.52, df =9 (P = 0.0002); I?=T71%
Test for overall effect: Z=3.16 (P = 0.002)
Cervical fusion
Baskin et al , 2003 10 10 10 10 7.2% 1.00[0.83, 1.20] 2003 — F
Yanetal , 2014 56 68 52 66 7.8% 1.05[0.88, 1.23] 2014 N
Subtotal (95% CI) 78 76  15.0% 1.02 [0.91, 1.16] <
Total events 66 62
Heterogeneity: Tau? = 0.00; Chi*=0.17,df =1 (P =0.68); I?=0%
Test for overall effect: Z=0.38 (P = 0.70)
Total (95% CI) 871 693 100.0% 1.12 [1.04, 1.20] &
Total events 777 564
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Test for overall effect: Z=3.13 (P = 0.002)
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Figure 7. Fusion success at 24 months between lumbar and cervical fusion

analysis of cervical fusion complications was limited due to
scarce data.

Literature inconsistencies complicate BMP-2’s role in
cervical fusion. Some studies suggest benefits in posterior
cervical fusion without significantly increasing complica-
tions when properly dosed .45:62,:63 However, anterior cervi-
cal fusion may pose higher risks, such as dysphagia and an-
terior soft tissue swelling, highlighting the need for careful
BMP-2 application and monitoring.41,62

Several studies assessed rhBMP-2 efficacy in anterior
cervical fusion for both FDA-approved and off-label uses. 15
28,47,62-64 A 2007 case report described a patient who de-
veloped cervical swelling and dysphagia post-ACDF with
thBMP-2, requiring reintubation.®> The FDA later issued a
public health advisory on severe swelling and airway ob-
struction risks.®> Despite this, BMP remains in use for se-
lect cervical spine patients, emphasizing the importance of
informed consent.4

This meta-analysis found an increased malignancy risk
with BMP, with a relative risk of 2.42 compared to ICBG,
though statistically insignificant. Among included studies,
only two specified malignancies, including basal cell car-
cinoma, lung, ovarian, pancreatic, prostate, squamous cell
carcinoma, vocal cord, and brain tumors.®%-63 Some evi-
dence suggests BMP-related malignancy risk may be dose-
dependent.®® Further large-scale studies are needed to clar-
ify this association.

Further research is necessary, particularly in cervical fu-
sion, where studies remain limited compared to lumbar fu-
sion. No studies have assessed OP-1 in cervical fusion. Ad-
ditional research could clarify BMP’s role in spinal fusion,
considering variables such as patient age, BMP dosage, and
carrier type. With an average patient age of 55, age-related
bone density decline may affect autograft quality.42:67
Studies indicate BMP fusion rates surpass those of ICBG.15
21,49,68 BMP dosage may significantly impact fusion success
and complications.4%6? The BMP carrier is also crucial, af-
fecting release and distribution at the injury site.13:18 Con-
trolled research addressing these factors is necessary.

Cost-effectiveness studies on BMP in spinal fusion are
also needed. Carreon et al. reported higher complication
and revision surgery rates in ICBG-treated patients over 60
compared to those treated with rhBMP-2/ACS.33 Although
BMP’s initial costs are higher, long-term expenses may be
lower due to fewer complications and revision surgeries.

Study heterogeneity likely results from multi-center
studies with diverse methodologies, patient populations,
and clinical parameters. These variations contributed to the
high heterogeneity observed. This study aimed to compare
BMP’s safety and efficacy with ICBG in cervical and lum-
bar fusion, but significant variability in sample sizes and
methodologies added complexity.
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BMP ICBG Risk ratio Risk ratio
Study orsubgroup Events Total Events Total Weight M-H,Random,95% CI M-H, Random, 95% CI
BMP-2
Hulbert et al, 2013 87 93 61 88 476% 1.35[1.16, 1.57] . .
Subtotal (95% CI) 93 88 47.6% 1.35 [1.16, 1.57] 3
Total events 87 61
Heterogeneity: Not applicable
Test for overall effect: Z = 3.95 (P < 0.0001)
OP-1
Vaccaro et al., 2004 1 16 3 6 7.9% 1.38 [0.58, 3.27] "
Vaccaro et al., 2008 106 144 43 58 444% 0991[0.83,1.19] I
Subtotal (95% CI) 160 64 52.4% 1.01 [0.84, 1.20]
Total events 117 46

Heterogeneity: Tau® =0.00; Chi*=0.54,df =1 (P =0.46); 7= 0%
Test for overall effect: Z =0.07 (P = 0.94)

Total (95% CI)
Total events 204 107
Heterogeneity: Tau® =0.03; Chi*=6.75,df =2 (P=0.03); P =70%
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Figure 8. Fusion success at 48 months between BMPs (BMP-2 and OP-1) and ICBG

CONCLUSION

BMP-2 in lumbar fusion generally yields superior outcomes
compared to autologous ICBG, with higher fusion success
rates and lower non-union and revision surgery rates. How-
ever, factors such as age, BMP dosage, and carrier type were
not addressed in this study. The efficacy and safety of BMP
in cervical fusion, particularly with OP-1, remain unclear
and warrant further investigation with a larger sample size.
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A. Operating time

BMP ICBG Std. mean difference Std. mean difference
Study orsubgroup Mean SD Total Mean SD Total Weight [V,Random,95%Cl Year IV, Random, 95% ClI
Vaccaro et al,, 2004 23 07 24 28 05 12 126% -0.46 [-1.16, 0.25] 2004 <
Glassman et al., 2008 41 098 50 45 056 52 13.1% -0.50[-0.89, -0.11] 2008 .2
Dawson et al., 2009 24 07 25 26 08 21 128% -0.26 [-0.85, 0.32] 2009 - e
Dimar et al., 2009 25 009 239 29 1 224 133% 0.57[-0.76, -0.39] 2009 T
Delawi et al., 2010 3 12 18 3 08 16 12.7% 0.00 [-0.67, 0.67] 2010 SR S
Hulbert et al., 2013 25 1.2 95 27 14 93  9.3% -18.73[-20.66,-16.80] 2013 ¢
Yanetal,, 2014 1.68 028 68 16 023 66 131% 0.31[-003, 0.65] 2014 [T
Delawi et al., 2016 26 1 60 265 1 59 13.1% -0.05 [-0.41, 0.31] 2016 i
Total (95% CI) 579 543 100.0% -1.94 [-3.02, -0.87] —csffie—
Heterogeneity: Tau® = 2.27; Chi* = 370.29, df = 7 (P < 0.00001); I* = 98% = i i 1 b
Test for overall effect: Z = 3.54 (P = 0.0004) Eavours BMP Favours ICBG
B. Blood loss
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Hulbert et al., 2013 615 448 95 643 488 93 174% -0.06 [-0.35,0.23] 2013 B
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Heterogeneity: Tau? = 0.08; Chi = 1746, df = 6 (P = 0.008); 12 = 6% '1 _0*5 o 0=5

Test for overall effect: £ = 0.68 (P = 0.49)

C. Length of stay
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Figure 10. The operating time, blood loss, and length of stay
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Table II. Mean improvements of clinical outcomes (SF-36, Oswestry Disability Index (ODI), back pain, and leg
pain scores)

No Author, Follow SF-36 ODI Back pain score Leg pain score
year up
(et i) BMP ICBG BMP ICBG BMP ICBG BMP ICBG
1 Baskinetal, 24 16.9 16.1 NR NR NR NR NR NR
200326
2 Haid et al, 24 13.3 10.8 29.6 24.9 9 4.5 7.7 6.5
200428
3 Vaccaro et 12 15.3 7.9 284 28 NR NR NR NR
al, 200427
4 Burkus et 24 15.7 11.6 33.3 27.7 8.6 7.1 6.8 4.9
al, 200530
5 Dimar etal, 24 8.3 10.7 24.7 214 74 6.6 5.7 52
200632
6 Glassman 24 6.6 7.5 15.8 13 3.5 34 4 3.3
etal,
200833
7 Dawson et 24 13 9.9 28.2 23 9.6 7.2 9.3 7.2
al, 200936
8 Dimaretal, 24 13 12.6 26.6 255 8.5 8 7.8 7.3
200937
9 Hurlbert et 48 13.1 11.3 26.9 24.6 6.3 7.3 7.3 6.2
al, 2013%7
TOTAL 12.8 10.9 23.7 20.9 6.6 5.5 6.1 5.1
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Figure 11. The complications of spinal fusion using
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