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Bone defect repair has long been a major problem ABSTRACT
in orthopedics and oral and maxillofacial
surgery.?  Although  autologous  bone
transplantation is regarded as the gold standard,
it is limited by complications such as limited
bone supply, pain in the bone harvesting area and
infection.B¥ In recent years, bone morphogenetic

Objectives: This study aims to systematically evaluate the
efficacy and safety of recombinant human bone morphogenetic
protein-2 (thBMP-2) in promoting bone regeneration.

Materials and methods: A comprehensive search of PubMed,
Embase, Web of Science, and Scopus was conducted from
inception to May 2024. Fifteen randomized-controlled

protein-2 (BMP-2) has attracted clinical trials involving 2,137 cases were included. Traditional and
attention due to its potent osteogenic induction network meta-analyses were performed, machine learning
activity.’! Animal experiments have shown that techniques were applied to explore heterogeneity, and
recombinant human (rh)BMP-2 can accelerate subgroup analyses were carried out to assess efficacy across

anatomical sites including alveolar sockets, palatal clefts,

osteoblast differentiation and promote new bone . :
and spinal fusion.

formation.”® Govender et al.’! first demonstrated

in an open tibial fracture randomized-controlled ) .
ial (RCT) that rhBMP-2 could shorten healin healing rate between the rhBMP-2 and control groups (relative
tria & risk [RR] = 1.02, 95% confidence interval [CI] 0.87-1.20).

time. Subsequently, multiple RCTs have reported However, thBMP-2 demonstrated a significant advantage in
positive therapeutic effects in the fields of spinal spinal fusion (RR = 1.09, 95% CI 1.01-1.17) and a positive,
although not statistically significant, trend in small oral and
jaw bone defects. The incidence of serious adverse events
was comparable (RR = 0.97, 95% CI 0.66-1.42). Network
meta-analysis indicated that the overall success rate of bone
regeneration with thBMP-2 (odds ratio [OR] = 1.53, 95% CI
0.54-4.33) and other bone substitutes (OR = 1.42, 95% CI 0.39-

5.21) did not significantly exceed autograft treatment, although
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effective than autograft (OR = 1.54,95% CI 1.02-2.33, p < 0.05),
with low heterogeneity (/2 = 0%).

Results: No significant difference was found in the overall bone
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fusion, "2 alveolar ridge preservation, and cleft
8
palate repair.

However, controversy over efficacy and
safety has also emerged, with studies noting
that high-dose rhBMP-2 may increase the risk
of soft tissue swelling, heterotopic ossification
and other complications.' The effect of different
carrier materials on release kinetics also leads
to significant differences in efficacy.’® While
previous systematic reviews have provided valuable
insights within specific surgical indications,
a broader synthesis is lacking. Many have not
comprehensively accounted for the impact of
critical variables such as carrier system and dosing
regimen within their analyses. Furthermore, the
existing body of literature lacks a unified analysis
that quantifies the relative benefits of rhBMP-2
against a range of alternative treatment strategies
across different clinical applications, leading to
a fragmented evidence base.'”’! Furthermore, a
primary challenge in synthesizing the existing
evidence is the high degree of heterogeneity, likely
arising from the complex interplay of multiple
factors, such as patient age, anatomical site, carrier
material and dosage. Traditional methods for
exploring heterogeneity, such as subgroup analysis
and meta-regression, are limited in their ability to
model complex, non-linear interactions between
these covariates. This limitation often leads to
an incomplete understanding of the sources of
variability in treatment effects, contributing to the
inconsistent conclusions across previous reviews.

To address this fundamental limitation, we
incorporated machine learning (ML) algorithms
into our meta-analytic framework. Unlike
conventional statistical methods, ML models
(e.g., random forest and gradient boosting) are
specifically designed to handle high-dimensional,
interacting and non-linear relationships without
requiring pre-specified hypotheses. Therefore, the
prominent advantage of ML in this context is its
ability to objectively identify the most influential
sources of heterogeneity from a wide array of
candidate variables in a data-driven manner, even
when their effects are complex and interdependent.
This approach moves beyond testing pre-defined
hypotheses to exploratory pattern recognition,
offering a more robust and comprehensive method
to explain why rhBMP-2 efficacy varies across
studies. This constitutes a novel contribution to the
existing literature on rhBMP-2 treatment.

Based on this, this study, under the premise
of strictly following the Preferred Reporting
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Items for Systematic Reviews and Meta-Analyses
(PRISMA) and Cochrane guidelines, combines
network meta-analysis with ML for the first time
to systematically compare the clinical efficacy of
rhBMP-2, autologous bone and other synthetic
substitute materials, and to explore the effects of
dose, carrier type and patient characteristics on
heterogeneity. Subgroup analyses are specifically
conducted to evaluate the efficacy differences
of rhBMP-2 treatment in different anatomical
sites, such as oral and maxillofacial bone, spinal
fusion and long bone fractures, aiming to provide
an evidence-based foundation for clinical,
individualized medication and future research
design.

MATERIALS AND METHODS

Study design and registration

This study followed the standard methodological
procedures for systematic reviews and network
meta-analyses, and was designed and compiled
in accordance with The Cochrane Handbook
and the PRISMA 2020 statement.?”! The study
protocol was pre-registered in advance to ensure
the transparency of the methodology and the
reproducibility of theresults INPLASY2025100054).
As this study is a systematic review and meta-
analysis using only previously published and
de-identified aggregate data, it was exempt from
institutional review board approval (Exemption
Statement, Tianjin Stomatological Hospital,
25.12.2025).

Literature search strategy

The PubMed, Embase, Web of Science and Scopus
databases were systematically searched between
the inception of each database and May 2024. The
search keywords included: ‘recombinant human
bone morphogenetic protein-2’, ‘rhBMP-2/, ‘BMP-2’,
‘bone regeneration’, “bone healing’, ‘fracture’, ‘spinal
fusion’, ‘alveolar bone’ and ‘randomized controlled
trial’, and a comprehensive search strategy was
formulated by combining subject terms and free
terms. The search strategy was as follows:

PubMed (690): (‘Bone Morphogenetic Protein
2’[Mesh]) OR (‘BMP-2’[Title/Abstract]) OR
(‘rThBMP-2") OR (‘bone morphogenetic protein-2") OR
(‘bone morphogenic protein-2’) OR (‘Recombinant
human bone morphogenetic protein-2’) AND
(‘Bone Regeneration’[Mesh] OR ‘Bone regeneration’
OR “Bone healing” OR ‘Fracture healing” OR ‘Spinal
fusion” OR ‘Alveolar bone regeneration” OR ‘Bone
defect’ OR ‘Bone augmentation’) AND (randomized
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controlled trial) OR (controlled clinical trial[pt]) OR
(randomized) OR (randomly) OR (trial).

Scopus  (1,062): TITLE-ABS-KEY (‘Bone
Morphogenetic Protein 2’ OR ‘BMP-2" OR ‘ThBMP-2’
OR ‘recombinant human bone morphogenetic
protein-2") AND TITLE-ABS-KEY (‘Boneregeneration’
OR ‘Bone healing’ OR ‘Fracture healing’ OR ‘Spinal
fusion” OR ‘Alveolar bone regeneration’” OR ‘Bone
defect” OR ‘Bone augmentation’) AND TITLE-ABS-
KEY (‘randomized controlled trial’ OR ‘controlled
clinical trial’ OR ‘randomized” OR ‘randomly’
OR ‘trial’).

Web of Science (1,080TS = (‘Bone Morphogenetic
Protein 2° OR “BMP-2" OR ‘thBMP-2’ OR ‘recombinant
human bone morphogenetic protein-2’) AND
TS = (‘Bone regeneration” OR ‘Bone healing’ OR
‘Fracture healing” OR ‘Spinal fusion” OR ‘Alveolar
bone regeneration” OR ‘Bone defect’” OR ‘Bone
augmentation’) AND TS = (randomized’” OR
‘randomly’ OR ‘trial’ OR ‘controlled trial’).

Embase (793): (‘bone morphogenetic protein
2'/exp OR “bone morphogenetic protein 2":ti,ab OR
‘BMP-2":ti,ab” OR ‘thBMP-2"ti,ab’ OR ‘recombinant
human bone morphogenetic protein-2":ti,ab’)
AND (‘bone regeneration’/exp OR ‘bone
regeneration’:ti,ab OR ‘bone healing”ti,ab OR
‘fracture healing”:ti,ab OR ‘spinal fusion’:ti,ab
OR ‘alveolar bone regeneration:ti,ab OR ‘bone
defect”:ti,ab OR ‘bone augmentation’:ti,ab)
AND (‘randomized controlled trial’/de OR
‘randomized controlled trial’:ti,ab OR ‘controlled
clinical trial’:ti,ab OR ‘randomized’:ti,ab OR
‘randomly”:ti,ab OR ‘trial’:ti,ab).!l

Inclusion and exclusion criteria

Inclusion criteria were as follows: (1) study type
is RCT, no language restrictions; and (2) study
population is human patients requiring bone
regeneration (e.g., for critical-sized defects, spinal
fusion alveolar ridge preservation) or fracture
healing (e.g., traumatic long bone fractures).

Exclusion criteria were as follows:
(1) non-randomized-controlled studies (e.g., case
series, observational studies); (2) animal studies
or basic experimental studies; (3) studies without
complete efficacy outcome data; and (4) studies in
duplicate publication or abstract form.

Intervention and outcome

Regarding the intervention measures, the
experimental group received rhBMP-2 treatment
(dosage form, dose and carrier type not limited).
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The control measures included autologous bone
transplantation or other bone replacement materials.
The primary outcome indicators were imaging-based
assessment of successful bone formation/union,
measured as a bone regeneration success rate,
fracture healing rate or spinal fusion rate. The
secondary outcome indicator was serious adverse
event (SAE) rate.

Literature screening and data extraction

Two researchers independently screened the
literature, first based on the title and abstract.
The full text of the studies that passed the initial
screening was, then, screened. When disagreements
occurred during the literature screening process,
they were resolved through discussion involving a
third-party researcher.

A standard data extraction form was
used to extract the following characteristic
information of each included study: basic
information of the study (author, year, design type,
follow-up duration); patient baseline information
(age, smoking, diabetes and other comorbidities);
intervention details (BMP-2 dose, carrier type,
control type); and outcome indicator data (number
of treatment events, number of adverse events,
etc.). Following data extraction, cross-checking
was performed to ensure accuracy and consistency.

Quality assessment and bias risk assessment

The Cochrane Collaboration’s risk of bias tool
(RoB 2.0, Cochrane Collaboration, Oxford, UK)
was used to assess the risk of random sequence
generation, allocation concealment, blinding of
outcome assessment, incomplete outcome data
and selective reporting bias.?? The assessment
was completed by two independent assessors,
and consensus was reached through discussion or
third-party arbitration when the assessment was
inconsistent.

Statistical analysis

Meta-analysis was performed using the
R software version 4.4.1 (R Foundation for Statistical
Computing, Vienna, Austria) and the meta package
for meta-analysis. For binary outcome indicators
(e.g., bone regeneration success rate), the relative risk
(RR) and its 95% confidence interval (CI) were used
for combined effect size analysis. The heterogeneity
evaluation used the I? test, with I2 > 50% considered
to indicate significant heterogeneity. When the
heterogeneity was significant, the random-effects
model was used; otherwise, the fixed-effects model
was adopted. Funnel plots were created to assess the
risk of publication bias.
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Network meta-analysis was performed using the
‘netmeta’ package of the R software, and different
controls (autologous bone, other bone substitute
materials) were included in the same analysis
framework. A network evidence map was created
and the efficacy was ranked (surface under the
cumulative ranking curve [SUCRA] value). The
random-effects model was used for the analysis,
and the odds ratio (OR) and 95% CI of each node
treatment method relative to autologous bone were
calculated to clarify the relative efficacy of different
treatment strategies.

To explore the source of effect heterogeneity
in meta-analysis, two ML algorithms, (random
forest and gradient boosting) were further used to
build models and analyze feature importance using
Python (v3.10) [Python Software Foundation] and the
scikit-learn library (v1.4.2) [scikit-learn development
team]. Features included 14 items, such as total
sample size, age, dose, carrier and study site. Based
on the model prediction results, the characteristic
factors that contributed most to heterogeneity were
determined, and further visualization analysis was
performed through the subgroup distribution of
effect size.
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Subgroup analysis was performed based on
anatomical site (long bones, spine, maxillofacial
region) and carrier type (absorbable collagen
sponge [ACS], hyaluronic acid [HA], other synthetic
materials) to test the stability of the effects of
different clinical scenarios and materials on the
treatment effect. In terms of safety, a meta-analysis
was performed for SAEs reported in the study,
and the combined RR and 95% CI were calculated
to evaluate the safety of rhBMP-2 intervention.
Publication bias was assessed visually using funnel
plots, and the possibility of publication bias was
quantitatively assessed using Egger’s regression
test. A p value of < 0.05 was considered statistically
significant.

RESULTS

Literature screening process

The results of the study screening based on the
PRISMA flowchart are shown in Figure 1. A
total of 3,625 studies were identified following
the database search. After removing 855 duplicate
entries, 2,770 independent articles remained and
were screened based on the title and abstract;

{ Identification of studies via databases and registers J
')
_g Records removed before screening
© « Duplicate records removed (n = 855
2 [Records identified from*: Databases (n = 3,625) ]—» UpY . V { ) .
£ * Records marked as ineligible by automation tools (n = 0)
§ » Records removed for other reasons (n = 0)
)
Y
[ Records screened (n = 2,770) ]—>[ Records excluded** (n = 2,568) ]
y
= [ Reports sought for retrieval (n = 202) ]—»[ Reports not retrieved (n = 5) ]
e
(3
<
(33
7]
Y Reports excluded (n = 182)
- + Reason 1: Not RCTs (n = 82)
Reports assessed for eligibility (n = 197 '—»
[ P 'gibility ( ) « Reason 2: Inappropriate intervention/control (n = 56)
+ Reason 3: Outcomes not relevant (n = 44) etc.
-7
')
o
(7}
E] Y
E [ Studies included in review (n = 15) J

FIGURE 1. PRISMA literature screening flow chart. It demonstrates the process of literature screening, from

database retrieval to the final inclusion of studies. Abbreviation:
PRISMA, Preferred Reporting ltems for Systematic Reviews and Meta-Analyses; RCT, randomized-controlled trial; RR, risk ratio.
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2,568 articles were excluded because they did not
meet the initial eligibility criteria related to study
design, intervention or relevant outcomes. The full
text of 202 studies was marked out for retrieval;
however, five articles could not be retrieved, leaving
197 full-text articles for detailed eligibility evaluation.
Following rigorous evaluation, 182 studies were
excluded for the following reasons: 82 were not
RCTs; 56 had inappropriate intervention or control
conditions; and 44 did not report relevant outcomes.
Finally, 15 studies were included in the qualitative
synthesis and subsequent analysis, meeting all
prespecified inclusion criteria and providing data
on the efficacy and safety of rhBMP-2 biomaterials
in bone regeneration.

Characteristics of included literature

This study included 15 RCTs published between
2002 and 2024, involving a total of 2,137 patients,
including 1,200 patients who received rhBMP-2
intervention and 937 patients in the control
group. The included studies involved three major
clinical indications: tibial fractures (open and
closed), spinal fusions (anterior and posterior)
and maxillofacial bone defects. Studies on tibial
fractures included two on open fractures (Govender
et al.,”; Aro et al.,”®) and one on closed fracture
(Lyon et al.?). There were five studies on spinal
fusion, including two on anterior lumbar interbody

Jt Dis Relat Surg

fusion (ALIF) (Burkus et al.?®; Burkus et al. /)
and three on posterior fusion (Haid et al.®; Cho
et al.?®: Choi et al.,®)). There were seven studies
on maxillofacial bone defects, including four on
post-extraction alveolar socket defects (Fiorellini
et al.P% Coomes et al.,P'l; Wei et al.,®? 2024; Jo et
al.®) and three on secondary alveolar cleft repair
(Dickinson et al. P4 Canan et al.,®); Alonso et
al.B). The follow-up period varied widely, with
the shortest being 1.5 months, the longest being
24 months and the median being six months. Spinal
fusion studies generally had a longer follow-up
time (24 months). The included studies on long
bones exclusively focused on tibial fractures.
This was not a result of our selection criteria
but rather a reflection of the available literature.
During our comprehensive search, we identified
no RCTs investigating thBMP-2 for acute fractures
of other long bones (e.g., femur, humerus, radius).
Detailed literature characteristics are presented in
Table 1.023-3¢]

Publication bias assessment

The funnel plot for the primary outcome is
presented in Figure 2. Visual inspection showed
a usually symmetrical distribution of studies
around the pooled effect estimate. The studies by
Lyon et al.,® Coomes et al.?! and Wei et al.® were
observed to lie furthest from the pseudoconfidence
interval lines.

Funnel plot - Publication bias assessment

0.0 - N
7\ s
Chg 201F
Lyon 2013 o e 2002 o
01 4 Govender 2003'°§:2f122 TRk o
iy TP
/’Canan 201? W' 2022\.
/ | H \
_ 024 J L \
g P Fiorellini2005 @ ‘|
[ 7 | . \
el ] .
5 o3 / Burkus2003 © \
© . / | H N
g Vi i . \
— / \
n / [} \
/ : Wei 2024 o
0.4 = / I \
/ \
/7 | \
? 4 ] \
/ ] \
Fi | Y
0.5 4 / | \
/ X
/ | N
/ | \
2 . Coemes 2014 o
T T T
0.5 1.0 20

Risk ratio (log scale)

FIGURE 2. Funnel plot publication bias assessment. It assesses publication bias through

a funnel plot, with a symmetrical funnel plot indicating no obvious publication bias.



Efficacy and safety of rhBMP-2 biomaterials

Risk of bias assessment

The 15 RCTs included in this article were
all assessed for quality using the Cochrane
Collaboration’s RoB 2.0 tool, with the results shown
in Figure 3. The quality of the included studies was
good overall, and most studies exhibited low risk
in terms of random sequence generation, selective
reporting bias and incomplete outcome data.
However, some studies still had unclear risks in
terms of allocation concealment (eight articles) and
blinding of outcome measurement (seven articles),
suggesting that there may be a certain degree of
bias risk. All studies showed low risk in terms of
incomplete outcome data and selective reporting
bias, and the overall data integrity and reporting
transparency were high. Therefore, the overall
quality of the literature included in this study was
good.
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Meta-analysis results

This study conducted a meta-analysis of the
overall efficacy of the 15 RCTs (Figure 4, Table II).
The results showed that there was no significant
difference in the overall success rate of bone
regeneration in the rhBMP-2 treatment group
compared with the control group (RR = 1.02, 95%
CI 0.87-1.20). Heterogeneity analysis showed that
there was high heterogeneity between the studies
(12 = 889%, p < 0.0001), suggesting that the
conclusions should be interpreted with caution.
In addition, the prediction interval was 0.55-1.89,
indicating that rhBMP-2 treatment may have
both favorable and unfavorable results in similar
studies in the future. Given the known clinical
heterogeneity between indications requiring
bone regeneration (e.g., the spine) and fracture
healing (e.g., long bones), the overall estimate is

Risk of bias assessment: Traffic light plot BMP-2 meta-analysis

Govender et al.® 2002

Aro et al.?® 2011

Lyon et al.? 2013

Haid et al.?® 2024

Burkus et al.?®1 2003

Burkus et al.?”? 2002

Cho et al.’®1 2017

Choi et al.?¥ 2022

Fiorellini et al.k% 2005

Coomes et al.’ 2014

Dickinson et al.’? 2008

Wei et al.l’®l 2024

Canan et al.B4 2012

Alonso et al.?% 2010

Jo et al.l®® 2019

Allocation
concealment

Random sequence
generation

[ L ow risk

outcome assessment
[ Unclear risk

Selective
reporting

Blinding of Incomplete

outcome data
I High risk

FIGURE 3. Bias risk assessment diagram. It assesses the risk of bias in the included studies, using the Cochrane Collaboration

Risk of Bias Tool (RoB 2.0).
BMP-2, bone morphogenetic protein-2.
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Experimental Control

Study E.BMP N.BMP E.Ctrl N.Ctrl
Govender 2002 105 290 77 147
Aro 2011 95 139 92 138
Lyon 2013 114 247 115 122
Haid 2004 31 34 26 33
Burkus 2003 22 143 19 136
Burkus 2002 120 143 102 136
Cho 2017 41 42 48 51
Choi 2022 27 32 21 32
Fiorellini 2005 21 40 17 40
Coomes 2014 12 20 3 19
Dickinson 2008 9 9 12 12
Wei 2024 9 15 7 25
Canan 2012 6 6 6 6
Alonso 2010 8 8 8 8
Jo 2019 29 32 27 32
Fixed effect 1200 937

Random effects
Prediction interval
Heterogeneity: /2 = 88.9%, 2 = 0.0750, p < 0.0001
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Risk Ratio RR 95% Cl Weight

—}l 0.69 [0.56; 0.86] 7.7%
; 1.03 [0.87; 1.21] 8.2%

#® 0.49 [0.42; 0.56] 8.3%
e 1.16 [0.94; 1.42] 7.8%

—ih 110 [0.62; 1.94] 4.2%

e 112 [0.99; 1.26] 8.5%
¥ 1.04 [0.95; 1.13] 8.7%
H— 1.29 [0.96; 1.72] 6.9%
—:r—a— 1.24 [0.78; 1.97] 5.1%
| ————— 3.80 [1.27; 11.40]  1.7%
e 1.00 [0.83; 1.21] 7.9%
| S 2.14 [1.01; 455] 3.0%
—— 1.00 [0.73; 1.37] 6.6%
-+ 1.00 [0.79; 1.27] 7.5%
:H:— 1.07 [0.89; 1.29] 8.0%
I
o 0.90 [0.85; 0.96]
> 1.02 [0.87; 1.20] 100.0%

—_ [0.55; 1.89]

| | | |

02505 1 2 4 8

Risk Ratio (BMP-2 vs Control)

FIGURE 4. rhBMP-2 overall forest plot. The pooled RR and 95% Cl were calculated using a random-effects model.
An RR > 1 indicates a favorable effect for the rhBMP-2 group, suggesting a higher success rate than the control

group. The size of the data markers represents the weight of each study in the meta-analysis. Heterogeneity was
assessed using the P statistic.
BMP, bone morphogenetic protein; RR, risk ratio; Cl, confidence interval.

a composite of different effects and should not be
interpreted in isolation. Therefore, we conducted
subgroup analyses by carrier type and anatomical
site in sequence to provide clinically meaningful
insights.

Subgroup analysis was further performed
according to the carrier type (Figure 5). No
significant difference was observed in the efficacy
of the ACS carrier subgroup (RR = 1.03, 95%
CI 0.93-1.14), and the heterogeneity was moderate
(I? = 55.4%). Other synthetic carrier subgroups
showed high heterogeneity (I2 = 93%), and their
efficacy CIs were extremely wide (RR = 0.98, 95%
CI 0.23-4.14), suggesting that different synthetic
carriers may have large differences. The efficacy
of the HA carrier subgroup showed a marginal
positive effect trend (RR = 1.10, 95% CI 0.91-1.33),
but there was no statistically significant difference
(p > 0.05), and the heterogeneity was low (I2 = 48.1%).

Considering the analysis according to the
anatomical site (Figures 6a-c), the effects of
rhBMP-2 showed clear contextual differences.
Stomatognathic defects (Figure 6a) showed
a positive trend after pooling, but it did not
reach statistical significance (random-effects
RR = 1.06, 95% CI 0.96-1.18; I? = 38.3%; prediction
interval 0.93-1.21). Spinal fusion (Figure 6b) showed
a consistent and significant benefit (RR = 1.09,
95% CI 1.01-1.17; 1> = 0%; prediction interval
0.96-1.23). No clear advantage was seen for long
bone/tibial fractures (Figure 6c¢) (RR = 0.70,
95% CI 0.46-1.07), and heterogeneity was very
high (I? = 95.5%; prediction interval 0.11-4.34),
suggesting that differences in injury severity,
fracture type, and fixation method/soft tissue
conditions across studies may have driven the
dispersion of results.

In terms of safety, this study also conducted
a meta-analysis of SAEs reported in the included
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literature (Figure 7). The results showed that
no significant difference was observed in the
incidence of SAEs between the rhBMP-2 group
and the control group (RR = 0.97, 95% CI 0.66-1.42),
and the heterogeneity between studies was low
(I? = 10.8%), indicating that rhBMP-2 treatment
has good overall safety within the scope of the
included studies.

Network meta-analysis

The network meta-analysis included the
15 RCTs involving a total of 2,137 patients, and
was used to compare the relative efficacy of three
treatment options: thBMP-2 (n = 1,200), autologous
bone transplantation (autograft, n = 382) and other
bone substitute materials (other, n = 555). The
number of research connections showed that the
evidence network between the nodes was well
connected (Figure 8a). The SUCRA analysis results
showed that rhBMP-2 ranked highest in efficacy
(SUCRA = 68.3%), followed by other bone substitute
materials (SUCRA = 56.3%), with autologous
bone transplantation ranking lowest in efficacy
(SUCRA = 25.4%) (Figure 8b). This suggests that
rhBMP-2 may be superior to the other two treatment
methods in promoting bone regeneration.

Using autologous bone as the reference,
network meta-analysis (Figure 9) showed that
the overall bone regeneration success rate
of thBMP-2 (OR = 1.53, 95% CI 0.54-4.33) and
other bone substitute materials (OR = 1.42, 95%
CI 0.39-5.21) was not statistically significantly
higher than that of autologous bone, but both
showed a clear trend of superiority. Autologous
bone graft was selected as the reference node
for the network meta-analysis as it represents
the historical clinical gold standard for bone
regeneration.”” This approach allowed for a
direct and clinically interpretable comparison
of the relative efficacy of rhBMP-2 and other
bone substitute materials against this established
benchmark.

Further  pairwise direct comparison
(rhBMP-2 wvs. autologous bone) included seven
RCTs involving 767 patients (Figure 10). The
overall efficacy of rhBMP-2 treatment was
significantly better than that of autologous bone
transplantation (OR = 1.54, 95% CI 1.02-2.33,
p < 0.05), and the heterogeneity between studies
was low (I2 = 0%). The direct comparison between
rthBMP-2 and other bone substitute materials,
presented in Figure 11, was based on data from
eight RCTs encompassing 1,370 patients. Here, the
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88.90
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No significant difference, high heterogeneity

0.87-1.20 0.82

1.02

RR

Overall efficacy

Subgroup analysis by carrier type

No significant difference, moderate heterogeneity

55.40
93.00
48.10

1.03 0.93-1.14 0.62

0.98

RR
RR

ACS carrier

No significant difference, high heterogeneity

0.98
0.3

0.23-4.14

Other synthetic carriers

No significant difference, low heterogeneity

0.91-1.33

1.1

RR

HA carrier

Subgroup analysis by anatomical site

No significant difference, low heterogeneity

1.06 0.96-1.18  0.24
1.09

0.7
0.97

RR

Oral and maxillofacial bone defects

Significant difference, low heterogeneity

0.03
0.09
0.87

1.01-1.17

0.46-1.07

RR

Spinal fusion

No significant difference, high heterogeneity

95.50

RR

Long bone fractures

No significant difference, low heterogeneity

0.66-1.42 10.80

RR
RR: Risk ratio; OR: Odds ratio; Cl: Confidence interval; ACS: Absorbable collagen sponge; HA: Hydroxyapatite.

Safety analysis (SAEs)
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Experimental Control
Study E.BMP N.BMP E.Ctrl N.Ctrl Risk Ratio RR 95% Cl Weight

Carrier_Category = ACS

Govender 2002 105 290 77 147 - 0.69 [0.56; 0.86] 7.7%
Aro 2011 95 139 92 138 T+ 1.03 [0.87; 1.21] 8.2%
Haid 2004 31 34 26 33 i 1.16 [0.94; 1.42] 7.8%
Burkus 2003 22 143 19 136 —— 1.10 [0.62; 1.94] 4.2%
Burkus 2002 120 143 102 136 H 1.12 [0.99; 1.26] 8.5%
Fiorellini 2005 21 40 17 40 -+ 1.24 [0.78; 1.97] 5.1%
Coomes 2014 12 20 3 19 I} ————> 3.80 [1.27;11.40] 1.7%
Dickinson 2008 9 9 12 12 - 1.00 [0.83; 1.21] 7.9%
Canan 2012 6 6 6 6 —E-— 1.00 [0.73; 1.37] 6.6%
Alonso 2010 8 8 8 8 = 1.00 [0.79; 1.27] 7.5%
Jo 2019 29 32 27 32 - 1.07 [0.89; 1.29] 8.0%
Fixed effect 864 707 1.01 [0.93; 1.09]

=

Random effects
Heterogeneity: /2 = 55.4%, t> = 0.0129, p = 0.0130

1.03 [0.93; 1.14] 73.1%

Carrier_Category = Other synthetic

= =

Lyon 2013 114 247 115 122 = 0.49 [0.42; 0.56] 8.3%
Wei 2024 9 15 7 25 — 2.14 [1.01; 455] 3.0%
Fixed effect 262 147 <> 0.54 [0.47; 0.63] .
Random effects —_— 0.98 [0.23; 4.14] 11.3%
Heterogeneity: /2 = 93%, <2 = 1.0134, p = 0.0002 i

I
Carrier_Category = HA i
Cho 2017 41 42 48 51 hd 1.04 [0.95; 1.13] 8.7%
Choi 2022 27 32 21 32 = 1.29 [0.96; 1.72] 6.9%
Fixed effect 74 83 1g 1.12 [1.00; 1.26] :
Random effects > 1.10 [0.91; 1.33] 15.6%
Heterogeneity: /2 = 48.1%, t* = 0.0111, p = 0.1653 i

I
Fixed effect 1200 937 <I> 0.90 [0.85; 0.96] :
Random effects <> 1.02 [0.87; 1.20] 100.0%
Prediction interval ——— [0.55; 1.89]

T T 1
02505 1 2 4 8
Risk Ratio (BMP-2 vs Control)

Heterogeneity: = 88.9%, t*= 0.0750, p < 0.0001
Test for subgroup differences (common effect): x?= 71.13, df = 2 (p < 0.0001)
Test for subgroup differences (random effect): = 0.39, df = 2 (p < 0.8229)

FIGURE 5. Carrier type subgroup forest plot. The pooled RR and 95% Cl were calculated using a random-effects
model. An RR > 1 indicates a favorable effect for the rhBMP-2 group, suggesting a higher success rate than

the control group. The size of the data markers represents the weight of each study in the meta-analysis.
Heterogeneity was assessed using the [ statistic.
BMP, bone morphogenetic protein; RR, risk ratio; Cl, confidence interval.

overall effect of thBMP-2 treatment did not show Heterogeneity exploration based on machine
a statistically significant difference (OR = 1.17, learning
95% CI 0.40-3.42), but the heterogeneity was high This study further used ML methods to explore

(I2 = 90.1%). the sources of heterogeneity in the meta-analysis.
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(a) Experimental Control
Study Events BMP Total BMP Events Control Total Control Risk Ratio RR 95% CI Weight (%)
Fiorellini 2005 21 40 17 40 1.24 [0.78; 1.97] 5.0
Coomes 2014 12 20 3 19 5—0—> 3.80 [1.27; 11.40] 0.9
Dickinson 2008 9 9 12 12 ; 1.00 [0.83; 1.21] 30.7
Wei 2024 9 15 25 2.14 [1.01; 4.55] 19
Canan 2012 6 6 1.00 [0.73; 1.37] 11.0
Alonso 2010 8 1.00 [0.79; 1.27] 19.2
Jo 2019 29 32 27 32 1.07 [0.89; 1.29] 33
Common effect model 130 142 1.26 [1.08; 1.48] .
Random effects model 1.06 [0.96; 1.18] 100.0
Prediction Interval [0.93; 1.21]
Heterogeneity: /2 = 38.3%, ©2 < 0.0001, p = 0.1369
02505 1 2 4 8
Risk Ratio (95% Cl)
(b) Experimental Control
Study Events BMP Total BMP Events Control Total Control Risk Ratio RR 95% CI Weight (%)
Haid 2004 31 34 26 33 1.16 [0.94; 1.42] 11.3
Burkus 2003 22 143 19 136 1.10 [0.62; 1.94] 1.6
Burkus 2002 120 143 102 136 1.12 [0.99; 1.26] 29.3
Cho 2017 41 42 48 51 1.04 [0.95; 1.13] 52.1
Choi 2022 27 32 21 32 1.29 [0.96; 1.72] 5.8
Common effect model 394 388 1.12 [1.03; 1.23]
Random effects model 1.09 [1.01; 1.17] 100.0
Prediction Interval [0.96; 1.23]
Heterogeneity: /2 = 0.0%, © = 0.0007, p = 0.5506
02505 1 2 4 8
Risk Ratio (95% Cl)
( c) Experimental Control
Study Events BMP Total BMP Events Control Total Control Risk Ratio RR 95% CI Weight (%)
Govender 2002 105 290 77 147 * 0.69 [0.56; 0.86] 324
Aro 2011 95 139 92 138 E 1.03 [0.87;1.21] 33.6
Lyon 2013 114 247 115 122 = E 0.49 [0.42; 0.56] 34.0
i
Common effect model 676 407 ‘ 0.69 [0.63; 0.76] 8
Random effects model ’ 0.70 [0.46; 1.07] 100.0
Prediction Interval e — [0.11; 4.34]
—r Tt 1T 1 1

Heterogeneity: 12 = 95.5%, v = 0.1326, p < 0.0001

FIGURE 6. Anatomical site subgroup forest plot. (a) Site category= Oral maxillofacial; (b) Site category= Spine; (c) Site
Category = Long bone. The pooled RR and 95% CI were calculated using a random-effects model. An RR > 1 indicates

a favorable effect for the rhBMP-2 group, suggesting a higher success rate than the control group. The size of the data
markers represents the weight of each study in the meta-analysis. Heterogeneity was assessed using the F statistic.
BMP, bone morphogenetic protein; RR, risk ratio; Cl, confidence interval.

The feature importance analysis of the random
forest and gradient boosting models (Figure 12)
showed that the main sources of heterogeneity in the

02505 1 2 4 8
Risk Ratio (95% CI)
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meta-analysis were the total sample size and sample
size ratio of the study, which were significantly
more important than other features. In addition, the
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Jt Dis Relat Surg

Experimental Control
Study E.BMP N.BMP E.Ctrl N.Ctrl Risk Ratio RR 95% CI
Govender 2002 1 290 1 147 + 0.51 [0.03; 8.05]
Aro 2011 4 139 0 138 > 8.94 [0.49; 164.40]
Lyon 2013 57 247 26 122 —— 1.08 [0.72; 1.63]
Haid 2004 0 34 1 33 + 0.32 [0.01; 7.67]
Burkus 2003 0 143 0 136
Burkus 2002 6 143 7 136 — 0.82 [0.28; 2.36]
Cho 2017 2 42 8 51 «——1— 0.30 [0.07; 1.35]
Choi 2022 0 32 0 32
Fiorellini 2005 0 40 0 40
Coomes 2014 0 20 0 19
Dickinson 2008 0 0 12
Wei 2024 0 15 0 25
Canan 2012 0 0
Alonso 2010 0 0
Jo 2019 0 32 0 32
Common effect model 1200 937 0.98 [0.69; 1.39]
Random effects model i 0.97 [0.66; 1.42]

Heterogeneity: /2 = 10.8%, ©° = 0.0068, p = 0.3465

02505 1 2 4 8

Risk Ratio (95% CI)

FIGURE 7. Serious adverse events forest plot. The pooled RR and 95% CI were calculated using a random-effects
model. An RR > 1 indicates a favorable effect for the rhBMP-2 group, suggesting a higher success rate than

the control group. The size of the data markers represents the weight of each study in the meta-analysis.
Heterogeneity was assessed using the P statistic.
BMP, bone morphogenetic protein; RR, risk ratio; Cl, confidence interval.

mean age (year) of the subjects, the year of study
publication (year) and the total dose of rhBMP-2
(dose total mg) were also identified by the model
as secondary important features, while the carrier
type (carrier) and anatomical site (site) contributed
relatively little to the importance of the model.

The distribution of the effect size (RR) and
subgroup characteristics of each study were
further analyzed (Figure 13). Both RR and Log-
RR showed a relatively concentrated distribution,
but some individual studies still showed obvious
deviations in effect size, suggesting the existence
of potential extreme effect values. Subgroup
analysis based on the anatomical site of the
study showed that the alveolar socket group

had a more obvious positive therapeutic effect
trend, while the closed tibial fracture subgroup
(tibia-closed group) showed a negative effect trend,
suggesting that clinical indications may be one of
the important sources of effect heterogeneity.

DISCUSSION

It is of utmost importance to clearly distinguish
between the concepts of bone healing and bone
regeneration. Bone healing primarily involves the
process of fracture site union, which usually refers
to the formation and remodeling of callus between
the fracture ends to achieve bony connection. This
process is influenced by fracture type, severity
of injury and micromotion under physiological



Efficacy and safety of rhBMP-2 biomaterials

337
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FIGURE 8. Network Meta-analysis. (a) Network evidence relationship diagram. It shows the
network of evidence relationships between different treatment nodes. (b) SUCRA ranking

probability diagram. It shows the efficacy ranking probability of different treatment options.

BMP, bone morphogenetic protein; SUCRA, surface under the cumulative ranking curve.

conditions. Bone regeneration, on the other hand,
mainly involves the repair of bone defects, which
usually refers to the formation of new bone to fill

Comparison: other vs 'Autograft’

Treatment  (Random Effects Model) OR 95%-Cl

BMP-2 —T = 1.53 [0.54; 4.33]

Other S E— 1.42 [0.39; 5.21]
I T T T 1

02505 1 2 4 8
Odds Ratio vs Autograft

FIGURE 9. Network Meta effect synthesis diagram. It shows
the synthesized efficacy results of BMP-2, autograft, and

other bone substitute materials relative to autograft.
BMP, bone morphogenetic protein; OR, odds ratio; Cl, confidence interval.

the defect, such as alveolar socket defects and
palatal cleft repair. This study comprehensively
evaluated the efficacy and safety of rhBMP-2 in
promoting bone healing and regeneration through
a systematic review based on ML, meta-analysis,
network meta-analysis and heterogeneity analysis.
The meta-analysis results showed that the
overall efficacy in the rhBMP-2 group was not
significantly different from that of the control group
(RR = 1.02, 95% CI 0.87-1.20). The subgroup analysis
by anatomical site for the oral and maxillofacial bone
defect subgroup, spinal fusion subgroup and long
bone fracture subgroup revealed that only the spinal
fusion subgroup had stable and significant efficacy
in promoting bone healing (RR = 1.09, 95% CI
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Experimental Control Weight  Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (common) (random)
Haid 2004 31 34 26 33 —I——*—» 2.78 [0.65; 11.85] 6.4% 8.2%
Burkus 2003 22 143 19 136 —t 1.12 [0.58; 2.18] 45.0% 39.1%
Burkus 2002 120 143 102 136 1.74 [0.96; 3.14] 45.9% 49.4%
Cho 2017 41 42 48 51 2.56 [0.26; 25.59] 2.8% 3.3%
Dickinson 2008 9 9 12 12 0.0% 0.0%
Canan 2012 6 6 6 6 0.0% 0.0%
Alonso 2010 8 8 8 8 0.0% 0.0%
Common effect model 385 382 <> 1.55 [1.03; 2.34] 100.0% .
Random effects model <>I — 1.54 [1.02; 2.33] . 100.0%

Heterogeneity: 12=0.0%,t*=0, p =0.5988 ! ! !
01 02 05 1 2 5 10
Odds Ratio

FIGURE 10. rhBMP-2 vs. autologous bone forest plot. The pooled RR and 95% CI were calculated using a random-effects model.
An RR > 1 indicates a favorable effect for the rhBMP-2 group, suggesting a higher success rate than the control group. The size

of the data markers represents the weight of each study in the meta-analysis. Heterogeneity was assessed using the F statistic.
OR, odds ratio; Cl, confidence interval.

Experimental Control Weight  Weight

Study Events Total Events Total Odds Ratio OR 95%-Cl (common) (random)
Govender 2002 105 290 77 147 —~—|— 0.52 [0.34; 0.77] 33.5% 14.0%
Aro 2011 95 139 92 138 | — 1.08 [0.65; 1.79] 15.0% 13.8%
Lyon 2013 114 247 1156 122 « : 0.05 [0.02; 0.12] 42.6% 13.2%
Choi 2022 27 32 21 32 | ——+—— 2.83 [0.85; 9.40] 1.7% 12.1%
Fiorellini 2005 21 40 17 40 :——4— 1.50 [0.62; 3.61] 4.2% 13.0%
Coomes 2014 12 20 3 19 ! i ——> 8.00 [1.74; 36.70] 0.6% 11.1%
Wei 2024 9 15 7 25 1 ——> 3.86 [1.00; 14.92] 1.1% 11.6%
Jo 2019 29 32 27 32 : : 1.79 [0.39; 8.22] 1.3% 11.1%

|

| :
Common effect model 815 555 < | 0.58 [0.46; 0.73] 100.0% .
Random effects model —_— ! 1.17 [0.40; 3.42] . 100.0%

Heterogeneity: /2 = 90.1%, 72 = 2.0970, p < 0.0001 B T I
0102 05 1 2 5 10
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FIGURE 11. rhBMP-2 vs. other materials forest plot. The pooled RR and 95% CI were calculated using a random-effects model.
An RR > 1 indicates a favorable effect for the rhBMP-2 group, suggesting a higher success rate than the control group. The size

of the data markers represents the weight of each study in the meta-analysis. Heterogeneity was assessed using the F statistic.
OR, odds ratio; Cl, confidence interval.

1.01-1.17, p < 0.05), with low heterogeneity (12 = 0%), meta-analysis was mainly due to sample size, age
which may be related to the severity of injury and and dose factors. Based on the above results, this
fracture type of the patients. study further supports the application prospects

of thBMP-2 in bone regeneration, and we believe
that differentiated application strategies for specific
populations and specific clinical scenarios should
be considered in clinical applications.

Network meta-analysis further confirmed that
the efficacy of rhBMP-2 treatment had a clear
advantage over autologous bone treatment, whereas
there was no significant difference compared to
other synthetic bone substitute materials, but there Currently, clinical trials of rhBMP-2, as a
was high heterogeneity. Safety analysis showed potent osteoinductive factor, have been widely
that rthBMP-2 treatment had good overall safety reported.®40 Overall, this study did not find a
and did not increase the risk of SAEs. The ML significant advantage of rhBMP-2 over controls,
model revealed that the effect heterogeneity in the a result similar to the results of several recently
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FIGURE 12. Heterogeneity analysis of feature importance based on random forest and gradient boosting models.

published systematic reviews. A recent
meta-analysis of thBMP-2 in spinal fusion found that
rhBMP-2 could effectively improve the fusion rate,
but its advantage was not stable in small-sample
studies.'”#4 Similarly, the present study also found
significant heterogeneity, which suggests that the
diversity of study designs may mask the true
treatment effect.

Further subgroup analysis results showed that
rhBMP-2 showed a clear efficacy advantage in
spinal fusion (RR = 1.09), which is consistent with
the efficacy advantage reported by Burkus et
al.?>2 in ALIF surgery. However, no significant
effect was observed in the study of long bone
fractures, which may be related to the fact that
the healing process of such fractures is affected
by multiple factors, including fracture type and
severity of soft tissue injury. Studies have shown
that the healing process of open fractures is more
complicated, and the use of rhBMP-2 alone cannot
ensure good healing.'¥

Network meta-analysis showed that rhBMP-2
treatment showed significant advantages over
autologous bone treatment (OR = 1.54), with this

result verified by several recent RCT studies.
Autologous bone treatment has been widely
used as the gold standard, but it involves
certain problems, such as complications in the
bone donor area and limited bone supply. As
a bioactive material, rhBMP-2 overcomes the
limitations associated with autologous bone
harvesting, thereby accounting for its therapeutic
advantage.">4 However, no significant difference
was observed, when thBMP-2 was compared with
other bone substitute materials. This may be
attributed to advancements in synthetic material
technologies, such as hydroxyapatite (HA) and
B-tricalcium phosphate (B-TCP) composite carriers,
which have also demonstrated favorable clinical
outcomes.’? Therefore, a finding that requires
cautious interpretation has emerged: rhBMP-2
is significantly superior to autograft bone, but
shows no statistical difference compared with
the ‘Other’ category of bone substitute materials.
This is not necessarily contradictory, but rather
reflects the nature of the comparison. The
superiority over autograft bone is a key finding,
demonstrating that thBMP-2 can provide a more
effective osteoinductive stimulus while avoiding
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FIGURE 13. Effect size and subgroup distribution diagram. It shows the distribution of effect sizes RR and their Log-RR for each

study across different subgroups.

ALIF, anterior lumbar interbody fusion; PLF, posterolateral fusion; PLIF, posterior lumbar interbody fusion; RR, risk ratio.

the inherent donor-site complications associated
with autograft bone harvesting. The lack of
significant difference compared to the ‘Other’
group may stem from two factors. First, the ‘Other’
group consisted of a heterogeneous mixture,
including advanced, highly engineered synthetic
scaffolds (e.g., HA, B-TCP), which offer excellent
osteoconductivity. In certain clinical scenarios, a
robust osteoconductive scaffold may be sufficient,
which diminishes the measurable additive effect
of rhBMP-2’s osteoinductive action on a broad
average level. Second, the comparison may have
lacked the power to detect smaller but clinically
relevant differences between rhBMP-2 and these
effective synthetic materials. Therefore, this result
should not be interpreted as equivalence; rather it

should be understood in terms of both rhBMP-2
and modern synthetic alternatives being viable
and often superior alternatives to autograft bone,
with the specific choice depending on the clinical
need for osteoinduction versus osteoconduction.

Moreover, the statistical superiority of thBMP-2
over autografts also needs to be interpreted within
its clinical and economic context. The primary
clinical benefit of rhBMP-2 lies in its ability to
circumvent the donor-site morbidity, including
persistent pain, infection and neurovascular injury,
associated with autograft harvesting. This makes
it a particularly valuable option for patients with
limited autologous bone availability, those requiring
large-volume reconstruction or for those for whom
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minimizing operative time and complexity is
a priority. However, the high cost of rhBMP-2
biomaterials remains a significant constraint on
its widespread use. Therefore, the cost-benefit
ratio may be most favorable in specific scenarios,
such as complex spinal fusions or maxillofacial
reconstructions, where the avoidance of a secondary
donor-site surgery justifies the initial expense.
Future health-economic studies are needed to
formally evaluate the cost-effectiveness of thBMP-2
across different surgical indications and healthcare
systems. Ultimately, patient selection should be
guided by a holistic consideration of the defect
characteristics, patient comorbidities, surgical
expertise and economic factors, rather than efficacy
alone.

The subgroup analysis revealed a marginal
positive effect trend for HA carriers. This trend
may be attributed to the inherent advantages of HA
as a biomaterial, rather than the effect of rhBMP-2
alone; HA closely mimics the inorganic component
of bone matrix, providing an exceptionally
osteoconductive scaffold that promotes excellent
osseointegration and new bone formation.
Furthermore, the physical and chemical properties
of HA carriers may facilitate more favorable
release kinetics for thBMP-2, potentially offering
a more sustained release profile compared with
rapid-release carriers such as collagen sponges,
thereby maintaining an effective therapeutic
concentration at the implant site for a longer
duration. This suggests a potential synergistic
effect, where the osteoconductive properties of the
HA scaffold enhance the osteoinductive efficacy of
rhBMP-2. Future research should directly compare
different carrier systems with a focus on their
release kinetics and subsequent bone regeneration
outcomes to optimize carrier selection for specific
clinical applications.

Regarding the mechanism of this study, we
believe that the mechanism of rhBMP-2 promoting
bone regeneration involves inducing the
chemotaxis and differentiation of mesenchymal
stem cells and the deposition of bone matrix.
The carrier material plays an important role in
this process, controlling the release kinetics of
rhBMP-2 and stabilizing its biological activity,
thus affecting the stability of the therapeutic
effect.*”] As a result, the heterogeneity of different
carrier types is significant, which suggests that
the carrier material may directly determine the
local release pattern and activity retention of
rhBMP-2, further affecting the final clinical effect.
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In terms of confounding factors, factors such as
age, sample size and dose were identified by the
ML model as important sources of heterogeneity,
which also reflects the actual situation in clinical
research; that is, the bone regeneration ability of
patients of different age groups varies greatly.l?"
Due to osteoporosis, insufficient blood supply and
the presence of local inflammatory environment,
the bone regeneration effect induced by rhBMP-2
in elderly patients may be significantly lower
than that in young patients, which may lead to
the outstanding contribution of age factors in
heterogeneity analysis.

Nonetheless, this study also has some limitations.
First, although the number of included studies
is relatively sufficient, the differences in dose,
follow-up time and efficacy evaluation methods
among different studies led to greater heterogeneity,
which may have affected the robustness of the
results. Second, the incomplete reporting of
important confounding factors such as diabetes and
smoking may also have affected the research results.
Future research is recommended to focus on the
following aspects. First, the research design should
be strengthened, the follow-up time and efficacy
evaluation indicators unified and the comparability
between studies increased. Second, the reporting and
analysis of patients’ metabolic factors (e.g., diabetes,
osteoporosis) and behavioral factors (e.g., smoking)
should be strengthened. Third, the mechanism of
carrier materials on rhBMP-2 release and activity
retention should be explored, and finally, real-world
evidence research should be conducted to improve
the external validity of research results.

In conclusion, this study comprehensively
evaluated the effectiveness and safety of thBMP-2
for bone regeneration. The results indicate that
while rthBMP-2 does not demonstrate a significant
overall advantage, it shows a potent and clinically
valuable effect in specific indications, particularly
spinal fusion and small maxillofacial bone defects,
where its efficacy surpasses that of autograft bone
without the associated donor-site morbidity. Based
on our findings, we recommend the selective use
of rhBMP-2 in these well-defined clinical scenarios.
Its application in complex long bone fractures;
however, it should be exercised with caution and
warrants further investigation. The heterogeneity
in treatment effects underscores the importance
of patient-specific factors, such as age and defect
characteristics, as well as technical considerations
such as carrier selection and dosing. Future
high-quality RCTs and mechanistic studies are
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crucial to optimize thBMP-2 application strategies,
refine carrier systems and establish cost-effective
protocols for its use in clinical practice.
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