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Abstract 

Background: The recombinant human bone morphogenetic protein (rhBMP) is a common graft substitute for treat-
ing cases of long bone nonunion. However, the feasibility of combining an autologous bone graft (ABG) with rhBMPs 
remains uncertain. Thus, this systematic review and meta-analysis aimed to evaluate the synergistic effect of ABG and 
rhBMPs on the healing of long bone nonunion.

Methods: A systematic literature search was performed on PubMed, Web of Science, Cochrane Library, and China 
National Knowledge Infrastructure. Two authors independently screened the studies, extracted data, and assessed the 
quality of the trials. Statistical analyses were performed using Stata 12.0.

Results: Of the 202 citations, five studies involving a total of 394 cases met the eligibility criteria; thus, they were 
included in this study. The pooled data revealed no significant differences among the groups in terms of postopera-
tive healing rate (risk ratio [RR] = 1.01, 95% confidence interval [CI] = 0.96–1.06, P = 0.744), healing time (standardised 
mean difference =  − 0.20, 95% CI = − 0.95–0.56, P = 0.610), and pain (RR = 1.44, 95% CI = 0.25–8.29, P = 0.681). The 
combination of ABG and rhBMPs resulted in good limb function (RR = 1.31, 95% CI = 1.04–1.66, P = 0.023).

Conclusions: The combination of ABG and rhBMPs did not result in the healing of long bone nonunion and pain 
reduction. Nevertheless, it conferred good limb function. Thus, the findings in this study are insufficient to support the 
use of rhBMPs as an adjuvant to ABG.
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Background
A nonunion fracture results in significant morbidity, pro-
longed hospital stay, and increased expenses [1]. Frac-
tures other than the nonunion ones typically heal within 
20  weeks. However, a nonunion fracture presents with 
incomplete healing even six months after the injury [2]. 
The incidence of delayed union or nonunion of long 
bone fractures is estimated to be between 2.5% and 46%, 
depending on the location and severity of damage to the 
bone, soft tissue, and vascular structures [3]. Treatment 
of nonunion fractures involves mechanical fixation and 
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biological repair, which often requires an autologous 
bone graft (ABG), to achieve osteogenic augmentation 
[4]. Although several bone graft substitutes are available 
for a nonunion repair, ABG remains the gold standard for 
treatment because of its accessibility and the abundance 
of progenitor cells and growth factors in patients [3–5].

Recombinant human bone morphogenetic proteins 
(rhBMPs) are  a family of soluble bone matrix glycopro-
teins that induce the migration, proliferation, and differ-
entiation of undifferentiated mesenchymal stem cells to 
form osteoblasts and chondroblasts [1]. With the devel-
opment of synthetic implants and graft adjuvants, the 
combination of ABG and rhBMPs for enhancing fracture 
healing has gained popularity. Healing rates as high as 
92% have been reported in persistent nonunion patients 
after undergoing rhBMP treatment with or without ABG 
[6]. A previous meta-analysis on this topic reported that 
rhBMPs and ABG yielded similar healing rates for tibial 
nonunion fracture cases [7]. However, there has been no 
meta-analysis on the use of ABG with or without adju-
vant rhBMP for the treatment of long bone nonunion. 
Thus, this study aimed to determine whether rhBMPs 
worked synergistically with ABG to enhance bone heal-
ing in cases of long bone nonunion.

Methods
This study adheres to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines [8].

Search strategy
We systematically searched major databases, which 
included PubMed, Web of Science, Cochrane Library, 
and China National Knowledge Infrastructure (CNKI), 
without any language restriction for articles published 
between January 2001 and May 2021. The search strat-
egy involved free text terms relevant to bone morphoge-
netic protein, autologous bone grafting, and nonunion. 
The terms and Boolean operators used were as follows: 
(bone morphogenetic protein OR BMP OR osteogenic 
protein-1 OR OP-1 OR Osigraft) AND (autologous bone 
grafting OR ABG) AND (nonunion OR delayed union). 
The search strategies were adjusted for each database. 
Furthermore, three authors manually screened the refer-
ences of the included articles to identify additional eligi-
ble trials.

Eligibility criteria
The inclusion criteria were as follows: (1) the partici-
pants of the study were patients aged 18 years or older 
with long bone nonunion; (2) the patients in the treat-
ment group received therapy with combined ABG and 
rhBMPs; (3) the patients in the control group were 

treated with ABG; (4) the postoperative healing rate 
and healing time were the primary outcomes of the 
study; and (5) the study was a randomised controlled 
trial or cohort study. In contrast, the exclusion crite-
ria were as follows: (1) study with clearly erroneous or 
incomplete data or data duplicated from another study; 
(2) literature without full text; and (3) animal stud-
ies. Studies that satisfied the inclusion and exclusion 
criteria were included in this systematic review and 
meta-analysis.

Data extraction and quality assessment
Two authors independently retrieved and screened the 
articles according to the inclusion and exclusion cri-
teria, extracted the data, and assessed their quality. We 
collected data on the study characteristics (first author’s 
name, year of publication, country of origin, study design, 
sample size, and follow-up duration), participant demo-
graphics (sex, age, and nonunion time), interventions 
(type of rhBMPs administered), outcome measures (heal-
ing rate, healing time, excellent and good rate of func-
tion, and pain), and other information needed to assess 
the risk of bias and methodological quality. The Newcas-
tle–Ottawa Scale (NOS) was used to evaluate the qual-
ity of cohort studies [9]. The score of the items that are 
indicative of study quality varied from 0 to 9 according 
to the following categories: selection of cohorts (four 
items), comparability of cohorts (one item), and assess-
ments of outcomes (three items). A maximum of one star 
was awarded for each item in the selection of cohorts and 
assessments of outcome categories, while two stars were 
awarded for an item in comparability of cohorts. A study 
was considered as being of high quality if it received 
a score 7 or more (☆ ≥ 7), moderate when it received a 
score of 4–6 (4 ≤ ☆ ≤ 6), and poor when it received a 
score of 0–3 (☆ ≤ 3). Any disagreement between asses-
sors was resolved by a group discussion with a third 
author.

Statistical analyses
All statistical analyses were performed using Stata 12.0. 
The statistical heterogeneity across studies was quanti-
fied by calculating the I2 statistic. An I2 value of > 50% was 
considered to be significantly inconsistent. The random-
effects model was used to compare heterogeneous stud-
ies, while a fixed-effects model was used to compare 
homogenous studies. The risk ratio (RR) was calculated 
for dichotomous variables, while the standardised mean 
difference (SMD) was calculated for continuous vari-
ables in each study. The 95% confidence interval (CI) 
was determined to calculate the effect size. In addition, 
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sensitivity analysis was conducted using the trim-and-fill 
method. The presence of publication biases was assessed 
using the Begg’s funnel plots and Egger’s test. All p val-
ues were two-sided, and statistical significance was set at 
P < 0.05.

Results
Literature search results
As shown in Fig.  1, 202 potentially relevant articles 
were identified through a systematic search. After 
duplicates were removed, we screened the titles and 
abstracts of 111 articles and excluded the irrelevant 
ones. We then reviewed the full text of the remaining 

17 articles and excluded studies based on our criteria. 
Finally, five studies [10–14] that fulfilled the predefined 
selection criteria for this meta-analysis were included.

Description of included studies
The baseline characteristics of the five studies are sum-
marised in Table 1 [10–14]. The five articles were cohort 
studies conducted in three countries and published 
between 2014 and 2019. Most of these had studied small 
sample sizes. The combined total of the nonunion cases 
in the five articles were 394. These cases involved the 
tibia, femur, forearm, humerus, and clavicle. Notably, one 
of these studies [10] involved a very small number (4.4% 

Fig. 1 A flow diagram of the literature search
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in the observation group and 4.0% in the control group) 
foot–ankle nonunion cases; however, we retained this 
study to expand the sample size of our meta-analysis.

As shown in Table  2, the cohort studies had a high 
methodological quality according to the NOS. This con-
clusion was based on the total scores of these studies, 
which varied from six to nine.

Outcomes
Postoperative healing rate
All five studies (seven trials) [10–14] reported data on 
the postoperative healing rate. There were 204 and 190 

cases in the observation and control groups, respectively. 
No significant statistical heterogeneity was observed 
among the trials (I2 = 0.0%, p = 0.430). The pooled results 
derived from the fixed-effects model are presented in 
Fig.  2. There was no statistically significant difference 
between the two groups (RR = 1.01, 95% CI = 0.96–1.06, 
p = 0.744).

Postoperative healing time
Four of the five studies (six trials) [10, 12–14] provided 
data on postoperative healing time. As shown in Fig.  3, 
there was a significant statistical heterogeneity among 
the trials (I2 = 90.3%, p < 0.001); thus, a random-effects 
model was used to pool the results. No significant differ-
ence was observed between the groups (SMD = − 0.20, 
95% CI = − 0.95–0.56, p = 0.610). Analysis of the causes 
of heterogeneity revealed that all cases in Von Ruden’s 
study (b) [12] were of clavicle nonunion. The differences 
of biomechanical and biological properties between 
the clavicle and limb were significant, which might 
have introduced additional heterogeneity to the pooled 
sample.

Excellent and good rate of limb function
Excellent limb function was achieved in only two stud-
ies [11, 14]. As shown in Fig.  4, a fixed-effects model 

Table 2 Methodological quality of the cohort studies according 
to the NOS

Study Selection 
of cohorts

Comparability 
of cohorts

Assessment 
of outcome

Total score

Takemoto 
[10]

☆☆☆ ☆ ☆☆☆ 7

Von Ruden(a) 
[11]

☆☆☆☆ ☆☆ ☆☆☆ 9

VonRuden(b) 
[12]

☆☆☆☆ ☆☆ ☆☆☆ 9

Hackl [13] ☆☆☆☆ ☆☆ ☆☆☆ 9

Liu [14] ☆☆☆ ☆ ☆☆ 6

Fig. 2 Forest plot of the postoperative healing rate
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was applied because no statistical heterogeneity was 
found between the trials (I2 = 0.0%, p = 0.777). The 
pooled results showed statistically significant differences 

between the groups (RR = 1.31, 95% CI = 1.04–1.66, 
p = 0.023), indicating that the addition of rhBMPs might 
have improved postoperative limb function.

Fig. 3 Forest plot of the postoperative healing time

Fig. 4 Forest plot of those with excellent and good rates of function
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Postoperative pain rate
Only two studies [11, 14] reported the data on postop-
erative pain rate. As shown in Fig. 5, the pooled results 
revealed no significant difference (RR = 1.44, 95% 
CI = 0.25–8.29, p = 0.681) between the observation and 
control groups. There was no heterogeneity between the 
two studies (I2 = 0.0%, p = 0.760).

Sensitivity analysis
Given that a significant heterogeneity existed in the 
postoperative healing time (I2 = 90.3%, p < 0.001), the 
trim-and-fill method was used for the sensitivity analy-
sis. The results are shown in Fig.  6. Furthermore, we 
manually removed one trial from the pooled analysis 
each time and did not find significant changes in SMDs 
or  95% CIs. Thus, our conclusions are relatively robust 
and credible.

Publication bias
The sample size of postoperative healing rate was rela-
tively large; therefore, we performed the Begg’s test and 
Egger’s test to determine whether there is publication 
bias. As shown in Fig. 7, there was no significant publi-
cation bias across studies, as determined by both tests 
(Begg’s test, p = 0.881, Fig.  7a; Egger’s test, p = 0.778, 
Fig. 7b).

Discussion
The incidence of nonunion is as follows: radius, 5%; ulna, 
7%; clavicle, 7.5%; humerus, 9%; femur, 12.5%; tibia, up 
to 45% [11, 15, 16]. Surgery in these cases of long bone 
nonunion is often challenging because of several associ-
ated risks [16, 17]. Current strategies for promoting bone 
healing focus on the topical application of growth factors, 
such as rhBMPs, which are considered the most potent 
osteo-inductive agents [18]. Extensive clinical data dem-
onstrated the increased potential of rhBMPs to induce 
healing of long bone nonunion relative to standard treat-
ments, such as ABG. Furthermore, most studies reported 
equivalent or superior results with rhBMPs alone (with 
their carrier matrix) than with standard treatment, in 
terms of healing acceleration, clinical outcome, and radi-
ographic consolidation [19]. In contrast, several studies 
reported that the unique advantage of bone induction 
was not superior to that of ABG [20–22].

This is the first meta-analysis to investigate whether 
ABG combined with rhBMPs yielded a synergistic effect 
on long bone nonunion. However, this treatment did 
not yield an increased healing rate and shortened heal-
ing time of long bone nonunion. As the gold standard for 
bone graft material, autologous bones stimulate osteo-
genesis, osteo-induction, and osteo-conduction in a 
nonunion site. These effects are the three important bio-
logical factors of bone healing according to the "diamond 
concept" proposed by Giannoudis et al. [23]. Under these 
conditions, additional application of rhBMPs seems 

Fig. 5 Forest plot of the postoperative pain rate
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unnecessary. Furthermore, our results show that the use 
of rhBMPs could not reduce the incidence of postopera-
tive pain despite the advantages of rhBMPs as an alterna-
tive to ABG if patients preferred avoiding pain in donor 
sites. Although nonunion fractures vary greatly among 
their different anatomical locations and degrees of injury, 
the ultimate goal of operative treatment is to restore the 
bone as completely as possible. Fortunately, we observed 
positive results in favour of the addition of rhBMPs. This 
treatment regimen resulted in better limb function. How-
ever, this outcome variable was pooled from only two 
studies with 91 cases, and thus still lacks reliability.

Successful healing of long bone nonunion depends 
more on a standard protocol involving fibrous debride-
ment, restoration of axis, length and torsion, stable frac-
ture fixation, repair of soft tissue, and augmentation with 
an ABG rather than on the adjunctive use of rhBMPs [13, 
20]. However, potential causes of nonunion should be 
addressed, such as infection, serious bone defects, excess 
motion, inadequate vascularity, and other systemic fac-
tors [17]. In addition, the cost and cost-effectiveness of 
rhBMPs should be considered because they are used as 
off-label indications. In Italy, economic studies supported 
the early use of rhBMPs as a more cost-effective strategy 
than ABG for treating severe cases of bone and soft tissue 
damage. These studies considered the costs of prolonged 
hospitalisation, medication, repeated surgical failure, and 
disability [24, 25]. Moreover, the combination of rhBMPs 

and allografts was shown to be a valid alternative to ABG, 
leading to equivalent beneficial effects and the avoid-
ance of the drawbacks related to invasive autologous 
bone harvesting procedures[19, 20]. However, since the 
synergistic effect of rhBMPs and ABG is not desired, the 
medical costs are higher if rhBMPs are used adjunctively. 
Finally, a multitude of factors ultimately contributes to 
the outcome and the different conditions requiring spe-
cific treatments. All of these may obscure the benefits of 
rhBMPs.

The results of this meta-analysis should be inter-
preted in light of its limitations. First, the size of each 
individual study was small. Furthermore, all of the 
included studies were non-randomised controlled tri-
als that would decrease the level of evidence. Second, 
the combined analysis of several different long bones 
with unequal biomechanical and biological properties 
might have weakened the applicability of the conclu-
sions. Third, the type, carrier, and dose of rhBMPs 
varied among the studies; thus, these factors were 
reported to have discrepancies in the results [26–
28]. Fourth, many independent variables could have 
affected the nonunion fractures. Subtle differences 
inherent to the treatment of each type of nonunion are 
inevitable. It was difficult to draw an affirmative con-
clusion regarding the real potential of rhBMP therapy 
for the treatment of long bone nonunion. In the future, 
researchers should pool more studies with larger 

Fig. 6 Sensitivity analysis of the postoperative healing time via the trim-and-fill method
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samples and conduct subgroup analyses for individual 
long bones, specified nonunion type, and rhBMP type.

Conclusions
This meta-analysis showed that the synergistic effect of 
an ABG and rhBMPs was not desirable for the healing of 
long bone nonunion and pain reduction. Although better 
limb function was observed, current evidence remains 

insufficient to support the use of rhBMPs as an adjuvant 
to ABG. More well-designed studies are needed to con-
firm the reliability of our results.
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Fig. 7 Publication bias of the postoperative healing rate. a Begg’s funnel plot; b Egger’s bias plot
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