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                     Abstract 
 Bone fractures pose a substantial medical burden in the population. Despite advancements in surgical techniques, internal 

fi xation methods, and our comprehension of biologics, fracture healing experiences delays or impairment in as much as 4% 

of all fractures. Complications arising from impaired fracture healing pose therapeutic challenges for orthopedic surgeons 

and frequently result in chronic functional and psychological disabilities for patients. Consequently, there is a clinical 

imperative to enhance mechanical fi xation with biologic strategies to expedite the process of osteogenesis. The identifi ca-

tion of bone morphogenetic protein (BMP) has been a crucial milestone in comprehending the biology of fracture healing, 

sparking intensive clinical research as an adjunct to fracture treatment. Numerous in vitro and in vivo studies in animals 

have shed light on the intricate biologic interactions between BMPs and cellular receptors. These studies have compellingly 

demonstrated that recombinant human BMP-2 (rhBMP-2) stands out as a safe and eff ective treatment option for augment-

ing bone healing. Human clinical trials have yielded valuable insights into the optimal dosage, time course, carriers, and 

eff ectiveness of BMP-2 in the healing of tibial defects. The encouraging outcomes from these trials inspire optimism that 

a new frontier in biologic technology has emerged, off ering a promising adjunct for the treatment of skeletal injuries and 

conditions. These advancements signify a potential paradigm shift in the approach to managing fractures and underscore 

the potential transformative impact of biologic interventions in the realm of skeletal health. 

   Keywords     Bone morphogenic protiens    ·  Fracture healing    ·  Orthopaedic surgery  

      Introduction 

 Bone stands out as one of the rare tissues in the adult human 

body with the remarkable capacity for spontaneous repair, 

regeneration, and functional restoration following a fracture. 

In 2019, there were globally 178 million new fractures (a 

33.4% increase since 1990), 455 million prevalent cases of 

acute or long-term symptoms of a fracture (a 70.1% increase 

since 1990), and 25.8 million YLDs (a 65.3% increase since 

1990) (GBD  2019 ). StoneKL et al.  2003  found that a 1 

standard deviation (SD) decrease in total hip bone mineral 

density (BMD) was associated with a hazard ratio of 2.22 

(95% CI 2.0–2.47) for hip fracture, 1.88 (1.42–2.48) for 

lower leg fracture, and 2.49 (1.85–3.35) for patella fracture. 

    Methodology 

 This study comprehensively reviewed the literature regard-

ing the use of Bone Morphogenetic Proteins (BMPs) in 

orthopedic surgery, focusing primarily on their role in frac-

ture healing. The methodology produced reliable results 

through the following systematic approach:

   1.       Literature Search Strategy: 

   o      A structured search of the PubMed database was 

performed using the keywords "BMP" and "bone 

morphogenetic protein." This search was limited to 

studies published from 2013 to the present to ensure 

the relevance and currency of the data.       

  2.       Inclusion and Exclusion Criteria: 

   o      Included studies were those that specifically 

involved the application of BMPs in orthopedic set-

tings. This encompassed clinical trials, cohort stud-

ies, case reports, and other relevant research articles 
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documenting the use and outcomes of BMPs in frac-

ture healing.   

  o      Studies not primarily focused on BMPs or lacking 

adequate detail on BMP application in fractures 

were systematically excluded from further analysis.       

  3.       Data Extraction: 

   o      Key data from the included studies were meticulously 

extracted. This included the type of BMP used, meth-

odology employed (in vitro vs. in vivo), sample size, 

patient demographics, treatment protocols, reported 

outcomes (including rates of union, complications, 

and functional recovery), and any comparative results 

against control groups or traditional treatments.       

  4.       Analysis of BMP Physiology: 

   o      An essential component of the review involved 

exploring the physiological roles of BMPs, particu-

larly those recognized for their osteogenic potential. 

Emphasis was placed on understanding how BMPs 

initiate and enhance the fracture healing process, 

including the molecular pathways involved and their 

interactions with mesenchymal stem cells (MSCs).       

  5.       Evaluation of Animal Trials and Clinical Trials: 

   o      The study included analyses of various preclinical 

animal models that assessed the effi  cacy of recom-

binant human BMP-2 (rhBMP-2) and its infl uence 

on fracture healing. Results from notable trials in 

rabbits, rats, and primates were reviewed for under-

standing the translational potential of BMPs.   

  o      Additionally, human clinical trial data was examined 

focusing on effi  cacy, safety profi les, optimal dos-

ages, and the type of carriers used for BMP deliv-

ery. The comparative eff ectiveness of BMPs versus 

traditional grafting methods was also reviewed.       

  6.       Assessment of Complications and Cost-Eff ectiveness: 

   o      Reported complications associated with BMP treat-

ments were analyzed, synthesizing data on the fre-

quency and severity of adverse eff ects in relation to 

clinical outcomes.   

  o      Furthermore, a brief cost-analysis of BMP utiliza-

tion was performed to evaluate the economic impli-

cations of using BMPs in treating various bone frac-

tures compared to conventional methods.       

  7.       Synthesis of Findings: 

   o      All fi ndings from the literature were synthesized to 

provide a holistic view of the current understanding 

of BMPs, encapsulating the biochemical mecha-

nisms, clinical effi  cacy, associated risks, and overall 

impact on fracture healing practices.         

 This methodological framework allowed for a robust analy-

sis of the use of BMPs in bone healing, providing insights 

that are both clinically signifi cant and relevant to ongoing 

research in orthopedic intervention strategies. 

    Fracture repair 

 Bone is a distinctive organ characterized by continuous remod-

eling and the remarkable ability to regenerate throughout adult 

life (Cauley  2017 ). This perpetual capacity for renewal sets 

bone apart, highlighting its dynamic nature and the ongoing 

processes that contribute to its structural integrity and function 

even in adulthood. The fracture of a bone sets off  a series of 

cascading events, involving the activation of the complement 

cascade and triggering an infl ammatory response coupled with 

vascular injury. This cascade leads to the extravasation of cells 

and intricate signaling processes ( Cheng et al. 2003 ). Approxi-

mately 3 days post-fracture, a repair blastema forms, compris-

ing new blood vessels, macrophages, and collagen (Gautschi 

et al.  2007 ). Growth factors selectively bind to collagen, creat-

ing a substrate for optimal interaction between TGF-β, β-FGF, 

PDGF, BMPs, and receptor cells. Osteoprogenitor cells in the 

periosteum and endosteum of fractured bone attach to granu-

lation tissue, diff erentiating into chondrocytes and osteoblasts 

via cell signaling. Cellular transduction and enhanced cellular-

growth factor interaction collectively contribute to bone regen-

eration through osteoblastic and osteoclastic activity, ensuring 

fracture healing within 6–8 weeks after injury (Gautschi et al. 

 2007 ). Degradation products from the extracellular matrix 

stimulate macrophage diff erentiation into osteoclasts, provid-

ing additional cells for ongoing fracture healing (Hollinger and 

Wong  1996 ). 

 The fi nal bone healing and regeneration pathway depend 

on the interaction between BMPs/growth factors and various 

cell lines at the injury site (Schmitt et al.  1999 ). Adequate 

quantities of biologically active BMPs and competent cells 

interact to eff ectively regenerate bone (Hollinger and Wong 

 1996 ). 

    BMP physiology 

 Bone morphogenetic proteins (BMPs) belong to the trans-

forming growth factor-beta (TGF-β) superfamily, serving as 

growth and diff erentiation factors. During embryogenesis, 

they provide essential morphogenetic signals for skeletal 

development and play a crucial role in adult fracture healing 

by orchestrating a series of cellular events akin to embryonic 
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bone formation. Identifi ed based on structural similarity, 

over 30 BMPs have been recognized, with some suggesting 

roles extending beyond bone-related functions (Reddi  1994 ; 

Vukicevic et al.  1995 ; Vukicevic and Sampath  2008 ). 

 The bone-inducing BMPs are categorized into distinct 

subgroups according to the homology of their amino acid 

sequences: BMP2/BMP4, BMP5/BMP6/BMP7, BMP9/

BMP10, and BMP12/BMP13/BMP14. It's noteworthy that 

some BMPs don't exhibit proven osteogenic properties 

(Vukicevic and Sampath  2008 ). 

 In a groundbreaking development in 1965, Marshall Urist 

demonstrated that demineralized bone possesses the capac-

ity to induce new bone formation when implanted at ectopic 

sites. This phenomenon was aptly described as "bone forma-

tion by autoinduction" (Grgurevic et al.  2016 ; Urist  1965 ). 

BMPs exhibit greater effi  cacy in the presence of abundant 

pluripotential cells. In cases of bone injuries, skeletal progeni-

tor cells emerge from various tissue compartments, such as 

the injured periosteum, endosteum, vascular tissue, and sur-

rounding musculature, collectively participating in skeletal 

healing (Grgurevic et al.  2017 ). Notably, periosteal bone and 

the microenvironment outside the bone medullary cavity both 

lack osteoclasts. Consequently, when a BMP is introduced 

on a suitable carrier, osteoblast precursor cells are uncoupled 

and collaborate to form bone (Vukicevic and Sampath  2017 ). 

Presently, the eff ects of BMPs are elucidated following local 

implantation. Studies indicate that elevated levels of circulat-

ing BMP9 appear to be linked with accelerated fracture heal-

ing, although the results did not reach statistical signifi cance 

(Vukicevic et al.  2014 ). 

   Role of BMP in fracture repair 

 Bone fracture healing is a complex and dynamic regenera-

tive process designed to restore the damaged bone to its 

pre-injury state, including its cellular composition. Stages 

consists the following – 1. Hematoma Formation 2. Granula-

tion tissue formation 3. Callus Formation and 4. Remodel-

ling (Baardewijk et al.  2013 ).BMP signalling pathways has 

been identifi ed in intramembranous as well as endochon-

dral ossifi cation(Einhorn and Gerstenfeld  2015 ).Granulation 

stage is characterised by recruitment of mesenchymal stem 

cells(MSC) and successive chondrogenesis resulting in cal-

lus formation(Reddi and Cunningham  1993 ). BMPs play a 

crucial role in promoting the diff erentiation of mesenchy-

mal stem cells (MSCs) into chondroblasts and osteoblasts. 

Mouse fracture healing studies revealed that BMP2 initiates 

the repair cascade, with its mRNA expression peaking 24 h 

after bone injury (Dimitriou et al.  2005 ). In experiments 

involving the diff erentiation of mouse MSCs, BMP2 was 

found to regulate the expression of several other BMPs, 

playing a vital role in the successful diff erentiation of MSCs 

into osteoblasts (Cho et al.  2002 ). 

 During the osteogenic stage of bone repair, BMP3, 

BMP4, BMP7, and BMP8 are expressed, coinciding with 

the resorption of calcifi ed cartilage, osteoblastic recruitment, 

and bone formation. BMP5 and BMP6, on the other hand, 

are constitutively expressed from days three to 21 during 

fracture healing in mice, suggesting their active involve-

ment in both intramembranous and endochondral ossifi ca-

tion. While BMP8 exhibits high osteogenic potential, BMP2, 

BMP6, and BMP9 emerge as the most potent inducers of 

MSC diff erentiation into osteoblasts. Other BMPs primarily 

stimulate the maturation of osteoblasts (Edgar et al.  2007 ). 

 In the later stages of healing, with adequate angiogen-

esis, cartilage tissue is replaced by woven bone, undergoing 

remodeling to enhance the normal function of the healed 

bone. 

    Animal trials 

 In various preclinical studies, a single percutaneous injec-

tion of recombinant human BMP-2 (rhBMP-2) in a calcium 

phosphate paste (alpha bone substitute material [α-BSM]) 

has demonstrated accelerated healing at osteotomy sites in 

rabbit ulnar, canine tibial, and primate fi bular osteotomy 

models (Cheng et al.  2003 ; Finkemeier  2002 ). Seeherman 

et al. (Seeherman et al.  2006 ) conducted a study show-

ing that a single percutaneous administration of 1.5 mg/

mL rhBMP-2/calcium phosphate matrix increased the cal-

lus area at primate fi bular osteotomy sites and accelerated 

radiographic evidence of healing up to 2 weeks after injury. 

Notably, a 1-week delay in rhBMP-2 treatment resulted in 

accelerated healing through direct bone formation. The 

study observed an increase in the number of Cbfa-1 posi-

tive cells at the osteotomy site following rhBMP-2 treatment. 

Cbfa-1 is a transcription factor that, in collaboration with 

Osterix (OSX), regulates osteoblast-specifi c genes crucial 

for osteoblast diff erentiation and bone formation. Based on 

these results, Seeherman et al. (2006a) concluded that an 

injectable form of rhBMP-2/α-BSM has the potential to be 

administered up to 2 weeks after fracture injury, thereby 

accelerating the healing of closed fractures in humans. 

 Bouxsein et al. (Bouxsein, et al.  2001 ) conducted a study 

to investigate the impact of rhBMP-2 on fracture healing in 

a rabbit ulnar osteotomy model. Seventy-two rabbits under-

went mid-ulnar osteotomies and were allocated to three 

treatment groups: (1) rhBMP-2/absorbable collagen sponge 

(ACS), (2) absorbable collagen sponge, (3) placebo. The 

retention of rhBMP-2 at the osteotomy site was assessed 

using imaging of 125 I-labeled rhBMP-2. The results dem-

onstrated that osteotomy sites treated with rhBMP-2 healed 

33% faster than the other two groups. At each analyzed time 

point (3, 4, 6 weeks), enhanced healing in the rhBMP-2 

treated group exhibited a more rapid progression with 

increased callus formation and advanced callus maturation. 
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The authors concluded that the presence of larger and more 

mature callus in the rhBMP-2 treatment group was in line 

with the observed enhanced biomechanical properties of the 

ulna treated with rhBMP-2. 

 In a rat femur fracture model, Lee et al. (Lee et al.  2002 ) 

introduced a 2 cm defect fi lled with rhBMP-2/ACS allograft. 

The authors reported 75% new bone incorporation into the 

allograft at 4 weeks and 100% at 8 weeks. Einhorn et al. 

(Einhorn et al.  2003 ) employed a femur fracture model in 

144 rats to investigate the eff ects of a single percutaneous 

injection of rhBMP-2 on fracture healing. The three treat-

ment groups comprised a control group, a buff er vehicle 

group, and an rhBMP-2/buff er group. Torsional biomechani-

cal testing revealed that the stiff ness of the rhBMP-2 treated 

group was twice that of the two control groups at the 2-, 

3-, and 4-week time points. At 4 weeks, the strength of the 

rhBMP-2 treated fractures was 77% greater than that of the 

other groups. By 4 weeks, remodeling of the hard callus 

and recorticalization were observed in the rhBMP-2 treated 

fracture sites, while cartilage and/or soft tissue were still 

present in the control fracture sites. 

    BMP in clinical trials 

 Following FDA approval for specifi c indications in 2002 and 

2004, the safety and effi  cacy of BMP2 and 7 have undergone 

extensive investigation in randomized, blinded, and con-

trolled trials (RCT) (Fu et al.  2013 ; Simmonds et al.  2013 ). 

 RhBMP2 received approval for the treatment of open tib-

ial fractures after a large RCT involving 450 patients with 

diff erent fracture types according to Gustilo-Anderson clas-

sifi cation (Govender et al.  2002 ). Over a 1-year follow-up 

period, BMP2 at a higher dose (1.5 mg/mL) improved bone 

healing and reduced the number of secondary interventions 

compared to patients treated with the standard of care. A 

major drawback of this study was the lack of blinding for 

surgeons treating patients receiving rhBMP2. In another 

RCT, the efficacy of rhBMP7 in tibial non-unions was 

tested in 124 patients who received autologous bone graft 

or a device containing rhBMP7 (Friedlaender et al.  2001 ). 

The emphasized benefi t was mostly related to the absence of 

morbidity at the autologous bone iliac crest harvesting site 

and subsequently reduced intra-operative blood loss. How-

ever, rhBMP7 was found to be less eff ective than autograft 

bone in tibial non-union repair. 

 FDA and EMA approved rhBMP2 (Infuse) for open tibial 

fractures and rhBMP7 as a so-called humanitarian device 

exemption (Osigraft) for tibial non-unions (Giannoudis et al. 

 2017 ). Additionally, rhBMP2 and 7 were used off -label in 

various indications, including scaphoid fractures, distal 

radius fractures, and cervical and thoracic ALIF (Pecina 

et al.  2001 ,  2003 ; Bilic et al.  2006 ). A small RCT dem-

onstrated a successful outcome for proximal pole scaphoid 

non-union by administering rhBMP7 alone or in combina-

tion with an autograft (Bilic et al.  2006 ). Two small-sample 

studies with a total of 30 patients showed complete restora-

tion of humeral non-unions in all patients when rhBMP7 was 

used with an autograft (Giannoudis et al.  2009 ). RhBMP2 

was slightly less eff ective in the same indication, achiev-

ing union in eight out of nine patients (Crawford and Selig-

son  2009 ). In a retrospective study, rhBMP2 and 7 failed to 

show an advantage in the treatment of aseptic clavicle non-

union. Radical resection of the non-union tissue from the 

clavicle was a major step in the healing process (Rüden et al. 

 2016 ). Many off -label clinical studies were performed dur-

ing this period, further exploring the potential applications 

of rhBMP2 and 7 beyond their approved uses(Courvoisier 

et al.  2014 ). 

 RhBMP2 received FDA approval in 2002 for anterior 

lumbar interbody fusion (ALIF) surgeries, specifi cally for 

indications such as one-level degenerative disc disease 

(Faundez et al.  2016 ). Following approval, the use of BMP 

increased, reaching a 25% share in spinal fusion procedures 

in the US in 2006 (Cahill et al.  2009 ). It is noteworthy that a 

high proportion of these surgeries deviated from the origi-

nally FDA-approved indications, including posterior and 

transforaminal lumbar interbody fusion and cervical fusions. 

In patients treated for spinal fusion with BMP devices, it was 

observed that application in unstable thoracolumbar frac-

tures resulted in severe bone resorption, loss of reduction, 

and segmental collapse (Laursen et al.  1999 ). This eff ect 

could be explained by the pronounced impact of a large 

amount of rhBMP 2 and 7 on osteoclasts at trabecular sur-

faces, which form the majority of vertebrae. However, ret-

rospective analyses revealed that the initial rhBMP-induced 

resorption was transient, and subsequent bone formation and 

repair occurred (Fu et al.  2013 ). In conclusion, BMP appli-

cation for spinal fusion should be restricted to approaches 

with proven safety and effi  cacy in RCTs, and those in which 

the vertebral canal remains intact to avoid neurological 

complications. 

 Between 2000 and 2003, Jones et al. (Jones et al.  2006 ) 

conducted a multicenter randomized controlled trial involv-

ing 30 patients to investigate the benefi ts of rhBMP-2 with 

allograft compared to autogenous bone graft for reconstruct-

ing diaphyseal tibial fractures with cortical defects. Patients 

included in this study had a residual fracture defect consist-

ent with clinical recommendations for staged reconstruction 

with bone grafting (i.e. a cortical defect measuring 1–5 cm 

in length and involving at least 50% of the circumference 

of the diaphysis) (Watson et al.  1995 ; Whittle et al.  1995 ; 

Templeman et al.  1998 ). They also had to have had initial 

treatment with either intramedullary nail or external fi xa-

tion. All 30 patients were enrolled 6–12 weeks after the ini-

tial injury. Patients allocated to the allograft group received 

1.5  mg/mL rhBMP-2/ACS as an onlay graft. Clinical 
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evaluation of fracture healing included pain assessment 

with full weight-bearing and fracture-site tenderness. The 

Short Musculoskeletal Function Assessment (SMFA) was 

administered before and after treatment, with radiographs 

used to document union, the presence of bridging callus, 

and the incorporation of bone graft material. In Jones et al.’s 

study, 86% of patients in the rhBMP-2/allograft group and 

66% in the autograft group experienced healing without fur-

ther intervention. The rhBMP-2 group showed a 67% lower 

mean estimated blood loss (117 mL) compared to the auto-

graft group (353 mL) (p = 0.0073). Both groups exhibited 

comparable improvement in SMFA scores. Importantly, no 

patients in the rhBMP-2/allograft group developed antibod-

ies to BMP-2. This suggests that using rhBMP-2/ACS in 

combination with cancellous allograft for treating diaphyseal 

tibial fractures with cortical defects yielded clinical results 

comparable to autogenous bone grafting. The rhBMP-2/allo-

graft approach off ered signifi cant benefi ts, including reduced 

intraoperative blood loss and elimination of morbidity asso-

ciated with autogenous bone graft harvesting. 

 A new osteogenic device, the osteoinductive autologous 

bone graft substitute (ABGS), featuring rhBMP6 has been 

innovated and is presently undergoing clinical trials (Vukice-

vic et  al.  2017 ). This device consists of a biologically 

compatible autologous carrier derived from the patient's 

peripheral blood (autologous blood coagulum, ABC) and 

incorporates rhBMP6 as the active ingredient. This formu-

lation avoids the use of animal-derived components, mini-

mizes common infl ammatory reactions associated with com-

mercial bone devices, and provides a fl exible, malleable, and 

injectable carrier for ease of use. 

     Complications 

 Despite extensive clinical testing, signifi cant side eff ects 

have been reported for both rhBMP2 and rhBMP7 bone 

devices, prompting a re-evaluation of their therapeutic use 

(Fu et al.  2013 ; Simmonds et al.  2013 ). Serious complica-

tions, including local transient swelling, infl ammation, het-

erotopic ossifi cation, and early osteolysis, were observed 

following long bone implantation and spinal fusion, par-

ticularly in the cervical spine. Pronounced infl ammation was 

noted in patients with distal radius fractures (Ekrol et al. 

 2008 ). The average amount of rhBMP incorporated into the 

collagen carrier varied between 3.5 and 12 mg, depending 

on the site and size of the fracture gap, whereas the entire 

human body typically contains only around 2 mg of BMPs. 

BMPs are not soluble at neutral pH, and only 75 μg of the 

protein binds to 1 g of bovine collagen, with the rest precipi-

tating and being locally released, posing a potential source 

for local and systemic side eff ects. According to previous 

pharmacokinetic and bioavailability studies with commercial 

rhBMP devices, it is expected that only 1–2% of locally 

administered rhBMP will be present in the patient's circula-

tion in the two weeks following implantation. Recent sug-

gestions propose that the impact of potentially systemically 

released rhBMP2 and 7 might have a positive eff ect on the 

skeleton by increasing skeletal bone volume (Dumic-Cule 

et al.  2014 ). 

 Cheng Kuei Wu et al. (Wu et al.  2022 ) revealed that 

BMP2 is signifi cantly overexpressed in lung adenocarci-

noma patients with lymph node metastasis compared to 

those without lymph node metastasis. Through an in vivo 

orthotopic mouse model, they convincingly demonstrated 

that BMP2 promotes metastasis in lung adenocarcinoma. 

Depletion of BMP2 or its receptor BMPR2 signifi cantly 

reduced cell migration and invasiveness. They further iden-

tifi ed that BMP2/BMPR2-mediated cell migration involves 

the activation of the SMAD1/5/8 signaling pathway, inde-

pendent of the KRAS signaling pathway. 

    Cost eff ectiveness 

 In a cost analysis study evaluating the use of BMP-2 in open 

tibial fractures, Garrison et al. (Garrison et al.  2007 ) esti-

mated that the incremental cost per quality-adjusted life-

year (QALY) gained exceeded US$50,000, with a 35% prob-

ability of it being less than US$50,000. They highlighted 

the sensitivity of the cost-eff ectiveness ratio to the price of 

BMP and the severity of open tibial fractures. According to 

Ziad Dahabreh et al. (Dahabreh et al.  2007 ) the mean num-

ber of procedures per fracture before applying BMP-7 was 

4.16, compared to 1.2 thereafter. The mean hospital stay and 

cost of treatment per fracture before receiving BMP-7 were 

26.84 days and £13,844.68, versus 7.8 days and £7,338.4 

thereafter. The overall cost of treating persistent fracture 

non-unions with BMP-7 was 47.0% less than that of numer-

ous previous unsuccessful treatments (p = 0.001). They 

concluded that treating fracture non-unions is costly, but 

this cost could be reduced by early BMP-7 administration 

when a complex or persistent fracture non-union is present 

or anticipated. 

    Conclusion 

 In vitro and in vivo studies in animals have revealed the 

intricate biological interactions between BMPs and cellular 

receptors, demonstrating rhBMP-2 as a safe and eff ective 

treatment for enhancing bone healing. Human clinical tri-

als have provided insights into BMP-2 dosage, time course, 

carriers, and effi  cacy in fracture healing, particularly in 

tibial defects. The positive outcomes from these trials sug-

gest the emergence of a new biologic technology that could 
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serve as a valuable adjunct in treating skeletal injuries and 

conditions. However, further research and clinical studies 

are needed to fully understand the molecular mechanisms 

underlying bone formation and fracture healing. 
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