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Background: The treatment of open fractures of the tibial shaft is often complicated by delayed union and non-
union. The objective of this study was to evaluate the safety and efficacy of the use of recombinant human
bone morphogenetic protein-2 (rhBMP-2; dibotermin alfa) to accelerate healing of open tibial shaft fractures
and to reduce the need for secondary intervention.

Methods: In a prospective, randomized, controlled, single-blind study, 450 patients with an open tibial fracture
were randomized to receive either the standard of care (intramedullary nail fixation and routine soft-tissue man-
agement [the control group]), the standard of care and an implant containing 0.75 mg/mL of rhBMP-2 (total
dose of 6 mg), or the standard of care and an implant containing 1.50 mg/mL of rhBMP-2 (total dose of 12
mg). The rhBMP-2 implant (rhBMP-2 applied to an absorbable collagen sponge) was placed over the fracture at
the time of definitive wound closure. Randomization was stratified by the severity of the open wound. The pri-
mary outcome measure was the proportion of patients requiring secondary intervention because of delayed
union or nonunion within twelve months postoperatively. 

Results: Four hundred and twenty-one (94%) of the patients were available for the twelve-month follow-up. The
1.50-mg/mL rhBMP-2 group had a 44% reduction in the risk of failure (i.e., secondary intervention because of
delayed union; relative risk = 0.56; 95% confidence interval = 0.40 to 0.78; pairwise p = 0.0005), significantly
fewer invasive interventions (e.g., bone-grafting and nail exchange; p = 0.0264), and significantly faster frac-
ture-healing (p = 0.0022) than did the control patients. Significantly more patients treated with 1.50 mg/mL of
rhBMP-2 had healing of the fracture at the postoperative visits from ten weeks through twelve months (p =
0.0008). Compared with the control patients, those treated with 1.50 mg/mL of rhBMP-2 also had significantly
fewer hardware failures (p = 0.0174), fewer infections (in association with Gustilo-Anderson type-III injuries; p =
0.0219), and faster wound-healing (83% compared with 65% had wound-healing at six weeks; p =0.0010).

Conclusions: The rhBMP-2 implant was safe and, when 1.50 mg/mL was used, significantly superior to the
standard of care in reducing the frequency of secondary interventions and the overall invasiveness of the proce-
dures, accelerating fracture and wound-healing, and reducing the infection rate in patients with an open frac-
ture of the tibia.

espite advances in surgical techniques and fixation,
the treatment of open tibial shaft fractures continues
to be associated with high rates of delayed union and

nonunion1-3. The prevalence of delayed union of tibial shaft
fractures reported in the orthopaedic literature has ranged
from 16% to 60% for less severe fractures (Gustilo-Anderson
types I, II, and IIIA) and from 43% to 100% for more severe
fractures (Gustilo-Anderson types IIIB and IIIC)2,4,5. Delayed

healing of tibial fractures is reported to be more likely in the
presence of infection6,7.

When fracture-healing is delayed, a secondary inter-
vention may be required. Secondary interventions to pro-
mote union of open tibial fractures are associated with high
rates of patient morbidity and reduced quality of life. Thus,
the goal of the initial fracture treatment should be to in-
crease the likelihood of union and reduce the risk and cost
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of secondary procedures. 
Recombinant human bone morphogenetic protein-2 (rh-

BMP-2; dibotermin alfa) is a novel osteoinductive therapy that
could achieve this goal in the treatment of open tibial fractures.
When rhBMP-2, an osteoinductive protein, has been used as an
implant with a suitable matrix, it has been shown to induce
bone formation in a variety of preclinical models and human
studies8-11. The mechanism of action of rhBMP-2 involves os-
teoinductive signaling and regulation of a number of gene ex-
pression pathways involving differentiation of mesenchymal
progenitor cells into osteoblasts12-17. Histologic data from studies
of animals and humans have demonstrated that the bone in-
duced by rhBMP-2 undergoes remodeling and integration with
surrounding bone by processes that are physiologically equiva-
lent to those of normal bone9,18. 

The purpose of this clinical study was to assess the safety
and efficacy of the use of rhBMP-2 on an absorbable collagen
sponge matrix for the treatment of open tibial shaft fractures
fixed with intramedullary nailing. 

Materials and Methods
Study Objectives

he study objectives were to determine whether at least one
of two rhBMP-2 treatment groups had an increased rate

of fracture-healing as evidenced by a reduction in the number
of secondary interventions and by clinical and radiographic
assessments, compared with a control group treated with the
standard of care, and to ascertain the safety of the rhBMP-2
implant. 

Study Design
The investigation was a prospective, randomized, controlled,
single-blind study conducted at forty-nine centers in eleven
countries. After approval of the protocol by the institutional
review boards at all participating institutions and after the
patients had provided written informed consent, patients
were prospectively randomized to one of three groups: (1)
standard of care only (intramedullary nail fixation and rou-
tine soft-tissue management [the control group]), (2) stan-
dard of care and an implant containing 0.75 mg/mL of
rhBMP-2, or (3) standard of care and an implant containing
1.50 mg/mL of rhBMP-2. To ensure a balanced distribution
of fracture severity across the three groups, the patient as-
signments were stratified on the basis of the Gustilo-Anderson
classification of open wounds. Stratum A comprised Gustilo-
Anderson types-I, II, and IIIA open fractures, and Stratum B
comprised Gustilo-Anderson type-IIIB open fractures. On
the basis of a prospectively defined, stratified, blocked ran-
domization schedule, treatments were assigned with use of a
central, twenty-four-hour, automated system. Patients were
followed for twelve months, with assessments at six, ten,
fourteen, twenty, twenty-six, thirty-nine, and fifty-two weeks
after treatment. Unless otherwise specified, all analyses were
based on the intent-to-treat population (patients who had
met the study eligibility criteria, had provided informed con-
sent, and had been properly randomized, regardless of whether

they had received treatment), which consisted of 97% of the
randomized population. The primary study efficacy end
point was the proportion of patients who received second-
ary intervention within twelve months after definitive wound
closure. 

Fracture-healing was determined by the clinical investi-
gators. A fracture was considered to be healed when there was
radiographic evidence of fracture union and fulfillment of
clinical criteria, including full weight-bearing and lack of ten-
derness at the fracture site on palpation.

A recommendation for secondary intervention by the in-
vestigators and/or the performance of such an intervention to
promote fracture union was considered a failure of treatment. As
a conservative approach to ensure that all key variables affecting
the outcome were taken into consideration, all procedures with
the potential of promoting fracture-healing (or events such as
inadvertent screw breakage associated with unlocking of the in-
tramedullary nail, resulting in self-dynamization) were counted
as treatment failures.

All interventions were classified according to the degree
of invasiveness. The procedure was classified as most invasive
(autogenous bone-grafting, exchange nailing, plate fixation,
fibular osteotomy, and bone transport), less invasive (nail dy-
namization or exchange from internal fixation to a functional
brace), or noninvasive (ultrasound, magnetic field stimula-
tion, or electrical stimulation).

As a separate assessment of treatment outcomes, an in-
dependent evaluation of fracture union was conducted by a
radiology panel (Osteoporosis and Arthritis Research Group,
University of California at San Francisco, California) blinded
to treatment allocation and all other patient data. The inde-
pendent radiology panel based their assessments on a review
of the centrally digitized radiographic images from the post-
operative visits of each patient. Automated algorithms re-
corded a fracture as united when at least two of the three
radiologists reported cortical bridging and/or disappearance
of the fracture lines on at least three of the four cortices
viewed on the anteroposterior and lateral radiographs. 

An additional analysis combined clinical and radio-
graphic end points. The investigators’ determinations of treat-
ment success or failure were corroborated by integrating the
criteria of both the surgeons and the independent radiology
panel. An outcome was considered to be successful when the
fracture had healed without a secondary intervention (accord-
ing to the investigator) and was recorded as radiographically
united during patient follow-up (according to the radiology
panel).

Safety was monitored according to the number of ad-
verse events. An adverse event was defined as any sign, symp-
tom, syndrome, illness, medical condition, or abnormal
laboratory finding that occurred or worsened after treatment,
regardless of causality or treatment group. Local adverse
events including inflammation, infection, hardware failure,
pain, and complications related to wound-healing were specif-
ically evaluated. Infections were conservatively defined as any
suspected or confirmed superficial or deep bone or soft-tissue
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infection, with or without bacteriological confirmation. 
Antibody responses to rhBMP-2, bovine type-I col-

lagen, and human type-I collagen were assayed (CRL.Medi-
net, North America Clinical Reference Laboratory, Lenexa,
Kansas) by serum sampling at baseline and at six and twenty
weeks postoperatively.

Statistical Analyses
The sample size of 150 patients per group allowed the detec-
tion of a clinically meaningful difference (>30%) with respect
to the primary efficacy outcome with a type-I error of ≤0.05
and a type-II error of <0.20, even in the presence of a dropout
rate of 20%. Baseline patient comparability was established
with use of Kruskal-Wallis and chi-square tests.

Overall efficacy and pairwise comparisons were tested
with use of chi-square tests and two-sided Fisher exact tests,
adjusted for multiple comparisons. Cochran-Mantel-Haenszel
tests were used to assess dose response and patient population
subsets. Treatment interactions were tested with the Breslow-
Day test. A multivariate analysis was conducted to evaluate the
relationship between the primary outcome (rate of secondary
interventions) and a set of variables. 

Patient Demographics
Four hundred and fifty patients who had sustained an open
tibial fracture of which the major fracture component was di-
aphyseal were enrolled between April 1997 and December
1998 at forty-nine centers in eleven countries. Patient demo-
graphics (Table I) were highly similar across the treatment
groups. Patients were also comparable across geographic ar-
eas and centers, with the exception of South African sites. The
median age was thirty-two years (range, seventeen to eighty-
seven years); most patients were male (81%). Two hundred

and twenty (49%) of all randomized patients had a history of
recent tobacco use. 

As required by the study protocol, definitive fracture fix-
ation with intramedullary nailing (reamed or unreamed) was
performed no later than fourteen days (median, one day) after
the injury (Table II). The majority of the patients (100 [68%]
in the control group, ninety-eight [68%] in the 0.75-mg/mL
rhBMP-2 group, and ninety-four [65%] in the 1.50-mg/mL
rhBMP-2 group) underwent definitive fracture fixation with
an intramedullary nail immediately (within forty-eight hours)
after the injury. Patients who did not have immediate nailing
had temporary fracture stabilization with a splint, cast, or ex-
ternal fixation. All patients received routine soft-tissue man-
agement, including wound débridement and irrigation,
followed by definitive wound (soft-tissue) closure (Table III).
The median time from the injury to definitive wound closure
was three days (range, zero to fifteen days).

At the time of definitive fracture fixation with the in-
tramedullary nail, thirty-seven (8%) of the patients had con-
comitant fixation of the ipsilateral fibula. Three hundred and
eighty-four (88%) of the tibial nails were statically locked, and
the use of static locking was consistent across treatment
groups. Reamed intramedullary nailing was used more often
in the 1.50-mg/mL rhBMP-2 group (fifty-nine [41%] of the
patients) than in the control group (thirty-nine [27%]) (p =
0.0131). Reaming was defined as the enlargement of the in-
tramedullary canal with a reamer to facilitate the insertion of
a nail larger than the intramedullary canal. The imbalance be-
tween the percentages of patients treated with reaming was
due to the central randomization, which resulted in more pa-
tients being randomly allocated to the rhBMP-2 treatment at
centers that predominantly used reamed nailing. The median
nail diameter was 9 mm in all three treatment groups.

TABLE I Baseline Patient Demographics

Characteristic Standard Care

rhBMP-2

0.75 mg/mL 1.50 mg/mL

Randomized population

No. of patients 150 151 149

Mean age (range)* (yr) 37 (17-87) 37 (17-78) 33 (18-77)

Male patients† 118 (79) 120 (79) 126 (85)

Intent-to-treat population†

No. of patients 147 145 145

Recent tobacco use 66 (45) 73 (50) 75 (52)

Gustilo-Anderson type

Stratum A

I 34 (23) 29 (20) 32 (22)

II 54 (37) 51 (35) 50 (34)

IIIA 42 (29) 43 (30) 38 (26)

Stratum B (IIIB) 17 (12) 22 (15) 25 (17)

*Analysis of variance revealed an overall difference among treatment groups (p = 0.0384). †The values are given as the number of patients,
with the percentage in parentheses.
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Preparation and Implantation of rhBMP-2
An absorbable collagen sponge of type-I collagen derived
from bovine Achilles tendon (Helistat; Integra LifeSciences,
Plainsboro, New Jersey) was used as a surgical delivery matrix
because of its handling properties and ability to retain and de-
liver rhBMP-2 at the implantation site11,19-27. The combination
of the absorbable collagen sponge and rhBMP-2 protein, re-
ferred to as the rhBMP-2 implant in this paper, was prepared
with a standardized protocol. The reconstitution of rhBMP-2
with 8 mL of sterile water for injection resulted in a standard
concentration of either 0.75 mg/mL or 1.50 mg/mL applied to
a 7.5 × 10-cm absorbable collagen sponge. Following wound
irrigation and achievement of hemostasis, the rhBMP-2 im-
plant was placed as an onlay covering the fracture and bridg-
ing the area of comminution, just prior to soft-tissue closure.
The implant was limited to no more than one sponge deliver-
ing a concentration of rhBMP-2 protein of either 0.75 mg/mL
or 1.50 mg/mL, which resulted in implantation of a total dose
of 6 or 12 mg, respectively.

Results
our hundred and twenty-one (94%) of the patients were
followed for the complete twelve-month period, and drop-

out rates were comparable across groups (Table IV). The over-
all median duration of follow-up was fifty-two weeks (range,
zero to seventy-three weeks). In the intent-to-treat popula-
tion, three patients in the 0.75-mg/mL rhBMP-2 group and
four patients in the 1.50-mg/mL rhBMP-2 group did not re-
ceive the randomized treatment; nevertheless, according to the
intent-to-treat definition their outcomes were analyzed in
their randomization groups. In total, 263 patients (91%) re-
ceived the full rhBMP-2 implant, with 131 (90%) of the pa-
tients in the 0.75-mg/mL group receiving the total 6-mg
rhBMP-2 dose and 132 (91%) of the patients in the 1.50-mg/
mL group receiving the total 12-mg dose. The remaining pa-
tients received only a portion of the implant because of frac-
ture geometry and the inability to close the wound if the full
implant was used. Specifically, four patients in the 0.75-mg/
mL group and one patient in the 1.50-mg/mL group received
75% of the sponge, with delivery of a total dose of 4.5 and 9
mg of rhBMP-2, respectively, and seven patients in the 0.75-
mg/mL group and eight patients in the 1.50-mg/mL group re-
ceived a half sponge, with delivery of 3 and 6 mg, respectively.
Because the osteoinductive effect of rhBMP-2 is driven by
concentration rather than by total dose28, the patients who re-
ceived a partial implant were included and analyzed in theF

TABLE II Fracture Fixation

Standard Care 
(N = 147)

rhBMP-2

0.75 mg/mL 
(N = 145)

1.50 mg/mL 
(N = 145)

Preliminary fracture fixation*

Splint or cast 38 (26) 38 (26) 37 (26)

External fixation 8 (5) 9 (6) 13 (9)

Intramedullary nail 1 (1) 0 1 (1)

Definitive fracture fixation

Mean time (range) from injury to definitive 
fracture fixation (days)

1.6 (0-14) 1.7 (0-13) 1.9 (0-14)

Intramedullary nailing*

Reamed† 39 (27) 48 (33) 59 (41)

Unreamed 108 (73) 97 (67) 86 (59)

Nail diameter*

Small (<9 mm) 28 (19) 37 (26) 26 (18)

Medium (9 to <11 mm) 93 (63) 81 (56) 84 (58)

Large (≥11 mm) 26 (18) 27 (19) 35 (24)

Locking*

Statically locked 128 (87) 131 (90) 125 (86)

Dynamically locked 17 (12) 11 (8) 15 (10)

Unlocked 2 (1) 3 (2) 5 (3)

Treatment of ipsilateral fibula*‡

No 119 (88) 117 (92) 121 (92)

Yes 17 (13) 10 (8) 10 (8)

Fracture gap >2 mm postreduction* 17 (12) 10 (7) 20 (14)

*The values are given as the number of patients, with the percentage in parentheses. †The chi-square test revealed an overall difference
among treatment groups (p = 0.0371). ‡Includes only patients with an ipsilateral fibular fracture.
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same treatment groups as those receiving a full implant. 
Patients who had received the rhBMP-2 implant had a

significant, concentration-dependent decrease in the num-
ber of secondary interventions needed to promote healing
(Fig. 1). The percentages of patients requiring secondary in-
terventions were 26% and 37% in the 1.50-mg/mL and 0.75-
mg/mL groups, respectively, compared with 46% in the con-
trol group (p = 0.0004, Cochran-Mantel-Haenszel test).
Both the number and the invasiveness of the interventions
performed to promote fracture union were significantly
lower in the 1.50-mg/mL rhBMP-2 group than in the control
group (p = 0.0326 for number and p = 0.0264 for invasive-
ness; chi-square test for goodness of fit) (Table V). The pa-
tients who had received the 1.50-mg/mL rhBMP-2 implant
had a significant, 44% reduction in the risk of secondary in-
tervention to promote fracture-healing compared with the
control patients (p = 0.0005; relative risk = 0.56; 95% confi-
dence interval = 0.40 to 0.78). There were no significant dif-
ferences between treatment groups for the median time to
secondary interventions (control group = 105 days; 0.75-mg/
mL rhBMP-2 group = 104.5 days; and 1.50-mg/mL rhBMP-2
group = 107 days).

Of a number of variables explored, rhBMP-2 and ream-
ing were deemed to be the most relevant to the outcome. After
accounting for the potential interaction between rhBMP-2 and
the type of fixation, the multiple regression analysis indicated
that both reaming and rhBMP-2 independently affected the

TABLE III Wound Procedures Before and During Definitive Wound Closure

Standard Care 
(N = 147)

rhBMP-2

0.75 mg/mL 
(N = 145)

1.50 mg/mL  
(N = 145)

Wound procedure before definitive closure

Irrigation and débridement (mean no. per 
patient)

2.04 1.97 1.92

Fasciotomy* 12 9 12

Antibiotic beads* 6 14 5

Temporary dressing* 31 28 23

Other* 8 5 6

Median time (range) from injury to definitive 
wound closure (days)

4.0 (0-14) 3.0 (0-15) 3.0 (0-14)

Type of definitive wound closure*

Primary closure 27 30 32

Delayed primary closure 65 62 69

Local fasciocutaneous flap 10 17 12

Local muscle flap 10 13 8

Vascularized free tissue transfer 3 2 1

Split or full-thickness skin graft 33 24 27

Wound left open to granulate or in anticipation 
of skin-grafting

10 13 10

Other 8 8 7

*The values are given as the total number of procedures. More than one procedure could be documented for each patient, and more than
one type of wound closure could be applicable to each patient.

Fig. 1

Patients with secondary interventions in the treatment groups. n = 

number of intent-to-treat patients with a known outcome in each 

treatment group, SOC = standard-of-care (control) group, and rhBMP-2/

ACS = groups treated with recombinant human bone morphogenetic 

protein-2 in an absorbable collagen sponge implant. The analysis does 

not include fifteen intent-to-treat patients (five in the control group, 

seven in the 0.75-mg/mL rhBMP-2/ACS group, and three in the 1.50-

mg/mL rhBMP-2/ACS group) who did not have clinical outcome data. 

The Cochran-Mantel-Haenszel test for dose-dependent effect across 

overall difference among treatment groups revealed a p value of 0.0004. 

**The Fisher exact test pairwise comparison of the control group and 

the 1.50-mg/mL rhBMP-2/ACS group revealed a p value of 0.0005.
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primary outcome. Specifically, the rate of secondary interven-
tions in the 1.50-mg/mL rhBMP-2 group, with adjustment for
reaming, was significantly lower than that in the control group
(p = 0.0013), indicating efficacy of rhBMP-2 in patients treated
with reamed as well as with unreamed intramedullary nailing. 

The baseline Gustilo-Anderson classification of wound
severity was predictive of outcome, which confirmed the find-
ings in previously published reports5,29,30 and supported the ra-
tionale for stratification of study patients. In the control group,
patients with a more severe wound (type IIIB; Stratum B) were
twice as likely to have a secondary intervention than were those
with a less severe wound (type I, II, or IIIA; Stratum A): second-
ary intervention was carried out in fourteen (88%) of sixteen
patients in the former subgroup compared with fifty-two (41%)
of 126 in the latter. The rate of secondary intervention in both
Stratum A (p = 0.0026) and Stratum B (p = 0.0074) of the 1.50-
mg/mL rhBMP-2 group was significantly lower than that in the
control patients (Fig. 2-A).

Consistent with the findings of others31-33, a recent history
of smoking in the control group was associated with a 33% in-

crease in the risk of secondary interventions (52% compared
with 39% in nonsmokers). Among smokers, patients who had
received the 1.50-mg/mL rhBMP-2 implant had a significantly
lower rate of secondary intervention than did the control pa-
tients (30% compared with 52%, p = 0.0138; Fig. 2-B). 

Radiographic Analysis
Analysis of the end point based on the combined clinical and
independent radiographic assessments (Fig. 3) showed cor-
roboration of the treating surgeons’ clinical and radiographic
findings with the findings of the independent radiology panel
(p = 0.0076). The surgeons’ assessments of success (healing)
or failure (secondary intervention or no healing by twelve
months postoperatively) agreed with the blinded, indepen-
dent radiographic assessments of fracture union in 384 (91%)
of the cases. The level of agreement was similar among treat-
ment groups.

Fracture-Healing and Union
As previously documented in the literature34-37, the surgeons

TABLE IV Disposition of Patients*

Standard Care

rhBMP-2

Total0.75 mg/mL 1.50 mg/mL

Randomized 150 151 149 450

Final study visit completed* 138 (92) 142 (94) 141 (95) 421 (94)

Final study visit not completed* 12 (8) 9 (6) 8 (5) 29 (6)

Lost to follow-up 9 (6) 6 (4) 4 (3) 19 (4)

Per patient request 1 (0.7) 2 (1) 2 (1) 5 (1)

Death† 1 (0.7) 1 (0.7) 1 (0.7) 3 (0.7)

Per investigator request 1 (0.7) 0 1 (0.7) 2 (0.4)

Intent-to-treat*‡ 147 145 145 437 (97)

*The values are given as the number of patients with the percentage in parentheses. †All three deaths were considered by investigators to
be unrelated to treatment with rhBMP-2. ‡This group comprised patients who were eligible for the study, had signed the informed consent
form, and had been properly randomized.

TABLE V Number of Secondary and Subsequent Interventions*

Invasiveness†
Standard Care 

(N = 139‡)

rhBMP-2

P Value
0.75 mg/mL 
(N = 130‡)

1.50 mg/mL 
(N = 135‡)

Most invasive 29 (43) 26 (39) 12 (18) 0.0264§

Less invasive 29 (43) 21 (31) 18 (26) 0.3074

Noninvasive 0 0 2 (100)

Total 58 (42) 47 (34) 32 (23) 0.0326§

*The values are given as the number of procedures with the percentage of the total number of procedures of the specified degree of inva-
siveness in parentheses. †Most invasive = bone graft, exchange nailing, plate fixation, fibular osteotomy, or bone transport; less invasive =
nail dynamization or exchange from internal fixation to functional brace; and noninvasive = ultrasound, electrical stimulation, or magnetic
field stimulation. ‡Evaluable patient population who received treatment as randomized. §Chi-square test for goodness of fit.
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reported a shorter time to fracture union than did the radiolo-
gists. According to the surgeons, 50% of the fractures in the
control group were united after six months. However, accord-
ing to the independent radiology panel, 50% were considered
united after nine months. An illustration of the difference in
sensitivity between the radiographic assessment of fracture
union by the independent panel and the assessment of frac-
ture-healing by the treating surgeons is presented in Figure 4.
According to the clinical investigators’ assessments of fracture-
healing, there was a consistent increase in the rate of healing in
the rhBMP-2 groups at all visits, starting at ten weeks after de-
finitive wound closure (Fig. 5). At six months, the healing rate
observed in the 1.50-mg/mL rhBMP-2 group was 21% higher
than that in the control group (p = 0.0008). On the basis of
Kaplan-Meyer survival analysis, the time to fracture-healing
was shorter in the 1.50-mg/mL rhBMP-2 group than in the
control group (p = 0.0022, Wilcoxon test). Fracture-healing
was observed in 50% of the patients at 184, 187, and 145 days
in the control, 0.75-mg/mL rhBMP-2, and 1.50-mg/mL rh-
BMP-2 groups, respectively; this was a thirty-nine-day differ-
ence between the control and 1.50-mg/mL groups.

Safety
The adverse events experienced by the patients (e.g., leg pain,
edema, infection, knee and ankle pain, and hardware failure)
were consistent with those normally observed in the trauma
setting. There was no overall difference in the rate of fracture
site infection across treatment groups. However, in the subset
of patients with the most severe injuries (Gustilo-Anderson
types IIIA and IIIB), the rate of fracture site infection was sig-
nificantly lower in the patients treated with the 1.50-mg/mL
rhBMP-2 implant than it was in the control patients (24%
compared with 44%; p = 0.0219; Table VI). 

Hardware failures consisted mostly of screw breakage or
bending. Two patients, both treated with the 0.75-mg/mL rh-
BMP-2 implant, had nail breakage. Thirty-two patients (22%)
in the control group had hardware failure compared with six-

teen patients (11%) in the 1.50-mg/mL rhBMP-2 group (p =
0.0174).

The percentages of patients with overall pain were lower
in the rhBMP-2 implant groups (67% in the 0.75-mg/mL
group and 68% in the 1.50-mg/mL group) than in the control
group (79%; p = 0.0389). This finding may be related to the
accelerated soft-tissue healing observed in the 1.50-mg/mL
rhBMP-2 group compared with the control group: 83% of the
patients in the 1.50-mg/mL rhBMP-2 group had soft-tissue
healing at six weeks after definitive wound closure compared
with 65% of the patients in the control group (p = 0.0010). 

Addition of rhBMP-2 to standard care did not increase
the rate of local soft-tissue calcifications or heterotopic ossifi-
cation at remote sites.

One patient died in each of the three groups; none of
the deaths were considered to be related to study treatment.

The presence of antibodies to BMP-2 was infrequent; it
was observed in one (1%), three (2%), and nine (6%) of the
patients in the control, 0.75 mg/mL rhBMP-2, and 1.50-mg/
mL rhBMP-2 groups, respectively. There was no evident rela-
tionship between anti-BMP-2 antibodies and clinical outcome
or adverse events indicating an allergic response. 

Antibodies to type-I bovine collagen developed in sixty
patients: nine (6%), twenty-two (15%), and twenty-nine (20%)
in the control, 0.75-mg/mL rhBMP-2, and 1.50-mg/mL rh-
BMP-2 groups, respectively. No relationship between the im-
mune response to bovine collagen and treatment failure was
evident, and no patient had a clinical manifestation of an im-
mune response or allergy to bovine collagen. Furthermore,
anti-human type-I collagen antibodies did not develop in pa-
tients in whom antibodies to bovine type-I collagen developed,
a finding that was consistent with those in other reports35,38,39.

Discussion
ther clinical studies, with similar objectives, have been
performed to evaluate adjunct therapies for fracture man-

agement, ranging from autograft and bone-graft substitutes for
O

TABLE VI Safety Variables

Event Standard Care*

rhBMP-2*

P Value†0.75 mg/mL 1.50 mg/mL

Infection

Gustilo-Anderson I and II 13/88 (15) 12/80 (15) 15/70 (21) NS

Gustilo-Anderson IIIA and IIIB 26/59 (44) 19/65 (29) 15/63 (24) 0.047

Hardware failure 32/147 (22) 25/145 (17) 16/145 (11) 0.0476

Wound-healing 6 wk postop. 90/138 (65) 100/139 (72) 117/141 (83) 0.0031

Pain (all body systems) 116/147 (79) 97/145 (67) 98/145 (68) 0.0389

*The values are given as the number of patients with the event/total number in group or subgroup, with the percentage in parentheses.
†The p values were calculated with the chi-square test for overall difference among treatment groups. According to the Fisher exact test for
pairwise comparison of the 1.50-mg/mL rhBMP-2 implant group and the standard-of-care group, p = 0.0219 for infection (for patients with
Gustilo-Anderson type IIIA or IIIB fracture), p = 0.0174 for hardware failure, p = 0.0343 for pain, and p = 0.0010 for wound-healing. NS = not
significant.
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bone defects35,40 to noninvasive interventions (ultrasound, pulsed
electromagnetic fields, and electrical stimulation) to promote
healing of tibial nonunions. Although noninvasive modalities
are available to promote healing of open tibial fractures, there is
still a need for a surgical adjunctive treatment that could pre-
clude such therapy.

Evaluations of other bone morphogenetic proteins have
addressed established nonunions and have involved the use of
extracted bone morphogenetic proteins41 or bone morphoge-
netic protein-742. We believe that our investigation is the larg-
est prospective, controlled, multicenter clinical study of the
use of a bone morphogenetic protein in the initial surgical
management of acute long-bone fractures. We chose open tib-
ial fractures for our study of rhBMP-2 because they present a
common, severe, and challenging orthopaedic problem. Heal-
ing times are longer (five to ten months)5,43-52 and healing rates
are lower than those for other fractures because of the limited
vascular supply, sparse soft-tissue coverage, and high risk of
infection.

There have been major improvements in the surgical
treatment of open tibial fractures during the past two decades.
These improvements include aggressive treatment of soft-
tissue injury by means of immediate débridement and early
coverage as well as the preferred use of intramedullary nails
instead of external fixation to stabilize the bone injury. These
changes in the standard of care have been widely adopted with
the justified expectation of a lower rate of healing problems.
However, the current study revealed that the rate of delayed
fracture-healing is still high when an open tibial fracture is
treated with the updated standard treatment. Furthermore,
it was demonstrated that the rhBMP-2 implant has a dose-

dependent osteoinductive effect, accounting for the reduction
in the number of surgical interventions and in the infection
rate even in patients with the most severe open tibial fractures.
A pharmacoeconomic evaluation to assess the impact of these
reductions on health resource utilization is warranted.

Baseline demographic, fracture, and treatment vari-
ables were well controlled and comparable among the three
treatment groups in this study, with the exception of an imbal-
ance in the use of reamed nailing. Because rhBMP-2 appeared
to elicit similar treatment effects in patients treated with
reamed and unreamed nailing, pooling of these subgroups
was appropriate to assess the overall efficacy of the rhBMP-2
implant. Furthermore, the multivariate analyses conducted to
evaluate the effect of reaming and rhBMP-2 indicated that
both factors independently contributed to the reduction in the
rate of secondary interventions.

The radiographic findings reported in this study high-
light the inherent difficulty of attempting to corroborate clini-
cal observations with judgments based solely on radiographs.
As radiographic changes indicative of fracture union charac-
teristically occur later in the fracture repair process, a radiolo-
gist who must assess union on the basis of radiographs alone,
without any knowledge of patient and treatment characteris-
tics, will typically consider a fracture to be united considerably
later than the treating surgeon. This discrepancy reflects the
surgeon’s access to clinical information (e.g., the presence of
pain and the weight-bearing status). We believe that the use of
independent radiographic data combined with the investiga-

Fig. 2-A

Proportions of secondary interventions according to the Gustilo-Anderson 

classification of wound severity. SOC = standard-of-care (control) group, 

and rhBMP-2/ACS = groups treated with recombinant human bone mor-

phogenetic protein-2 in an absorbable collagen sponge implant. The 

analysis does not include fifteen intent-to-treat patients (five in the control 

group, seven in the 0.75-mg/mL rhBMP-2/ACS group, and three in the 

1.50-mg/mL rhBMP-2/ACS group) who did not have clinical outcome 

data. The p values were derived from a chi-square test for overall com-

parison among treatment groups. 

Fig. 2-B

Proportions of secondary interventions according to smoking history.

n = number of smokers or nonsmokers, SOC = standard-of-care (con-

trol) group, and rhBMP-2/ACS = groups treated with recombinant hu-

man bone morphogenetic protein-2 in an absorbable collagen sponge 

implant. The analysis does not include fifteen intent-to-treat patients 

(five in the control group, seven in the 0.75-mg/mL rhBMP-2/ACS 

group, and three in the 1.50-mg/mL rhBMP-2/ACS group) who did not 

have clinical outcome data and twelve patients (four in the control 

group, two in the 0.75-mg/mL rhBMP-2/ACS group, and six in the 1.50-

mg/mL rhBMP-2/ACS group) for whom the smoking history was un-

known. The p values were derived from a chi-square test for overall 

comparison among treatment groups. 
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tors’ clinical assessments is a valid method with which to
mitigate the risks associated with outcome interpretation by
surgeons aware of treatment allocation and by radiologists
unaware of treatment or clinical symptoms.

The fact that the investigators were not blinded to treat-
ment assignment is a limitation of the study. Despite many
prospective measures taken to minimize the potential for bias

(such as the limited time from randomization to treatment
and the use of a central, automated, randomization system),
the potential for bias cannot be excluded. The open-label de-
sign was chosen because the inclusion of a placebo control
group (absorbable collagen sponge only) was not deemed to
be ethically acceptable. In preclinical studies, the absorbable
collagen sponge was not shown to have any effect on fracture-
healing53; therefore, its introduction into an open wound at
high risk for infection was not considered appropriate. Had a
placebo (absorbable collagen sponge) control group been in-
cluded, the standard-of-care control group would have still
been necessary, effectively preventing the conduct of the study
under double-blind conditions. A number of analyses were
conducted to assess whether bias actually occurred. They in-
cluded a comparison of the times to secondary intervention,
which were found to be highly similar among the treatment
groups (median time, 104.5, 105, and 107 days). An additional
analysis was performed that took into account both the inves-
tigators’ clinical assessment of the need for secondary inter-
vention and the independent radiographic assessment of each
patient; the results demonstrated the same consistent dose-
response relationship found in the assessment of the primary
end point. This finding indicates that the approach to diagno-
sis was consistent across treatment groups and that there was
no evidence of unnecessary secondary interventions in the
control group. Also, patients in whom the fracture was judged
to have healed had no evidence of regression, such as refrac-
ture or regression from a full weight-bearing status. Finally,
the dose-related decrease in the rate of hardware failure re-
flects events independent of the investigators’ assessments and
provides evidence of a treatment effect.

Of particular interest is the finding that patients in
whom a Gustilo-Anderson type-IIIA or IIIB fracture had been
treated with the 1.50-mg/mL rhBMP-2 implant had a signifi-
cantly reduced rate of infection compared with the control
group. This effect may have been due to the earlier achieve-
ment of fracture stability. We also speculated that, like the ob-

Fig. 3

Success and failure in the treatment groups as determined by a com-

bined clinical and radiographic end point. Success = no secondary 

intervention and union of the fracture; failure = no secondary inter-

vention and fracture not united, secondary intervention and union, or 

secondary intervention and fracture not united; n = number of intent-to-

treat patients with a known outcome in each treatment group; SOC = 

standard-of-care (control) group, and rhBMP-2/ACS = groups treated 

with recombinant human bone morphogenetic protein-2 in an absorb-

able collagen sponge implant. The analysis does not include fifteen

intent-to-treat patients (five in the control group, seven in the 0.75-mg/

mL rhBMP-2/ACS group, and three in the 1.50-mg/mL rhBMP-2/ACS 

group) who did not have clinical outcome data. **The Fisher exact test 

pairwise comparison of the control group and the 1.50-mg/mL rhBMP-

2/ACS group revealed a p value of 0.0028.

Fig. 4

Anteroposterior radiographs of a twenty-

nine-year-old man made at visits ranging 

from six to fifty weeks postoperatively. The 

patient had sustained an open fracture of 

the left tibia (Gustilo-Anderson type IIIB, 

AO type C1) in a motorcycle accident. 

Treatment included unreamed locked nail-

ing (Synthes AO 9-mm nail) and a 1.50-

mg/mL rhBMP-2 implant. The fracture was 

considered to be healed at twenty weeks 

by the treating surgeon and to be united 

at twenty-six weeks by the independent ra-

diology panel.
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served acceleration of soft-tissue healing and the reduction in
pain, this observation may have been related to an increased
vascular supply, which has been observed experimentally in
rhBMP-2-induced new bone. The infection rates reported in
this study appear to be higher than those in other reports be-
cause our definition of infection was conservative, including
all superficial and deep bone infections. The reported infec-
tion rates at the sites of open tibial fractures have been as low
as 3% to 4% when all fracture wound-severity grades have
been combined1,54,55. The rate increases to 14% to 20% for
Gustilo-Anderson type-III fractures5,52,56. The percentage of pa-
tients with infection requiring surgical intervention in the
present study is more representative of that associated with the
type of infection usually reported in the literature.

Clinical use of the 1.50-mg/mL rhBMP-2 implant as a
novel adjunct to standard management of long-bone fractures
was safe, was well tolerated, and demonstrated advantages over
the current standard of care. The 1.50-mg/mL rhBMP-2 im-
plant reduced the need for secondary interventions, reduced the
invasiveness of those interventions, and accelerated fracture-
healing. These benefits could have a positive impact on a large
number of patients, ultimately resulting in earlier functional re-
covery, less discomfort, and reduced medical costs.  �
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Rate of fracture-healing according to the treatment group and visit. The determination of fracture-healing was based on the treating surgeons’ clini-

cal and radiographic assessment. SOC = standard-of-care (control) group, rhBMP-2/ACS = groups treated with recombinant human bone morphoge-

netic protein-2 in an absorbable collagen sponge implant, and DWC = definitive wound closure. The Fisher exact test pairwise comparison of the 

control group and the 1.50-mg/mL rhBMP-2/ACS group revealed a p value of 0.0481 at ten weeks, <0.0001 at fourteen weeks, 0.0001 at twenty 

weeks, 0.0008 at twenty-six weeks, 0.0025 at thirty-nine weeks, and 0.0009 at fifty-two weeks. * = p < 0.05. ** = p < 0.01.
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