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Bone Morphogenetic Protein-2 Rapidly Heals Two Distinct Critical
Sized Segmental Diaphyseal Bone Defects in a Porcine Model
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ABSTRACT
Introduction:
Segmental bone defects (SBDs) are devastating injuries sustained by warfighters and are difficult to heal. Preclinical
models that accurately simulate human conditions are necessary to investigate therapies to treat SBDs. We have devel-
oped two novel porcine SBD models that take advantage of similarities in bone healing and immunologic response
to injury between pigs and humans. The purpose of this study was to investigate the efficacy of Bone Morphogenetic
Protein-2 (BMP-2) to heal a critical sized defect (CSD) in two novel porcine SBD models.

Materials and Methods:
Two CSDs were performed in Yucatan Minipigs including a 25.0-mm SBD treated with intramedullary nailing (IMN)
and a 40.0-mm SBD treated with dual plating (ORIF). In control animals, the defect was filled with a custom spacer and
a bovine collagen sponge impregnated with saline (IMN25 Cont, n= 8; ORIF40 Cont, n= 4). In experimental animals,
the SBD was filled with a custom spacer and a bovine collage sponge impregnated with human recombinant BMP-2
(IMN25 BMP, n= 8; ORIF40 BMP, n= 4). Healing was quantified using monthly modified Radiographic Union Score
for Tibia Fractures (mRUST) scores, postmortem CT scanning, and torsion testing.

Results:
BMP-2 restored bone healing in all eight IMN25 BMP specimens and three of four ORIF40 BMP specimens. None of
the IMN25 Cont or ORIF40 Cont specimens healed. mRUST scores at the time of sacrifice increased from 9.2 (±2.4) in
IMN25 Cont to 15.1 (±1.0) in IMN25 BMP specimens (P< .0001). mRUST scores increased from 8.2 (±1.1) in ORIF40
Cont to 14.3 (±1.0) in ORIF40 BMP specimens (P< .01). CT scans confirmed all BMP-2 specimens had healed and
none of the control specimens had healed in both IMN and ORIF groups. BMP-2 restored 114% and 93% of intact
torsional stiffness in IMN25 BMP and ORIF40 BMP specimens.

Conclusions:
We have developed two porcine CSD models, including fixation with IMN and with dual-plate fixation. Porcine models
are particularly relevant for SBD research as the porcine immunologic response to injury closely mimics the human
response. BMP-2 restored healing in both CSD models, and the effects were evident within the first month after injury.
These findings support the use of both porcine CSD models to investigate new therapies to heal SBDs.
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INTRODUCTION
Segmental bone defects (SBDs) are most often the result of
high-energy extremity trauma.1,2 SBDs are at high risk to
develop nonunion reflected by ongoing intensive research to
develop methods to treat SBDs.3,4 Warfighters are at risk
of sustaining severe composite extremity injuries that typ-
ically include SBDs.5 Critical to investigating treatments
is access to relevant translational models that accurately
simulate anatomic and physiologic human conditions result-
ing fromSBDs. Relevant large animalmodels optimally simu-
late human bone biology and immunologic response to injury
and reproduce forces encountered in humans during frac-
ture healing.6 To date, the most commonly used large animal
models for SBD research are sheep, goats, and dogs.7–13 Inter-
estingly, bone composition and bone remodeling in pigs more
closely resembles humans compared to dogs and sheep.14 In
addition, the porcine immunologic response to injury and
hemorrhage closely mimics humans,15–17 which is relevant
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because many SBDs occur in polytraumatized patients.18

However, porcine SBD models are pragmatically scarce pri-
marily due to excessive body weight in pigs. Taken together,
there is a paucity of research using porcine models that have
the potential to better simulate human bone healing compared
to traditional large animal models.

We have developed a porcine SBD model using Yucatan
minipigs (YMPs).19 Yucatan minipigs offer distinct advan-
tages as a preclinical SBD model, including similar bone
physiology, bone healing, and remarkably similar immuno-
logic response to injury compared to humans.15–17,20,21 In
addition, full-grown YMPs range from 60 to 100 kg. In model
development, we demonstrated that a 25.0-mm SBD in the
mid-tibial diaphysis healed when stabilized with dual orthog-
onal plating (ORIF) but did not heal when stabilized with
an intramedullary nail (IMN).19 We also demonstrated that
a 40.0-mm SBD stabilized with dual orthogonal plating also
failed to heal. Taken together, we identified two critical sized
defects (CSDs) in a load-bearing porcine diaphyseal model,
which afford opportunities to investigate interventions.

Multiple strategies have been used to heal SBDs that
include autografts, allografts, cell-based augmentation, and
augmentation with osteoinductive molecules.22,23 Recom-
binant human Bone Morphogenetic Protein-2 (BMP-2;
INFUSE, Medtronic Inc, Minneapolis, MN) has been the
most extensively studied augmentation strategy, and it has
demonstrated success in small24–26 and large8,13 animal mod-
els. The purpose of this study was to test the efficacy
of BMP-2 in our two established porcine CSD models to
further validate the relevance of our porcine diaphyseal
CSD model. We hypothesized that BMP-2 would restore
bone healing in both models. Experimental groups of pigs
subjected to a 25.0-mm SBD treated with IMN and sub-
jected to a 40.0-mm defect treated with ORIF were treated
with BMP. These results were compared to our original

corresponding models that were untreated and developed
nonunions.

METHODS

Experimental Protocol

Our protocol and methods were approved by the U.S. Army
Medical Research and Development Command Animal Care
and Use Review Office and subsequently by our Institu-
tional Animal Care and Use Committee. Two experimen-
tal groups were investigated and compared to our CSD
YMPs that had been originally investigated in model develop-
ment.19 One set of YMPs were subjected to a 25.0-mm mid-
diaphyseal tibial SBD and stabilized with a custom-designed
intramedullary nail (IMN25; Fig. 1). The SBD was filled with
a custom-fabricated polypropylene fumarate/tricalcium phos-
phate (PPF/TCP) scaffold spacer24 circumfrentially wrapped
a type I bovine collagen sponge. In the original control ani-
mals19 (IMN25 Cont; n= 8), the sponge was impregnated
with 1.5mL of saline. In experimental animals, the sponge
was impregnated with 1.5mg of BMP-2 in 1.5mL of saline
(IMN25 BMP; n= 8). The other set of YMPs was subjected
to a 40.0-mm tibial diaphyseal SBD and stabilized with dual
plating (ORIF40; Fig. 1). The defect was filled with a custom
PPF/TCP scaffold spacer and a collagen sponge. In original
control animals,19 the sponge was impregnated with 1.5mL
of saline (ORIF40 Cont; n= 4), and in experimental animals,
the sponge was impregnated with 1.5mg of BMP-2 in 1.5mL
of saline (ORIF40 BMP; n= 4). Pigs were returned to rou-
tine cage activity. Intramedullary nail pigs were followed for
6 months. ORIF pigs were followed for 3 months.

SURGERY
Pigs were induced with intravenous telazole, ketamine, and
xylazine and maintained under anesthesia with isoflurane

FIGURE 1. Two segmental bone defect models with critical sized defects were studied. Postoperative intramedullary nail (IMN25) X-rays are shown on the
left, and dual-plating (ORIF40) X-rays are shown on the right.
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during surgery. Ceftiofur, 5mg/kg, was administered before
incision for antimicrobial prophylaxis. The right hind limb
was shaved and scrubbed with tricolsan followed by 70%
ethanol. The surgical site was then prepared with betadine and
draped in a sterile fashion.

Intramedullary Nailing19

A 4.0-cm skin incision medial to the patella and a medial
parapatellar arthrotomy afforded access to the top of the
tibial plateau. A 4.0-mm Steinmann pin was inserted into
the medullary canal, and its position was confirmed with
fluoroscopy. Subsequently, hand reamers were sequentially
inserted through the opening pin tract and through the entire
length of the tibia to a diameter of 9mm. A custom-designed
120-mm-long, 8-mm diameter stainless steel IMN (Medical
Innovations International Inc., Rochester, MN) was inserted
into the canal, and the position was verified with fluoroscopy.
Once proper fit and position were confirmed, the IMN was
removed.19

A 6.0-cm skin incision, starting 2 cm proximal to the dis-
tal end of the palpable tibial tubercle, was carried sharply
down onto the anterior tibia. Sharp dissectionwas carried deep
between the bone and adjacent muscle, and the tibia was cir-
cumferentially exposed. Two parallel transverse osteotomies
were made 25.0mm apart. The proximal end of the osteotomy
was made 3mm below the inferior most aspect of the tibial
tubercle. The SBD was created, and the intercalated spacer
was inserted into the defect. The scaffold was a PPF/TCP scaf-
fold with a 20-mm outer diameter, 12-mm inner diameter, and
25-mmheight fabricated using castingmethods described pre-
viously.24 The IMN was then re-inserted through the central
canal of the scaffold and into its final position in the tibia. The
IMN was statically locked with two 3.5-mm crosslock screws
in the proximal tibia and two 3.5-mm crosslock screws in the
distal tibia.19

An FDA-approved type I bovine collagen sponge (Helis-
tat, 7.5 cm × 5.0 cm × 5.0mm), which was treated with either
1.5mg human recombinant BMP-2 (IMN25 BMP; n= 8) sol-
ubilized in 1.5mL sterile saline or 1.5mL of saline alone
(IMN25 Cont; n= 8) was placed circumferentially around the
scaffold and secured with 3.0 Vicryl suture to local tissue.
Care was taken to ascertain that the sponge contacted both the
proximal and distal bone in the defect. The fascia and subcu-
ticular layer were closed with 3.0 Vicryl suture. The skin was
closed with 2-0 Vicryl suture. Pigs were returned to routine
cage activity.

Open Reduction with Internal Fixation19

In the ORIF40YMPs, a 14.0-cm incision wasmade beginning
from the proximal lateral leg lateral to the palpable border
of the tibia and then curving medial to parallel the palpable
anterior border of the tibia. Sharp dissection came directly
down over the bone. A nine-hole 3.5-mm dynamic compres-
sion plate was contoured to rest on the lateral surface of the

tibia and was secured to the intact bone with a single 3.5-mm
screw above and below the SBD resection site. A second
eight-hole one-third tubular plate was laid against the medial
tibial surface and secured with a single 3.5-mm screw above
and below the SBD resection site. The one-third tubular plate
was then removed to allow access to the lateral surface of the
bone for resection. The 40.0-mm resection was measured and
marked, and then cuts were made with an oscillating saw.
Immediately after resecting the bone, the defect was stabi-
lized by securing both plates. We used six 3.5-mm screws
(three above and three below the SBD) in the dynamic com-
pression plate and four screws (two above and two below the
SBD) in the one-third tubular plate. The defect was filled with
a 40.0-mm PPF/TCP scaffold and collagen sponge overlaid
as described above with (ORIF40 BMP; n= 4) or without
(ORIF40 Cont; n= 4) 1.5mg of BMP-2 impregnated in the
sponge. The wounds were closed with Vicryl suture. The pigs
were allowed free cage activity and ad lib access to food and
water.

Radiographic Healing

We used the modified Radiographic Union Score for Tibia
Fractures (mRUST) to quantify healing.27 The mRUST
assigns integer scores reflecting bone healing to four dis-
tinct cortices as follows: 1, no healing; 2, callus present
but no cortical bridging; 3, bridging callus with fracture line
remaining visible; and 4, bridging callus with no fracture line
visible. The mRUST scores are determined on the anteropos-
terior (medial and lateral cortices) and lateral (anterior and
posterior cortices) X-rays. Three orthopedic traumatologists
graded the X-rays in a randomized blinded fashion on two
separate occasions. The two observations from each surgeon
were averaged, and mean mRUST scores were determined
by averaging the three individual surgeon scores at each time
point.

CT-based Healing

After euthanasia, tibias were dissected and internal fixation
was removed for CT evaluation using a high-resolution CT
scanner (XtremeCT II; ScancoMedical, Bruttisellen, Switzer-
land). The scanner produced a stack of 816 tomographic slices
with a voxel size of 50µmcentered at the middle of the defect.
The reconstructed tomographic images were imported into
OsiriX MD 11.0.3 (Pixmeo SARL, Geneva, Switzerland) to
create sagittal and coronal images spanning the defect site.
Two observers reviewed sagittal and coronal plane reconstruc-
tions to determine the presence or absence of bone bridging
involving the medial, lateral, anterior, and posterior cortices.

Torsion Testing

At the time of harvest, all soft tissues were removed. In
IMN25 specimens, the proximal and distal crosslock screws
were removed. In ORIF specimens, both plates and screws
were removed. Specimens were stored at −20◦C until testing.
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Samples were thawed at room temperature for 24 hours before
testing. The proximal end of the tibia was connected to a
torque sensor (STS Torque Sensor, Largo, FL) and force
gauge (Chantillon DFS Series Digital Force Gauge, Largo,
FL) through a hex head screw inserted between the medial and
lateral facets. Samples were then connected to a motorized
torsional stand (Mark 10 TSTM-DC, Copiague, NY) con-
nected to the digital controller (Mark 10 DC 4040, Copiague,
NY). The samples were loaded at a torsional rate 0.05◦ per
second to a maximum of 5◦ displacement. Torque-angle plots
were recorded. We performed identical tests on the contralat-
eral tibia for intact stiffness information. Maximum torque at
failure or at 5◦, whichever came first, divided by themaximum
torque of the intact tibia at 5◦ was recorded.

Statistical Methods

We compared mRUST at monthly intervals between treat-
ment groups. Mixed linear models were used to determine
if there was a significant difference in ratings between the
treatment groups, while also modeling the repeated measures
structure and accounting for the within-rater covariance struc-
ture. Sensitivity analyses were performed using time as a
covariate, rather than a random effect, to determine if this
would attenuate the findings in the primary model that only
included treatment. All analytic assumptions were verified,
with fit statistics being used to determine that linear mod-
els were acceptable. All analyses were performed using SAS
v9.4, SAS Institute, Cary, NC.

CT scanning was used to confirm cortical bridging and
definitive healing. We compared the number of bridged cor-
tices between groups. Torsion data were normalized to the
intact contralateral tibia. Healed cortices by CT scanning and

torsional data were compared between groups with standard
t-tests.

RESULTS

Surgical Results

All IMN25 YMPs tolerated the surgery without complica-
tions. There were no early implant failures. One IMN25 Cont
specimen was lame with gross implant failure at 3 months
and was sacrificed. The other seven IMN25 Cont animals
and all IMN25 BMP pigs made it to the 6-month euthanasia
time point. Seven of eight of the IMN25 Cont pigs developed
delayed wound breakdown and infection from 28 to 173 days
after surgery. All were controlled with local debridement and
oral antibiotics. One of the IMN BMP pigs developed an
infection that was controlled with local debridement and oral
antibiotics. Formal gait analysis was not performed, but by
observation, none of the IMN25 Cont specimens resumed a
normal gait pattern in contrast to IMN25 BMP specimens that
were all walking without a limp by 2 months after surgery.

All four ORIF40 Cont pigs became lame in the 3rd post-
operative month with obvious nonunions and were euthanized
at 3 months. One of the ORIF40 BMP pigs became acutely
lame 1 week after surgery with an obvious limb deformity
and broken internal fixation and was euthanized early. The
other three ORIF40 BMP pigs resumed normal gait patterns
within 2 months of surgery, healed uneventfully, and were
euthanized at 3 months postsurgery.

Radiographic Healing IMN YMPs

Healing trajectories in IMN25 Cont and IMN25 BMP pigs
demonstrate early divergence in healing rates within the first

FIGURE 2. Modified Radiographic Union Score for Tibia fractures (mRUST) scoring of Yucatan minipigs treated with intramedullary nailing (IMN). Bone
Morphogenetic Protein-2 (BMP-2) resulted in rapid radiographic healing in the 25.0-mm segmental bone defect model treated with an IMN as depicted by
monthly mRUST scores (* denotes improved healing in IMN25 BMP with P< .05 compared to IMN25 Cont at that time point). All IMN25 BMP specimens
were clinically and radiographically healed by 2-3 months. In contrast, the IMN25 Cont specimens had failed healing trajectories by 4 months, which did not
improve.
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month of injury (Fig. 2). X-rays of IMN25 Cont specimens
at 2 and 6 months are shown in Supplementary Fig. S1,
and corresponding CT cross-sections are shown in Supple-
mentary Figure S2. Likewise, X-rays at 2 and 6months in
IMN25 BMP specimens are shown in Supplementary Figure
S3, and CT cross-sections are shown in Supplementary Figure
S4. By 2 months, all BMP specimens were radiographi-
cally healed (Supplementary Figs. S3 and S4). At 6 months,
mRUST scores increased from 9.2 (±2.4) in IMN25 Cont

to 15.1 (±1.0) in IMN25 BMP specimens (P< .0001). CT
scanning demonstrated bridging callus on 30 of 32 possi-
ble cortices in BMP-2 specimens (Supplementary Fig. S4).
Control specimens had no bridging callus in all 28 possible
cortices (Supplementary Fig. S2).

Radiographic Healing ORIF40 YMPs

Healing trajectories in ORIF40 Cont and ORIF40 BMP
pigs demonstrate similar early divergence in healing rates

FIGURE 3. Modified Radiographic Union Score for Tibia fractures (mRUST) scoring of Yucatan minipigs treated with dual plating. Bone Morphogenetic
Protein-2 (BMP-2) augmented radiographic healing in the 40.0-mm segmental bone defect model treated with an ORIF as depicted by monthly mRUST scores
(* denotes improved healing in IMN25 BMP with P< .05 compared to IMN25 Cont at that time point). Three of four BMP specimens were clinically and
radiographically healed by 2 months. The fourth specimen in the ORIF40 Cont group failed early and is not included in this analysis. None of the ORIF40
BMP specimens healed.

FIGURE 4. Torsional stiffness testing. Bone Morphogenetic Protein-2 (BMP-2)-treated animals had significantly increased torsional stiffness compared to
untreated controls at the terminal time point in both IMN25 and ORIF40 groups (* denotes P< 0.0001 by standard t-test).
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within the first month after injury (Fig. 3). X-rays of con-
trol and BMP-2 specimens at 3 months in the ORIF40 model
are shown in Supplementary Figure S5. At 3 months after
injury, mRUST scores increased from 8.2 (±1.2) in ORIF40
Cont specimens to 14.3 (±1.0) in ORIF40 BMP specimens
(P< .01). CT scanning (Supplementary Fig. S6) confirmed
bridging callus seen on 11 of 12 possible cortices in ORIF40
BMP specimens.

Torsion Testing

Torsion testing confirmed radiographic findings with the
restoration of intact stiffness in the IMN25 BMP and ORIF40
BMP groups (Fig. 4). In contrast, controls regained very little
torsional stiffness in either model.

DISCUSSION
In our original model development, we investigated 25-mm
defects stabilized with IMN, which led to a CSD but with
concomitant delayed wound breakdown.19 We changed to
dual plating to augment torsional stability (ORIF25 Cont
conditions), and these animals healed without wound com-
plications. Accordingly, we increased the defect to 40mm
in dual-plated specimens (ORIF40 Cont conditions), which
clearly led to early fixation failure and a CSD. In the cur-
rent experiment, BMP-2 rescued bone healing in both CSD
models. BMP-2 has been shown to facilitate bone healing in
multiple small animal,25–27 translational,8,13 and clinical28–30

bone healing models. In the IMN25 YMPs, untreated SBDs
did not heal and there was consistent delayed wound break-
down. We hypothesize that wound breakdown resulted from
nonunion instead of causing nonunion. Addition of BMP-2
into the SBD clearly accelerated bone healing and prevented
wound breakdown in IMN25 YMPs. The 40.0-mm defect was
a severe insult as evidenced by gross failure in all ORIF40
Cont animals by 3 months even with dual plating. Again,
BMP-2 was effective to heal these large defects. The effects of
BMP-2 on bone healing were rapid in both CSD models, with
clear divergence in healing trajectories in the first month after
injury (Figs. 2 and 3). In early clinical work, BMP-2 reduced
the number of secondary operations and reduced infections in
patients sustaining open tibial fractures.31 In subsequent stud-
ies, it has continued to show efficacy in achieving bony union
in several clinical models.28–30 Our studies appear to be con-
sistent with both the reduced infection rate and the ability of
BMP-2 treatment to result in a bony union.

Porcine models offer several advantages compared to other
translational SBD models. Porcine models share notable
immunologic15–17,20,21 and metabolic fidelity32 with humans
when sustaining extremity trauma and hemorrhagic shock.
This is likely important as a significant number of man-
gled limbs occur in multiply injured patients. In addition,
the majority of polytrauma models investigating systemic
metabolic and immunologic responses have been done in
porcine models.20,21 Accordingly, the immunologic response
likely affects bone and soft tissue healing and should be

accounted for in translational injury models. While there are
numerous porcine polytrauma models, there is a lack of cor-
responding extremity injury investigations in porcine models.
A functioning porcine extremity injury model is particularly
adaptable to investigate extremity war injuries as concomi-
tant injuries that include damage to overlying muscle and
skin, additional visceral injuries, traumatic brain injuries,
and hemorrhagic shock are all common in warfighters who
sustain severe limb injuries.33,34 However, it needs to be rec-
ognized that surgical resection of a SBD in this model does not
reproduce extremity war injury conditions that would include
damage to the adjacent soft tissue and typically a concussive
wave from a blast mechanism that significantly expands the
zone of injury.

There are several existing porcine weight-bearing dia-
physeal SBD models. Our model development indicates a
threshold for a CSD lies between 25.0 and 40.0mm in dual-
plated specimens. Runyan and colleagues demonstrated that
a 30-mm SBD treated with dual plating healed by 16weeks
in juvenile breeder pigs consistent with our model.19,35 How-
ever, they used skeletally immature pigs. Lin and colleagues
created 30.0-mm femur SBDs in Taiwan Lee-Sung minip-
igs and treated them with a locking plate.36 Defects treated
with adipose stem cells carrying a genetically engineered vec-
tor were rescued and were on a healing trajectory. Untreated
defects did not heal and were filled with fibrous tissue. Our
models compare favorably to the work of Runyan and Lin.
The dual-plated specimens in Runyan’s model35 healed at
a similar rate to our specimens in model development.19 In
contrast, single-plated preparations described by Lin36 would
have significantly less torsional resistance, and the authors
report no bone healing in untreated defects.

There are several limitations with our study. Seven of
eight of the IMN25 Cont animals had wound breakdown
that possibly resulted from chronic limb instability from a
nonunion. It is also distinctly possible that the nonunions in
this group resulted from infection. However, seven of eight
IMN25 BMP specimens, subjected to an identical defect and
fixation methods, had no wound complications and rapid
bone healing. Taken together, it is more plausible that wound
breakdown was secondary to residual limb instability, but
this is not known. Specimen numbers in the ORIF40 groups
are small and will need more experimentation to support
our preliminary findings. However, all control animals had
gross failure. In contrast, three of four of the BMP-2 ani-
mals healed robustly, and the fourth animal failed within a
week, which was not related to nonunion. In studies quanti-
fying plain radiographic bone healing, mRUST scores have
become the gold standard, but they have moderate inter-
and intra-rater reproducibility.27,37–39 Three trained observers
made two independent blinded readings of the X-rays in this
study. Our interclass coefficients for inter and intra-rater reli-
ability were approximately 0.8, demonstrating the utility of
this index. In addition, mRUST scores corresponded well
with torsion testing and were validated by CT-based findings.
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Finally, although BMP-2 has been shown to be an effective
osteoinductive bone healing intervention in multiple studies,
the goal of this study was to further validate both of our
porcine CSDmodels using a known bone healing intervention
as a “positive” control.

CONCLUSIONS
In summary, BMP-2 reliably healed two different CSD in the
tibia of YMPs. The onset of action of BMP is rapid and begins
during the first month of healing. The porcine model is a
novel option for bone defect research and offers a translational
model with excellent fidelity to human injury response.
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