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Quantifying Vascular Changes Surrounding Bone
Regeneration in a Porcine Mandibular Defect
Using Computed Tomography
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Angiogenesis is a critical process essential for optimal bone healing. Several in vitro and in vivo systems have been
previously used to elucidate some of themechanisms involved in the process of angiogenesis, and at the same time, to
test potential therapeutic agents and bioactive factors that play important roles in neovascularization. Computed
tomography (CT) is a noninvasive imaging technique that has recently allowed investigators to obtain a diverse range
of high-resolution, three-dimensional characterization of structures, such as bone formation within bony defects.
Unfortunately, to date, angiogenesis evaluation relies primarily on histology, or ex vivo imaging and few studies have
utilized CT to qualitatively and quantitatively study the vascular response during bone repair. In the current study a
clinical CT-based technique was used to evaluate the effects of rhBMP-2 eluting graft treatment on soft tissue
vascular architecture surrounding a large segmental bone defectmodel in theminipigmandible. The objective of this
studywas to demonstrate the efficacy of contrast-enhanced, clinical 64-sliceCT technology in extracting quantitative
metrics of vascular architecture over a 12-week period. The results of this study show that the presence of rhBMP-2
had a positive effect on vessel volume from 4 to 12 weeks, which was explained by a concurrent increase in vessel
number, which was also significantly higher at 4 weeks for the rhBMP-2 treatment. More importantly, analysis of
vessel architecture showed no changes throughout the duration of the study, indicating therapeutic safety. This study
validates CT analysis as a relevant imaging method for quantitative and qualitative analysis of morphological
characteristics of vascular tissue around a bone healing site. Also important, the study shows that CT technology can
be used in large animal models and potentially be translated into clinical models for the development of improved
methods to evaluate tissue healing and vascular adaptation processes over the course of therapy. This methodology
has demonstrated sensitivity to tracking spatial and temporal changes in vascularization and has the potential to be
applied to studying changes in other high-contrast tissues as well.
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Impact Statement

Tissue engineering solutions depend on the surrounding tissue response to support regeneration. The inflammatory envi-
ronment and surrounding vascular supply are critical to determining if therapies will survive, engraftment occurs, and native
physiology is restored. This study for the first time evaluates the blood vessel network changes in surrounding soft tissue to a
bone defect site in a large animal model, using clinically available computed tomography tools and model changes in vessel
number, size, and architecture. While this study focuses on rhBMP2 delivery impacting surrounding vasculature, this
validated method can be extended to studying the vascular network changes in other tissues as well.
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Introduction

Bone regeneration is a pressing clinical issue due to an
increased clinical presentation of bone loss in traumatic

injuries and cancerous resections.1–3 Disfiguring cranio-
maxillofacial (CMF) injuries in particular, can result from
congenital anomalies of the facial skeleton, oral malignan-
cies such as cancer and infection, or from traumatic
injuries.4–6 Moreover, recent epidemiological studies con-
ducted to evaluate theaters of war in Iraq and Afghanistan
have demonstrated an increased frequency of CMF battle-
field injuries that approaches 30% of total injuries.7–10

The nature of battlefield trauma specifically, has changed
since torso and body armor technologies have evolved in the
past decade to improve survival. However, evidence has
shown that theCMF region is notwell protected and is thus left
vulnerable to explosive devices and ballistic trauma on the
battlefield.8,9,11 Most CMF battlefield injuries are predomi-
nately penetrating soft tissue injuries (58%) characterized by a
combination of complex lacerations, tissue avulsions, nerve
and vessel injuries, burns, and fractures (27%). Of these, 78%
are open fractures and 36% are mandibular fractures.7–10,12

The complexity of injuries includes extensive damage to
surrounding tissues and a lack of sufficient soft tissue coverage
in many cases. These issues, especially the lack of functional
vasculature, make the wound environment unsuitable to sup-
port proper bone healing. Moreover, the low rate of successful
outcomes in CMF injuries and the fact that they are rarely seen
in civilian trauma makes the situation more challenging to
military maxillofacial surgeons.7,8,10,12,13

Bone tissue is typically characterized by continuous re-
modeling, which occurs for the maintenance of overall bone
size, shape, and structural integrity.14 The metabolic and
survival activities during bone remodeling are tightly reg-
ulated by a multitude of local and systemic factors. These
factors control the cellular activities and depend on adequate
supply of oxygen, nutrients, hormones, cytokines, and pre-
cursor cells from vasculature. Therefore, during injury
where normal blood supply is disrupted, inadequate or in-
appropriate bone vascularity results in fibrous tissue for-
mation and delayed or nonunions.12,13,15 This is especially
important in the case of CMF injuries given the necessity to
maintain not just facial esthetics, but also to regenerate bone
in the appropriate locations and of sufficient quality to
support suitable implants for functional restoration.10,16

Thus, the regeneration of bone in CMF models needs to be
assessed in a holistic manner to include the formation of
bone as well as the maintenance of surrounding tissue and
vasculature for continued patency of restoration.

Growth factors are important for successful bone regen-
eration. Specifically, recombinant human bone morphoge-
netic proteins (rhBMPs), such as rhBMP-2 play essential
roles in skeletal embryogenesis, cartilage development, and
bone formation. These molecules regulate proliferation,
migration, and differentiation of osteoprogenitor and endo-
thelial cells, which are important in the fracture healing
process.14,17,18 The effectiveness of rhBMP-2 has been
demonstrated to be significantly improved based on the
design of the carrier and the growth factor release system in
both extremity segmental bone healing19 and craniofacial
models.20 However, especially as novel therapeutics prog-
ress down the translational pipeline, it is crucial that con-

cerns such as potential inflammation, heterotopic bone growth,
and high vascularization21–23 be studied in large preclinical
models to ensure that safe therapeutic windows for growth
factors are achieved.

Novel therapeutics include a newer generation of bone
graft materials that are often a combination of biomaterial
scaffolds to provide suitable substrates, biochemical growth
factors to induce tissue-specific differentiation and devel-
opment, and even suitable biologics such as stem cells to
accelerate tissue regeneration.24–26 In such a complex mi-
lieu, the use of preclinical animal models has become the
norm for the evaluation of therapeutic safety and efficacy
before further approval for translation into clinical appli-
cations can be sought. For these reasons, it is crucial to have
thorough characterization of the regenerating tissue at all
stages of preclinical animal models.

In the current study, we evaluate the effects on surrounding
soft tissue vascular architecture in a large segmental bone
defect model in the minipig mandible, where one group was
left untreated and one group was treated with an rhBMP-2
therapeutic. All minipigs were anesthetized and injected with
vascular contrast at five different time points (baseline, 8
weeks after alveolar resection [presegmental], and at three
postoperational time points: 4, 8, and 12 weeks after seg-
mental defect creation). Mandibular vascular supply in the
minipigs was confirmed and the vasculature was quantified.
The objective of this study is to demonstrate the efficacy of
contrast-enhanced clinical 64-slice computed tomography
(CT) technology to extract quantitative metrics of vascular
architecture over time in the same animal, which allows the
assessment of therapeutic safety in large animal models and is
directly translatable as benchmarking for future clinical use.

Materials and Methods

Experimental design

To evaluate osteogenesis and therapeutic safety in a
segmental mandibular bone defect, we created a critical-
sized defect (20 cm) in the mandible of dentally mature,
female Sinclair minipigs (n = 12) (Sinclair BioResources,
Columbia, MO). With the animals anesthetized, a two-stage
surgical approach was used for this study. First, premolar
extraction and alveoplasty was performed on all 12 pigs,
followed by an 8-week healing time period. Subsequently, a
20mm continuity defect was introduced in the right side
mandible of each pig. Half of the cohort (n = 6) received
bone regenerative treatment (polyurethane [PUR]+rhBMP-
2, described in detail below) and the remaining animals
(n = 6) were left untreated. The pigs were allowed to heal for
an additional 12 weeks. Multiple parameters were measured
to evaluate the impact on vascularity in the surrounding
tissues over the course of the study, including vascular
network quantification itself (through 64-slice clinical CT
scan), and quantifying the local vascular endothelial growth
factor (VEGF) secretion profile. The 64-slice CT scans were
acquired at baseline (-8 weeks), presegmental defect (0
weeks), and at 4-, 8-, and 12 weeks postsegmental defect, as
illustrated in Figure 1. Biological samples used to assess the
growth factor profile were collected from the segmental
defect surgical site effluent immediately after surgery, and
15min, 30min, 1 h, 2 h, 4 h, 8 h, 24 h, and 48 h postseg-
mental defect creation.
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Animal surgery

This study was conducted in compliance with the Animal
Welfare Act, implementing Animal Welfare Regulations,
and the principles of the Guide for the Care and Use of
Laboratory Animals. To evaluate osteogenesis in a critical-
sized mandibular defect model, dentally mature, female
Sinclair minipigs (>1 year in age) were used. The pigs un-
derwent two separate surgical procedures. Before both sur-
gical procedures, all animals received anesthetic induction
with Telazol (4.4mg/kg intramuscular) followed by iso-
flurane (1.5–4%) delivered in 100% oxygen. Following in-
duction, prophylactic antibiotics (Ceftiofur, 5mg/kg) and
prophylactic analgesia were administered. The first proce-
dure was tooth extraction and alveoplasty, and the pigs were
placed on their left side and their right side was prepped for
surgery. Gingival intrasulcular incisions were made and
gingival full-thickness flaps were elevated to aid extractions.
Using a surgical handpiece with a side-cutting bur (Micro-
Aire, Charlottesville, VA), the three premolars were sec-
tioned and elevated. Alveoplasty was performed to smooth
the remaining bone to the root tip using the same side-
cutting carbide burr and an oval-cutting carbide burr. The
oral mucosa was sutured and the pigs were allowed to heal
for 8 weeks before initiation of the second surgical proce-
dure. This 8-week time period was sufficient for full closure
and healing of the mucosal tissue.

To initiate the mandibular segmental defect surgery,27 the
pigs were anesthetized and prepped for aseptic surgery and
an incision was made along the line of the inferior border of
the right mandible. The soft tissue was reflected to expose
the mandible and the periosteum was removed from the
mandible in the area directly below the tooth extraction
location. A titanium stabilizing plate (Synthes, West Che-
ster, PA) was prepositioned with screws and then removed
before creation of the segmental bone defect in the mandi-
ble; this technique serves to minimize complications with

occlusion and anatomical positioning. To introduce the
segmental defect, a 2 cm segment was removed using a
surgical handpiece with a reciprocating saw (MicroAire).
Care was taken to preserve the nerve bundle. Once the bone
segment was removed, the titanium reconstruction plate was
reaffixed to the mandible using locking and bicortical tita-
nium screws. Half the pigs (n = 6) received bone regenera-
tive PUR scaffold+rhBMP-2, whereas the second half (n = 6)
remained untreated. Titanium screws were also placed
through plate into the scaffold to secure the treatment in
place. A Jackson-Pratt drain was placed in the surgical site
and the soft tissues were approximated and sutured closed in
layers. Biological samples and 64-slice CT scans were
collected over the healing time course (as described above)
to assess the osteogenic process. All animals were humanely
euthanized at 12 weeks postdefect creation (20 weeks from
the initial start of the study) using intravenous (IV) injection
after anesthesia induction. The United States Army Institute
of Surgical Research Institutional Animal Care and Use
Committee (IACUC) approved the associated protocol no.
A-13-024.

PUR-rhBMP-2 custom graft synthesis

Half of the study subjects (n = 6) received a PUR-hydro-
xyapatite b-tricalcium phosphate scaffold impregnated with
rhBMP-2. The graft was created as previously reported.27

Briefly, Lysine-triisocyanate prepolymer (LTI-PEG, 21.7%
-NCO group) was purchased from Ricerca Biosciences
LLC (Painesville, OH). Glycerol, stannous octoate, and e-
caprolactone were purchased from Sigma-Aldrich (St. Louis,
MO).Glycolide andDL-lactidewere supplied by Polysciences
(Warrington, PA). Triethylene diamine (TEDA) and dipro-
pylene glycol (DPG) were purchased from Sigma-Aldrich
and mixed to obtain a 10% (w/w) solution of TEDA in
dry DPG. MASTERGRAFT� mini granules (MG) were

FIG. 1. Minipig vascular evaluation.
(A) All minipigs in the study were
anesthetized and injected with contrast at
five different time-points to acquire (B) a CT
image stack with vessels showing contrast
against surrounding soft-tissue. (C) Man-
dibular vascular supply in pigs was con-
firmed and the vasculature was quantified
and analyzed at baseline, 8 weeks after
alveolar resection (presegmental) and at
three postoperational time points: 4, 8, and
12 weeks after segmental defect creation.
CT, computed tomography. Color images
are available online.
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obtained from Medtronic, Inc. (Minneapolis, MN). The poly-
ester triol was synthesized as previously described.28,29 Briefly,
glycerol starter was mixed with e-caprolactone, glycolide, and
DL-lactide monomers under argon at 140�C for 40h. After-
ward, the polyester triol was cooled, washed with hexane, and
dried under vacuum at 80�C. The backbone of the polyester
consisted of 70% e-caprolactone, 20% glycolide, and 10%
DL-lactide, produced at a molecular weight of 450 g/mol.

MG particles were used as received. The rhBMP-2 powder
was reconstituted in sterile water, aliquoted into desired do-
ses, and lyophilized before use. The components of the grafts
were mixed in a two-step method. In the first step, the poly-
ester triol,MG particles (45wt%), and TEDA (1.1 pphp) were
added to a 10-mL cup and mixed by hand for 30 s. The LTI-
PEG and lyophilized rhBMP-2 (100mg/mL defect) were ad-
ded to the cup and mixed by hand for 60 s. The index (ratio of
isocyanate:hydroxide equivalents · 100) was 115. The reac-
tive mixture was combined with 3 pphp of deionized water,
loaded into a straight bore syringe, and injected into a custom
scaffold mold to mimic the surgery site. The water drives the
foaming reaction of the PUR and the final scaffold reaches a
porosity of *50%, which has been described previously for
these grafts.30,31 These samples were allowed to cure for 24h,
at 4�C, before removing the composite graft. Any excess graft
that overfoamed the mold was shaved off, leaving a porous,
implantable biocomposite that would conform to the shape of
the defect (Fig. 1D). The final scaffold was weighed to deter-
mine the final dose of rhBMP-2 delivered to the animal. The
meandeliverydosewas calculated to be0.43mg/mL rhBMP-2.

64-slice CT

The 64-slice CT (Aquilion 64 Multislice Helical CT Scan-
ner; Toshiba American Medical, Tustin, CA) scans were
acquired at baseline (-8 weeks), post-tooth extraction but
pre-segmental defect (0 weeks), and at 4-, 8-, and 12 weeks
postsegmental defect (Fig. 1). Each scan was performed
with Isovue radiopaque contrast media (100mL through IV
catheter) to visualize the vascularization of the bone defect
area. The 64-slice CT scan images were acquired at an ef-
fective pixel size of 500 mm. Digital Imaging and Commu-
nications in Medicine images generated from the scans were
converted to bitmap format using trilinear interpolation by a
factor of 5 (ImageJ 1.47v; National Institutes of Health) so
that the final resolution was 100 mm. DataViewer (Bruker
Skyscan, Kontich, Belgium) was used to realign the man-
dibles along the physiological axes and dentition landmarks
were used to ensure that the different time points were all
aligned in an identical fashion. The image stack was then
imported into CTAn software v1.11 (Bruker Skyscan) and a
region of interest (ROI) was created. The ROI was defined
posteriorly just before the coronoid process of the mandible
and anteriorly by the anterior of the mandibular canine.
Manual ROI selection involved the exclusion of the man-
dibular bone and metallic fixators, which were significantly
brighter than the soft tissue in the images (Supplementary
Fig. S1). CTAn was then used to perform an initial analysis
to acquire a density distribution histogram for each hemi-
mandibular ROI. These initial histograms were compiled for
all datasets and then thresholded globally using the Otsu al-
gorithm.32 The threshold range that identified the contrast-
enhanced vasculature corresponded to 30–82 on Grayscale,

which is equivalent to 145–573 hounsfield unit (HU). This
outcome was utilized to standardize the thresholding for all
datasets to differentiate vasculature from surrounding mus-
culoskeletal tissue.33 Measurements were made using CTAn
software to assess vessel volume, vessel architecture (shape,
diameter, and vascular tree organization), and vessel number
across the three-dimensional ROI. Data for each pig were
normalized to measurements from their nonsurgical contra-
lateral hemimandible and reported relative to their presur-
gical baseline measurements.

Biological sample collection and protein
detection assays

To measure the presence of VEGF in the early wound
healing environment, we collected drainage samples from the
Jackson-Pratt drain, which had been placed in the surgical site
immediately after introduction of the segmental mandibular
bone defect. We collected drain fluid samples at 0-, 15-, and
30min and 1-, 2-, 4-, 8-, 24-, and 48 h postsurgery. The drain
was no longer productive after the48-h time point. The drain
fluid sampleswere centrifuged at 1300 · g for 15min at 4�C to
remove cells and debris. Supernatant was stored at -80�C.
Quantification ofVEGFprotein in the serum, saliva, and drain
fluid sampleswas performed using theHumanLuminex bead-
based multiplex assay (R&D Systems, Minneapolis, MN).
Each sample was run in duplicate on the Luminex platform as
per the manufacturer’s instructions. The fluorescence read-
ings were taken using the Bio-Plex200 System (Bio-Rad,
Hercules, CA).

Statistical analysis

All data are reported as mean– standard error of the mean.
Two-way repetitive measures analysis of variance (ANOVA)
was used for statistical analysis of protein content data from
saliva, serum, and drain fluid. If the treatment/time interaction
effect was significant, then post hoc pairwise comparisons were
performed using Bonferroni adjustment. If the treatment/time
interaction effect was not significant, then area under the curve
analysis was performed. Statistical analysis of 64-slice CT data
was performed using two-way ANOVA (across time and
treatment) and post hoc testing of significance was performed
using Tukey’s test. The statistical analysis on the protein data
for the oral mouth wash was performed after the raw data were
normalized to the total protein concentration for each wash
sample and log transformed. The drain fluid and serum raw
data were log transformed before statistical analysis.

Results

Animal model observations

Contrast enhancement using the Isovue radiopaque con-
trast media was observed to be effective in highlighting
vasculature in comparison to the surrounding soft tissue.
The 3D rendering software extracted the facial and mental
arteries and their vascular branches around the mandible and
was able to qualitatively indicate changes over time (Fig. 1).
Even in the swollen callus formed around the rhBMP-2-
based therapy, the vessels were clearly identifiable. The
extraction methodology employed using selective soft tissue
regions of interest, resulted in the separation of the vascular
network from the coronoid process of the mandible to the
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anterior of the mandibular canine providing comparable
datasets for quantification. Employing identical anatomical
landmarks and analyzing the contralateral hemimandible
vasculature as a controlled comparison enabled tracking the
architecture of vessel networks over time in a consistent
fashion (Fig. 2).

VEGF expression in drain fluid

Surgical drain fluid effluent was analyzed for the production
ofVEGFover the first 48 h following segmental defect creation
surgery. VEGF protein expression remained low during the
first 2 h postsurgery in both the untreated (31.82– 9.50 pg/mL)
and the rhBMP-2-treated groups (31.34– 6.42 pg/mL), but
increased consistently in both the untreated (6.07– 4.92 pg/
mL$h) and the rhBMP-2-treated groups (8.17– 2.63 pg/mL$h)
until the assessment at 48 h postsurgery. The expression of
VEGF was significantly greater ( p< 0.05) in the rhBMP-2
therapy group (319.22– 33.61 pg/mL) compared with the un-
treated group (229.95– 43.33 pg/mL) only 24h after surgery
(Fig. 4). The statistical analysis of the VEGF drain data was
neither normally distributed (Shapiro–Wilk test, p< 0.05) nor
were the variances in groups equal (Brown–Forsythe test,

p< 0.05), resulting data being assessed, the general linear
model followed by pairwise comparisons using Tukey’s post
hoc test. For both groups, the 24- and 48-h VEGF production
levels were greater than those observed over any of the time
points during the first 4 h of collection (Fig. 3).

No VEGF was detected in serum within the sensitivity
range of the kit at any time point during the study. Saliva
wash samples were normalized to presurgery levels for
each animal to reduce intragroup variations, and showed
detectable VEGF protein levels with trends that matched
the drain fluid effluent over the first 48 h after either sur-
gery (Supplementary Fig. S2A, B). Furthermore, stabili-
zation of VEGF levels was observed across the entire
duration of the animal model (Supplementary Fig. S2C),
with no difference observed between the rhBMP-2-treated
and untreated groups at individual time points. Surgical
drain fluid effluent over the first 48 h following segmental
defect creation surgery was also analyzed for the produc-
tion of angiopoietin 2 (ANG2), basic fibroblast growth
factor (FGF2), placental growth factor (PLGF), and BMP9,
all of which have been variously implicated in the pro-
motion and stabilization of capillary and vessel networks.
ANG2 and FGF2 were present at elevated levels over the first

FIG. 2. Extracted CT images of mandibular vasculature. The contrast-enhanced vasculature is reconstructed in 3D and a
lingual view is captured for representative minipigs from the untreated defect and rhBMP-2 therapy groups at baseline,
presegmental, and 4, 8, and 12 weeks postsurgery. Color images are available online.
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2 h and dropped to significantly lower levels by 8 h in both
treatment groups (Supplementary Fig. S3A, B; p< 0.0001).
There were no significant differences between treatment
groups at any time points for either ANG2 or FGF2. No sig-
nificant changes were seen in PLGF at any time within either
treatment group and no BMP9 was detected for any sample
(Supplementary Fig. S3C, D).

Quantification of vessel architecture
using contrast-enhanced CT

Vessel volume was significantly higher at 4 ( p< 0.001), 8
( p= 0.014) and 12 weeks ( p= 0.033) after segmental defect
restoration in the rhBMP-2-treated group (204.41– 8.34mm3 at
4 weeks, 164.74– 14.26mm3 at 8 weeks, 165.21– 20.42mm3

at 12 weeks), compared with the untreated group (112.59–
10.56mm3 at 4weeks, 116.26– 4.13mm3 at 8 weeks, 141.36–
25.26mm3 at 12 weeks). The vessel volume data normalized to
the contralateral hemimandible vessel volume to adjust for
variance between animals is shown in Figure 4.

The vessel number was found to be significantly higher 4
weeks after segmental defect restoration in the rhBMP-2-
treated group (163.1– 17.8mm3) compared with the untreated
group (123.4– 21.3mm3, p= 0.011). This trend continued over
the healing time period ( p= 0.251 after 8 weeks and p= 0.058
after 12 weeks), suggesting that angiogenesis was enhanced in
the rhBMP-2-treated group. The quantification of the vessel
number between treatments over time is shown in Figure 5. No
significant changes were observed over time or between
treatments in vessel architecture across vessel surface to vol-
ume ratio (aspect ratio), mean vessel size (diameter), or vessel
pattern factor (branching morphology), as seen in Figure 6.

Discussion

The role of concomitant angiogenesis is essential for
physiological bone remodeling and sustainable regenera-
tion.12,13,15,34–36 VEGF has been extensively implicated

as one of the key mediators in this process14,15,37,38 for its
ability to act as a potent mitogen as well as to induce a
strong angiogenic response. The role of VEGF in the vas-
cularization (e.g., the expansion of capillary beds within
developing bones) of bone tissue and in bone homeostasis
have also been well characterized.14,15,37–41 The recapitu-
lation of these processes is also essential for the mainte-
nance of appropriate callus architecture and subsequent
mineralization in response to bone injury.38,42 Recently, it
has been proposed that the synergistic effect of VEGF and

FIG. 3. VEGF expression postsurgery. Surgical drain fluid
effluent was analyzed for the production of VEGFover the first
48 h following segmental defect creation surgery.WhileVEGF
protein expression increased after the first 2 h postsurgery in
both the untreated and the rhBMP-2-treated groups, the ex-
pression was significantly greater in the rhBMP-2 therapy
group only 24h after surgery (*p< 0.05). VEGF, vascular en-
dothelial growth factor.

FIG. 4. Increase in vessel volume with rhBMP-2 treat-
ment. At 4, 8, and 12 weeks after segmental defect resto-
ration, the rhBMP-2-treated group had a significantly greater
normalized vessel volume compared with the no-treatment
group (*p< 0.05). No differences were observed before
segmental defect creation.

FIG. 5. Increase in vessel volume due to increase in vessel
number. The changes in normalized vessel number were
similar to the trends seen in vessel volume. The normalized
vessel number in the rhBMP-2-treated group was signifi-
cantly greater at 4 weeks after segmental defect restoration
compared with the no-treatment group (*p< 0.05).
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rhBMP-2 can mimic the natural bone development process
and result in more effective bone regeneration in critical-
sized bone defects or compromised bones that have insuffi-
cient vascularization.37,43–46

In this study, we evaluated if treatment with rhBMP-2 in a
porcine mandible segmental defect site had an effect on
VEGF expression in vivo, especially in the surrounding soft
tissue. It was observed (Fig. 3) that while VEGF protein ex-
pression did increase during the postsurgery time points, this
change was not dependent on rhBMP-2 at the early time
points and only 24h after surgery, was a significantly greater
expression of VEGF observed. Past research by Hussein et al.
hypothesized that the delivery of rhBMP2 at bone defect sites
in the CMF skeleton mediated the further expression of
endogenous BMP2 and VEGF from the surrounding soft
tissue.47,48 Our results further corroborate this hypothesis.

Other observations indicated that there was an immediate
expression of ANG2 and FGF2 after segmental defect crea-
tion and implantation; irrespective of whether the graft con-
tained rhBMP-2. Previous reports indicate that the local
delivery of FGF2 even in a single dose resulted in improved
bone callus formation and robust angiogenesis,49 especially in
a dose-dependent manner in craniofacial bone defect mod-
els.50 ANG2, while an endogenous antagonist of Tie2 sig-
naling and thus antiangiogenic, has been shown to modulate
and stabilize neoangiogenic sprouts and thus lead to vessel
maturation,51 with local delivery of ANG2 showing concur-
rent callus growth and robust angiogenesis in bone healing
models.52 The early observations of ANG2 and FGF2 in this
model from the drain fluid thus indicates a robust prohealing
response from the tissue bed postsurgery, with no differences
observable between groups indicating this is likely an effect of
the surgical procedure rather than the specific graft implanted.

Angiogenesis has been studied using numerous in vitro
and in vivo systems with the purpose of elucidating the
mechanisms involved in the process of angiogenesis and
testing potential therapeutic agents and bioactive factors that
inhibit or promote neovascularization.53–63 Although other
studies have observed vascularization using histology slices,
the major limitation of this technique is that observation and
quantification are limited to one time point per animal and to

a limited number of locations,21 which may not permit the
quantification of vascular network architecture.64 To evalu-
ate and assess the impact of injury and healing on the vessel
network, the structure and function of the new vasculature
should be quantifiable; newly formed vessels should be
distinguished from preexisting vessels; long-term and non-
invasive monitoring should be possible; and the system
should be economical, quick, simple, reproducible, and re-
liable. Therefore, although a wide variety of in vitro and
in vivo assays exist, there is as yet no standardized measure
of angiogenesis, quantification is often absent, and the results
are not necessarily applicable or easily translatable to the
clinical setting.31,53,65–67

In the current study we used clinical CT (clinical 64-slice
CT) to evaluate the therapeutic effect of rhBMP-2 on sur-
rounding soft tissue vascular architecture in a large segmental
bone defect model in the minipig mandible. Contrast en-
hancement of the vasculature was performed using Isovue
radiopaque contrast, which allowed the vessels to be easily
distinguished from the surrounding soft tissue. As increased
research efforts are focused on the development of pre-
vascularized bone,68–70 contrast perfusion-based detection of
vascularization can also serve as a nondestructive quantifi-
cation of functional restoration of vascularization deficits. The
results of this study showed rhBMP-2-dependent increases in
vessel volume for up to 12 weeks postrestorative surgery, and
that total vessel volume was greater at all times after seg-
mental defect restoration compared with before segmental
defect creation (Fig. 4). Quantification of the vascular network
architecture attributed these changes in vessel volume to
changes in vessel number (Fig. 5) and not to changes in vessel
architecture (Fig. 6A–C); suggesting evidence for physio-
logical angiogenesis as well as vascular adaptation during
rhBMP-2-induced bone regeneration and healing.

Historically, characterization of tissue vascularization has
only been evaluated using histological sample preparation
and staining leading to quantification that is limited to the
number of vessels observed in selected fields of view.71–74

In vivo noninvasive techniques that provide a true approxi-
mation of the 3D vascular network are required to recapitu-
late and understand the complex process of vessel formation

FIG. 6. No changes in vessel architecture. No changes in vessel architectural parameters, including (A) vessel surface to
volume ratio, (B) mean vessel size, and (C) vessel pattern factor were observed between groups or at different time points,
indicating that native vessel physiology and vascular tree architecture was maintained.
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under physiological and pathological conditions.53,65,75,76

Although some techniques are currently being developed in
almost all imaging modalities (ultrasound, single-photon
emission computed tomography [SPECT], positron emission
tomography [PET], magnetic resonance imaging [MRI], CT,
etc.),75,77,78 studies to date have focused predominantly on
MRI and radionuclide techniques, such as SPECT and PET
imaging.77 CT on the other hand, has replaced histology and
has emerged as a standard platform for the assessment of
bone regeneration.79 With its current use in the field and
relative ease of access, it is an ideal, promising technology for
overcoming the challenges associated with the evaluation of
vascular networks in vivo.80 CT allows the performance of
multiple scans over time by noninvasively tracking changes,
and therefore, reducing the time and number of animals
needed.28–30,80

Quantitative analysis of vascularization using micro-CT
relies on the observation of the 3D vascular structure with-
out the limitation of sectioning the specimen and yields
better resolution in comparison with other techniques (i.e.,
histology) allowing the investigators to obtain a diverse
range of high-resolution, 3-dimensional characterization of
structures that calculate vessel numbers from the entire
vascular tree.28–31,33,80 So far, quantification of angiogenesis
using micro-CT has been used to evaluate microvascular
architecture of different organs (kidney, heart, bone, liver),
tumors, and tissue-engineered constructs.29,31 However, the
downside of using the micro-CT modality, is that it is only
suitable for small animal models, and not for clinical diag-
noses due to equipment size restrictions and radiation ex-
posure doses.28–30,80

To the best of our knowledge, while some studies have
used micro-CT to qualitatively and quantitatively study the
vascular response during bone repair,31,53 none has utilized
clinically accessible 64-slice CT to study vascular networks.
A modality such as clinical CT (64 slice or better resolution)
is especially necessary for large animal models to truly get
an understanding of the changes in the vascular tree at scales
that have clinical significance and over scan times and set-
tings that are potentially translatable. A good CMF animal
model that could produce data transferable to humans is the
minipig due to the functional and anatomical similarities in
the mandibular blood supply.66 Adult dentitions were criti-
cal to the current large animal model, since the nature of
bone regeneration and potentially surrounding tissue re-
sponse are very different in immature pigs as compared with
fully mature adults (>1 year of age). Since only female pigs
in the established Sinclair minipig models are available in
this age range, only female pigs were tested in the current
model. Gender-specific differences in the response of the
local vascularity and the response to rhBMP-2 delivery were
not tested in this study. Since angiogenesis is critical to
optimal bone healing, developing techniques and better
animal models to temporally measure vascularization would
significantly enhance our ability to evaluate the success of
bone regenerative treatment modalities.

The three metrics used in the current study to evaluate
vessel architecture (Fig. 6A: vessel surface to volume ratio,
Fig. 6B: mean vessel size, and Fig. 6C: vessel pattern factor)
did not show changes through the duration of the study with
no statistically significant differences noted either between
groups or within one group over time. This means that there

were no changes in the vascular architecture, organization,
or physiology of the animals during the study (vessel shape,
vessel diameter, and vascular tree organization); indicating
maintenance of a physiological phenotype as well as therapy
safety. Vessel number was greater at all times after seg-
mental defect restoration compared with baseline, and was
significantly higher 4 weeks after segmental defect resto-
ration in the rhBMP-2 group compared with the untreated
group (Fig. 5). This trend continued over the healing time
period and suggests that sustainable angiogenesis was en-
hanced in the rhBMP-2-treated group.

Although the vasculature is essential for embryonic devel-
opment, postnatal growth, and bone remodeling,13–15,81 the
morphogenetic events that occur during the formation of new
blood vessels are not completely understood.77,81,82 Previous
evidence in vitro has demonstrated that there is intercellular
communication, codependency, and regulation of cell activi-
ties between bone and endothelial cells.12,14,15,37,38,83 Tem-
poral in vivo imaging and quantification of the bone vessel
network are essential in understanding the complex process of
angiogenesis under physiological and pathological condi-
tions75; and at present, there is a need to develop noninvasive
and automated imaging strategies to track the in vivo spatial
distribution and temporal characteristics of angiogenesis to
assess the efficacy of angiogenic therapies in preclinical animal
models.31,75

As shown in this study, one of the advantages of using
high-resolution CT is the ability to study the entire vascular
tree in terms of its 3D morphometric parameters, allowing
quantification for better understanding of the exact nature of
vascular adaptation during regeneration. More importantly,
this study demonstrates the efficacy of contrast-enhanced
clinical 64-slice CT technology to extract quantitative met-
rics of vascular architecture over time in a large animal
model, which also demonstrates its clinical significance and
its translation potential for evaluation of bone regenerative
treatment modalities.

Conclusions

In the current study, a clinical CT-based technique to
quantify vascular changes in surrounding tissue during bone
regenerative treatment using contrast enhancement was
validated in a large animal preclinical model. We showed
that both quantitative and qualitative methods of CT anal-
ysis can be used to establish the unique morphological
characteristics of the vascular network and changes associ-
ated with both empty and scaffold-implanted bone defects.
We also found that rhBMP-2 therapy enhances angiogenesis
compared with untreated groups, increasing vessel number
as well as vessel volume, while demonstrating maintenance
of physiological phenotype and therapy safety. Moreover,
we demonstrated the efficacy of contrast-enhanced clinical
64-slice CT technology for preclinical and potentially clin-
ical model development to enhance evaluation of the bone
healing process and surrounding soft tissue coverage over
the course of therapy.
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