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INTRODUCTION
STATEMENT OF THE PROBLEM

Autogenous bone grafts are considered the gold standard for bone augmentation
procedures. The predicament with the autogenous graft is the need for a second surgery
to access a donor site to harvest bone and associated patient morbidity. In consequence,
cadaver-sourced and synthetic bone biomaterials have become popular substitutes
because of their ease-of-use as stand-alone therapies, and potentially osteoconductive
and/or osteoinductive properties. They also are considered to deliver naturally occurring
biologic factors that in tum may further stimulate or induce bone formation. The present
study may show that combining an exogenous osteogenic hormone, a bone biomaterial
that has osteoconductive properties and an osteoinductive biologic factor may enhance
local bone formation and thus altogether eliminate a need for autogenous bone graft
procedures and related patient morbidity. Ultimately, this combination protocol could
support bone formation using minimally invasive techniques and technology in severely
compromised sites in the appendicular and axial skeleton.

SIGNIFICANCE

INFUSE® Bone Graft (Medtronic, Memphis, TN, USA), a, osteoinductive technology
based on a manufactured version of a naturally occurring protein common to all humans
and animals, and a carrier for delivery of the protein has recently been introduced for
craniofacial indications. The lyophilized protein, recombinant human bone
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morphogenetic protein-2 (rhBMP-2), is rehydrated in buffer and soak-loaded onto an
absorbable collagen sponge (ACS) carrier from bovine Achilles tendons. The ACS is
gradually biodegraded as it releases rhBMP-2 locally providing scaffold for bone
formation. Use ofrhBMP-2/ACS eliminates the need for bone-harvest surgery that
autogenous bone grafts require; a significant additional procedure is avoided that is both
painful to patients and lengthens the over recovery process.

Daily injections of parathyroid hormone (PTH) may increase the rate ofbone formation.
PTH regulates calcium and phosphate metabolism. Continuous exposure to PTH causes
an increase in calcium release from bone reservoirs indirectly stimulating osteoclasts.
Conversely, intermittent exposure to PTH stimulates osteoblasts and results in increased
bone formation.

Potentially PTH and rhBMP-2/ACS combined may further accelerate and/or enhance
local bone formation in cases where autogenous bone is inadequate, eliminating a need
for autogenous grafting. In perspective, the results of this study may have significant
clinical implications for the improved treatment of personnel who experience skeletal
trauma or disease, or require skeletal surgery.

REVIEW OF THE LITERATURE
IMPORTANCE OF BONE REGENERATION

Bone regeneration is an important aspect of orthopedic, craniofacial and periodontal
therapy, and a focus of current research. When alveolar bone deformities are extensive, it
may be necessary to develop an appropriate ridge form to allow a functional and esthetic
prosthetic reconstruction (Smukler et a!. 2008). Numerous clinical protocols have been
suggested to reconstruct and/or regenerate alveolar bone defects. Several of these may be
associated with undesirable donor site morbidity from harvesting autogenous bone from
the iliac crest and tibia; and block grafts from the mandibular symphysis or retromolar
area. Potential antigenicity and/or disease transmission following use of allogeneic or
xenogeneic bone biomaterials compromises their public acceptance for elective
procedures, in addition to their general inefficiency to support bone formation (Wikesjii

eta!. 2007). Grafts can be classified as autogenous, allogeneic and xenogeneic, however
allogeneic and xenogeneic bone grafts are rarely, if ever, used in dentistry. Notably, to
qualify as a graft the implant must include cells. A wealth of bone biomaterials are used
in dentistry today, examples of these materials include cadaver-sourced allogeneic and
xenogeneic bone derivatives, as well as synthetic biomaterials (bone substitutes) based on
ceramic or polymer technologies and combinations of these technologies.

Bone grafts, biomaterials, and biologics such as growth factors may be classified as
osteoconductive and/or osteoinductive. Bone grafts may serve as scaffolds/stimulate
4
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osteogenic bone formation in the recipient site (osteoconduction) as well as contribute
own osteogenic bone formation. Bone biomaterials may act as scaffolds to enhance
osteogenic bone formation to eventually be replaced by host tissue, in this context they
are osteoconductive. Growth factors may enhance/add osteoconductive properties to inert
or poorly osteoconductive biomaterials acting as carriers for the growth factor.
Osteoinduction, on the other hand, involves a process in which a biomaterial or growth
factor stimulates undifferentiated mesenchymal cells into osteoblastic phenotypes and
bone formation. This process does not require the presence of bone or bone cells.

ROLE OF DEMINERALIZED FREEZE-DRIED BONE MATRIX IN BONE REGENERATION

Demineralized freeze-dried bone matrix (DBM), in dentistry commonly known as
demineralized freeze-dried bone allograft (DFDBA), is a widely used cadaver-sourced
allogeneic biomaterial. Thirty-five years ago Urist using ectopic small animal platforms,
presented the first unequivocal evidence ofbone formation following implantation of
DBM demonstrating an osteoinductive potential and eventually leading to the discovery
of BMPs (Urist 1965). Demineralization of the cadaver-sourced bone for clinical use is
accomplished by introducing hydrochloric acid. The DBM is then freeze-dried to provide
shelflife and decrease antigenicity (Friedlaender 1987). Demineralization of the bone
biomaterial exposes the bone-inductive proteins sequestered in the collagenous matrix.
Healing following implantation ofDBM follows a highly regulated cascade of events,
ultimately resulting in cellular migration, differentiation, and synthesis of bone (Reddi
1981, Reddi eta!. 1987). However the clinical relevance ofDBM is not uncontroversial,
studies using large animal platforms and clinical settings have questioned the bone
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inducing qualities ofDBM (Urist & Iwata 1973, Becker et al. 1992, 1995, Caplanis et al.
1997, 1998). For example, implanting DBM into extraction sockets did not support local
osteogenesis; implanted bone particles in fact appeared to delay or obstruct native bone
formation (Becker et al. 1994). Nevertheless DBM remains a benchmark bone
biomaterial for dentoalveolar indications.

ROLE OF PARATHYROID HORMONE IN BONE METABOLISM

Parathyroid hormone (PTH) is 84 amino acids in length; however, the active component
is 34 amino acids long from theN terminus and hence the most useful portion is known
as teriparatide or PTH (1-34). Teriparatide is an anabolic agent approved by the US Food
and Drug Administration for treatment of osteoporosis. PTH affects both osteoclasts and
osteoblasts, but PTH receptors have not been identified on osteoclasts. In response to
PTH, osteoblasts secrete receptor activator of nuclear factor-KBligand (RANKL) and
binds with receptor activator of nuclear factor-KB (RANK) on osteoclasts. Osteoblasts
also secrete osteoprotegrin, a false ligand that competes with RANKL to inhibit bone
resorption by occupying the RANK receiJtor on the osteoclast cell (Marx 2007).
Therefore, the osteoclastic effect of bone resorption is mediated by osteoblastic activity.

The effects of PTH on bone differ between states of elevated endogenous PTH and
exogenous administration ofPTH. Continuous endogenous exposure to PTH leads to an
increase in osteoclastic density and activity, but daily subcutaneous injections ofPTH
produces a rapid increase in markers of bone formation (Lindsay et al. 1997). Histometric
studies in mice have shown that administration ofPTH (1-34) for 4 weeks leads to an
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inhibition of osteoblast apoptosis, resulting in prolongation and enhancement of bone
formation (Alkhiary et al. 2005). A PTH injection in rats is thought to increase
differentiation of osteoprogenitor cells into osteoblasts (Skripitz & Aspenberg 2004).
PTH increases osteoblast and osteoclast function, turnover, and remolding which results
in increased trabecular and cortical thickness and ultimately overall bone density and
bone mass (Marx 2007).

Several studies have proposed the mechanism for PTH on local bone formation. PTH
may suppress apoptosis by increasing proteins needed for cell survival, such as B-cell
lymphoma 2 (Bcl-2), while inactivating proteins needed for apoptosis (Marx 2004).
Markers for bone resorption also develop, but at a much delayed rate. It has also been
suggested that PTH stimulates insulin growth factor-1, which is known to increase cell
proliferation and decrease apoptosis (Marx 2004). PTH has been shown to regulate
murine osteoblast function by binding to the PTH receptor 1 (PTHRl) to activate
downstream signaling to induce expression of primary response genes (PRGs), which
affect various aspects of the osteoblast phenotype thru cAMP-protein kinase A (Aghaloo

et al. 2006). Another suggested mechanism is that PTH directly inhibits SOS (sclerostin)
transcription in vivo and in vitro (Keller & Kneissel 2005). SOST is the gene for
sclerostin, a BMP antagonist involved in the restriction of new bone formation and in the
inactivation of bone formation (Winkler et al. 2003).

A study of fracture repair suggested that PTH preferentially enhances bone remolding
and wound healing in areas ofhigh bone turnover, such as fractures and surgical sites
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(Aspenberg et at. 2007, Tsiridis et al. 2007). It has been shown that there is an increase in
the activity or number of osteoblasts months after the drug is administered, which causes
an increase in bone formation (Pettway et al. 2008). Preclinical and clinical safety
assessments reveal little evidence of toxic effects, and there have been few reports of
adverse events related to their use (Pettway eta/. 2008).

ROLE OF BONE MORPHOGENETIC PROTEINS IN BONE METABOLISM

Bone morphogenetic proteins (BMPs), a subfamily of the transforming growth factor-~
(TGF-

~)superfamily,

were discovered based on a bone-inductive activity concealed in

bone matrix (Urist 1965). In addition to differentiation of cells into the chondrocyte
lineage, BMPs have been shown to directly differentiate cells into cells of osteoblastic
phenotype (Wozney 1995). Bone precursor cells respond to BMPs by increasing their
alkaline phosphatase activity, cAMP response to PTH, and osteocalcin production, which
are all markers of differentiated osteoblasts (Yamaguchi et al. 1991). Osteocalcin is the
most specific marker of the mature osteoblasts.

It is known that BMP-2, -4, and -7 are potent inducers of osteogenesis by stimulating
osteoblast cell proliferation, differentiation, and the production of chemotactic agents.
Due to their amino acid sequence, BMP -2, -4, and -7, are closely related proteins and, as
a part of the TGF-~ superfamily, the BMPs are related to other proteins critical to
differentiation and developmental processes during embryonic development (Lee 1997).
Bone morphogenetic proteins stimulate angiogenesis and migration, proliferation, and
differentiation of mesenchymal stem cells into cartilage- and bone-forming cells in an
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area ofbone injury (Wikesjo eta/. 2007). BMPs, in concert with other cytokines and
matrix components, induce sequential cascade events for chondro-osteogenesis,
consisting of chemotaxis, mesenchymal proliferation and differentiation, angiogenesis,
and controlled synthesis of extracellular matrix (Sakou 1998). In order for BMPs to have
inductive properties, the proteins must be present in sufficient amounts in order to
influence undifferentiated mesenchymal cells to bone-producing cells (Urist eta/. 1983).

Although BMP implantation without a carrier induces bone formation, a carrier is
required for efficient bone formation (Sakou 1998). Type I collagen biomaterials are
considered appropriate carriers for the evaluation of growth factors because ofrheologic
properties, biocompatibility, and their resorbable nature (McPherson 1992). Though
BMP-2 occurs naturally in the human body, it is found in minute amounts. Therefore, in
order to deliver the osteoinductive properties ofBMP-2 in large amounts, the protein is
manufactured as recombinant human BMP-2 (rhBMP-2).

INFUSE® Bone Graft (Medtronic, Memphis, TN, USA) is a commercial product
composed ofrhBMP-2 and an absorbable (Type I) collagen sponge (ACS) as a carrier.
Before implantation, the ACS is soak-loaded with the rhBMP-2 solution. The ACS
provides a bolus or near-bolus release ofrhBMP-2 upon implantation (Wikesjo eta/.
2007). As the implanted site begins to heal, the ACS is absorbed and replaced by bone.
Regenerated bone integrates with surrounding preexisting bone. Radiographic, histologic,
and biomechanical evaluations suggest similarities to normal physiologic bone (Wozney

et a/. 1988, Sigurdsson et a/. 1995, 1997).

10

CRITICAL-SIZE DEFECT MODEL

The rat critical size defect (CSD) model is a screening model frequently used to evaluate
the effect ofbone grafts, biomaterials, biologics, devices, and combination therapies; i.e.,
osteogenic, osteoconductive, or osteoinductive technologies on bone healing (Hollinger
& Kleinschmidt 1990). A CSD is defined as the smallest size intraosseous wound in a

particular bone setting and animal platform that will not spontaneously heal during the
life-time of the animal (Schmitz & Hollinger 1986). Furthermore, a CSD is a defect that
will have less than 10% bone regeneration during the lifetime of the animal. If there is no
intervention, the repair of a CSD results in formation of fibrous connective tissue rather
than bone (Frame 1980, Takagi & Uris! 1982). The postulated mechanism for repair of a
CSD is from the release of tissue factors from the edge of the wound, which cause
differentiation of cells in the defect into osteoblasts and chondroblasts. These cells create
and mineralize the extracellular matrix, forming osseous islands. These islands in turn
provide scaffolding for new bone growth. Since the tissue factors are scarce in the center
of the CSD, a low incidence of differentiation can be expected, and the chondrocytes and
osteoblasts fail to mineralize the matrix and are eventually replaced with fibrous
connective tissue (Schmitz et al. 1990). The 8-mm diameter calvarial through-andthrough osteotomy defect in the rat constitutes a CSD and has been the preferred model
to screen candidate biomaterials for bone regeneration (Schmitz & Hollinger 1986).
Moreover the rat calvarial CSD is well suited for placement of particulate materials, and
readily accommodates high-resolution radiography in the evaluation of bone healing in
response to evaluated technologies materials (Schmitz & Hollinger 1986).
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For the evaluation of candidate therapies for craniofacial/dentoalveolar indications the rat
calvarial CSD appears a particularly relevant screening model. The rat calvaria and
human mandible share several characteristics. Both form via intramembranous bone
formation. Also, both bones have limited regenerative capacity, which may relate to a
relatively limited vascular and trabecular bone component (Prolo et al. 1982, Isaksson &
Alberius 1992). Anatomically, the rat calvarium consists of two cortical plates with
regions of cancellous bone similar to the mandible.

PURPOSE
The objective of this study was to determine the potential ofrhBMP-2 to induce local
bone formation compared with a clinical benchmark, DBM, and to investigate the
additive/synergistic effects of systemic PTH using the rat calvarial CSD model.
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HYPOTHESES
HYPOTHESIS #1

rhBMP-2/ACS will enhance the rate/amount oflocal bone formation above the clinical
benchmark DBM.

HYPOTHESIS #2

Systemic PTH (1-34) will provide an additive/synergistic effect on local bone formation.
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SPECIFIC AIMS
AIM#1
A preliminary study using 6 Sprague-Dawley rats will be used to train the Principal
Investigator in animal handling techniques and surgical procedures. These animals will
be recovered to evaluate the feasibility of determining healing over a 4-week interval.

AIM#2
Randomize 160 Sprague-Dawley rats into two groups of 80. Each group of 80 rats will be
grouped into four subgroups of20 animals. Surgeries will be preformed by applying test
and control materials to the defects. Postsurgery, daily injections of systemic PTH (1-34)
will be delivered to 80 animals.

AIM#3
Analyze the effects of therapy using radiographic and histometric parameters following
4- and 8-week healing intervals.
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MATERIAL AND METHODS
OVERVIEW

The Principal Investigator was trained in surgical techniques, handling of the animals,
and application of test/control materials using 8 Sprague-Dawley rats. The main study
involved 160 Sprague-Dawleyrats divided into two groups of80 and four subgroups of
20 animals each. The animals were acclimatized for 7 days and were then subject to the
experimental surgical protocol. Using aseptic routines, a midline 8-mm through-andthrough cranial CSD was created. Test/control materials- rhBMP-2/ACS, DBM, or
ACS -were applied into the CSDs or they were left empty (sham-surgery). A custom
o10-mm titanium mesh device was applied to protect the CSDs from compression. Then
the soft tissues were repositioned to cover the CSDs and closed using surgical staples.
One group of the animals received daily injections ofPTH (1-34) for the duration of the
study. The animals were sacrificed at 4 and 8 weeks postsurgery and block-sections of
the CDS were harvested and processed for radiographic and histologic analysis.

DETAILED METHODOLOGY

Animals/Pre-Surgical Provisions

One-hundred and sixty male Sprague-Dawley outbred rats (Rattus norvegicus), age 11-12
weeks, weight 325-375 g, obtained from a USDA approved breeder were used. The
animals were acclimatized for 7 days. They were double housed in plastic cages and were
labeled with cage cards and ear tags for identification. The cages were housed in purpose15
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designed rooms, air-conditioned with 10-15 air changes/hr. Temperature and relative
humidity, were monitored daily, at 18-22°C and 30-70%. A 12112 hr light/dark cycle was
used. The animals had ab libitum access to water and a standard laboratory diet.

Agents and Biomaterials
Rat PTH (1-34) (Sigma Chemical Corporation, St. Louis, MO, USA) in a water-soluble
carrier was given once daily (15 Jlg/kglday SC), throughout the study in animals
scheduled to receive this treatment to stimulate osteogenic bone formation. The animals
were weighed weekly and the PTH dose was adjusted accordingly.

rhBMP-2/ACS (INFUSE® Bone Graft, Medtronic, Memphis, TN, USA) adjusted to
rhBMP-2 at a concentration of 0.1 mglmL was used following recommendations by Dr
John M Wozney. ACS (Medtronic, Memphis, TN, USA) was used as a stand-alone
carrier control. A particulate human DBM biomaterial (LifeNet, Virginia Beach, VA,
USA) was used as a clinical benchmark. A titanium mesh (TiMesh, Jeil Medical
Corporation, Seoul, KR) barrier was used to shield the defect sites from compression.

Experimental Design
The animals were randomized into two groups of 80 animals each. One group received
daily injections ofPTH (1-34), while the other group received no injections. Each group
was divided into subgroups of20 receiving one of four test/control conditions: rhBMP2/ACS, DBM, ACS, or sham-surgery. Ten animals from each group were sacrificed at 4
and 8 weeks for radiographic and histologic analysis (Figure 1).

17

Sprague-Dawley Rats
N=160

N=lO

N=lO

N=lO

N=10

4 Wks N=lO

N=10

N=lO

N=lO

N=lO

N=10

N=lO

N=lO

8 Wks N=lO

N=lO

N=lO

N=lO

(
(

Faxitron Analysis

)

HistomorphometricAnalysis

)

Figure 1 Flow chart of study.

Surgical Procedures
The animals were pre-medicated using buprenorphine (0.05-0.1 mg/kg SC). Anesthesia
was induced with ketamine hydrochloride (65 mg/kg IP). After induction, the skull of the
animal was shaved and disinfected using a 2% chlorhexidine solution. Animals were eartagged, stabilized into a stereotaxic device (Stoelting Company, Wood Dale, IL, USA)
fitted with an anesthesianosecone,.and draped. Isofluorene (1.0-3.0%/02) was
administered to maintain a surgical plane of anesthesia.

Experienced surgeons (BS, DD, CS, JL) performed all surgeries in a laboratory animal
surgical suite, Using aseptic routines, a 3 -em midline incision was made through the skin
along the sagittal suture of the skull. The soft tissue and periosteum were elevated and
reflected. Under constant saline irrigation, a critical-size, 8-mm, through-and-through,
cranial osteotomy defect was created in the cranium using an 8-mm diamond coated

18
trephine bur (Continental Diamond Tool Corporation, New Have, IN, USA) on the
midline anterior to the occipital suture. Care was exercised to leave the dura intact. The
defects were filled to capacity with either DBM (35 mg), a o8-mm precut ACS (soakloaded with 50

~L

saline), rhBMP-2/ACS (50

~L

rhBMP-2 at O.lmg/mLsoaked-loaded

onto an o8-mm precut ACS for 10 min), or left empty (sham-surgery). A sterile precut
ol 0-mm titanium mesh was placed over all defects. Finally, the full-thickness flaps were
repositioned and closed using surgical staples (Disposable Skin Staples, TFX Medicad
LTD, London, UK) ensuring everted wound margins and primary closure (Figure 2).

Figure 2 Ostetomies were prepared under sterile saline irrigation using au 08-mm trephine bur. The
ensuing 08-mm critical size·defect was filled with DBM, ACS,.rhBMP-2/ACS, or left empty (shamsurgery). A custom 0lO-mm custom titanium mesh was placed over the defect and the soft tissues were
adapted and closed using surgical staples.

Postsurgery Procedures

The animals were placed in cages, warmed on a circulating water heating pad, and
observed for distress until they are able to move about normally. Yohirnbine HCL (1-2
mg/kg IP), a reversal agent, was administered to accelerate recovery as n_ecessary.
Additional doses ofbuprenorphine (0.05-0.1 mg/kg SC) were given every 12 hours, for
48 hours to control pain. If any rat exhibited signs of pain beyond that point, that rat
received additional dose(s) ofbuprenorphine.

PTH (1-34) in a water-soluble solution (15

~g/kg/day

SC) was administered to animals

scheduled to receive this treatment. The animals were weighed weekly and the PTH dose
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was adjusted accordingly. Injections were scheduled to maintain consistency in daily
PTH level fluctuations.

The animals were euthanized at 4 or 8 weeks postsurgery using a C02 chamber following
isoflurane induction. The calvariae were harvested and fixed in 10% buffered formalin
solution and the soft tissues were removed.

Radiographic Analysis
The blo-ck biopsies were placed into Petri 'dishes and radiographed using a digital imaging
instrument (Faxitron X-Ray, Wheeling, IL, USA) following initial calibration. First, all
automatic image enhancements controls were disabled. Pilot scans of control bone
samples determined baseline radiographic settings (10 sec I 26 kV) for optimal and
constant image capture. Next, to standardize the CSD analysis, an 08-mm defect was
created using a strip of radiographic teflon (Applied Plastics Technology Inc. Bristol, RI,
USA) to calibrate the defect dimensionally. This served to confirm both internal and
outer dimensional measurements, and was used to standardize radiographic recordings
from sample to sample. Using an imaging software (Image J, National Institutes of
Health, Bethesda, MD, USA) an 8-mm custom circle was constructed to define the total
defect area and the fraction area fill was calculated for each defect.

Histotechnical Preparation
The calvariae were sectioned for histometric analysis perpendicular to the sagittal suture,
producing a section through the center of the defect. Specimens were demineralized
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utilizing a decalcifying solution (Cal-Ex Decalcifying Solution, Fisher Scientific,
Pittsburgh, PA, USA). The demineralized specimens were placed in cassettes, embedded
in paraffin, sectioned at 4 jlm thickness using a 2030 microtone (BioCut, Leica, ReichertJung, Nussloch, Germany). Three central sections per defect site were stained using
haematoxylin & eosin for the histometric and histologic analysis, and three sections were
stained using Mason's green trichrome, for histologic analysis only and were used as a
cross-reference to identify degrees of bone mineralization.

Histometric Analysis
Two masked examiners (BS, UW) established the landmarks and extent of bone
formation using polarized and incandescent microscopy (BX 51, Olympus America, Inc.,
Melville, NY, USA). Then a calibrated examiner (BS) performed the histometric analysis
using incandescent and polarized light microscopy (BX 51, Olympus America, Inc.,
Melville, NY, USA), a microscope digital camera system (Retiga 4000R Qlmaging,
Burnaby, BC, Canada), and a PC-based image analysis system (Image-Pro Plus™, Media
Cybernetic, Silver Spring, MD, USA).

Statistical Analysis
Statistical analysis was performed using statistical software (Stata 11.1 for Mac, Stata
Corporation, College Station, TX, USA). Multiple linear regression was used to model
the effect of the experimental conditions on bone formation. Radiographic and histologic
bone formation were used as outcomes. Significance was set at 5% and p-values were
adjusted for multiple comparisons. Means (± SD) are presented. Examiner reliability for
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the histometric evaluation was assessed using the Concordance Correlation Coefficient.
This coefficient ranges between 0 and I and values close to I mean high reliability. The
concordance correlation coefficient was 0.99 for bone formation demonstrating a"high
reliability for the examiner.

RESULTS

CLINICAL OBSERVATIONS

No adverse events were observed during the healing interval. Seven animals succumbed
due to anesthesia complications. Thus, three animals in the 4-week sham-surgery group,
one animal in the 8-week DBMPTH group, one animal each in the 4- and 8-week ACS
group, and one animal in the 4-week ACSPTH group were lost to analysis.

RADIOGRAPHIC OBSERVATIONS

Representative radiographs from the 4- and 8-week observation intervals are shown in
Figure 3 and 5. Appendix Figure 1 shows all the radiographic recordings. Sham-surgery
and sites receiving DBM showed limited bone formation along the osteotomy perimeter
at 4 weeks. At 8 weeks, sham-surgery and DBM defects showed significantly enhanced
bone formation compared with at 4 weeks. The ACS groups exhibited significantly
greater bone formation at 4 and 8 weeks compared with the sham-surgery and DBM
groups. The rhBMP-2/ACS groups showed nearly complete defect closure at 4 and 8
weeks.
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Figure 3 Radiographic presentation at 4 and 8 weeks.
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PTH exhibited no a significant effect on defect bone fill. Compared with the groups that
did not receive PTH, sham-surgerfTH and DBMPTH groups showed limited bone
formation along the osteotomy perimeter at 4 weeks. At 8 weeks, sham-surgerfTH and
DBMPTH defects showed significant bone fill compared with 4 weeks. The ACSPTH
groups showed significant new bone formation at 4 and 8 weeks compared with sites
receiving sham-surger/rn and DBMPrn. Compared with ACS, ACSPTH showed a
significant delayed bone formation at 4 and 8 weeks. The rhBMP-2/ACSPTH groups .
exhibited nearly full defect closure at both 4 and 8 weeks. See Appendix I for Tables 1-3
for statistical data.
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Sham-Surgery"'"'!
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Figure 5 Radiographic presentation at 4 and 8 weeks with sPTH.
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Figure 6 Radiographic area fill for groups receiving PTH.

In the multivariable analysis, ACS CP±SE: 45.62±6.32, p<O.OOl) and ACS/rhBMP-2
CP±SE: 54.76±5.85, p<O.OOl) had significantly greater bone formation than shamsurgery. Compared to ACS, ACS/rhBMP-2 yielded significantly greater bone formation
CP±SE: 9.14±3 .31, p=0.007). In contrast, DBM had significantly less defect closure than
sham-surgery CP±SE: -32.32±8.23, p<0.001). Overall, PTH did not show a significant
effect on bone formation CP±SE: 2.72±6.91, p=0.70), it actually had a detrimental effect
on bone formation for the ACS group CP±SE: -18.21±8.96, p=0.04). No significant
differences were observed between 4 and 8 weeks of healing CP±SE: 3.44±2.92, p=0.24).
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HISTOLOGIC OBSERVATIONS
Sham-Surgery

In general, limited osteogenic bone formation was observed from the CSD margins at 4
and 8 weeks (Figure 7, Appendix Figure 2). However, one animal in the 4-week group
showed partial reestablishment of the cortical plates and one animal in the 8-week group
demonstrated a blend

-oflamellar and woven bone formation (Figure 8, Appendix

Figure 3).

Figure 7 Sham-surgery, 4 weeks.

Figure 8 Sham-surgery, 8_weeks
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Sham-SurgeryPTH

At 4 weeks, defects receiving sham-surger/TH showed a minimal increase in osteogenic
bone formation from the defect margins compared with sites receiving sham-surgery
(I"igure 9, Appendix Figure 4). At 8 weeks, there were no noticeable differences between
sites receiving sham-surgery versus shamcsurger/TH (Figure 10, Appendix Figqre ~).

Figure 9 Sham-surgery"ru, 4 weeks

Figure 10 Sham-surgeryPru, 8 weeks
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DBM

At 4 weeks, CSDs implanted with DBM showed, with one exception, limited bone
formation emerging from the defect margins (Figure 11, Appendix Figure 6). Irregular
shaped DBM particles were distributed throughout the defect without appreciable
evidence of bone metabolic activity; no osteoblastic or osteoclastic cells were evident.
Rather the DB!vf particles appeared fragmented suggestive of initiated biodegradation. At
8 weeks, the defect sites showed a limited increase in bone formation without other
appreciable histopathologic differences (Figure 12, Appendix Figure 7).

Figure 11 DBM, 4 weeks

Figure 12 DBM, 8 weeks
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DBMPTH

At 4 weeks, defect sites receiving DBMPTH showed somewhat greater osteogenic bone
formation compared with sites receiving DBM as a stand-alone therapy. There were no
other appreciable differences between the groups other than four animals showed
evidence of a localized inflammatory reaction (Figure 13, Appendix Figure 8). At 8
weeks, there were no noticeable differences between sites receiving DBM alone versus
DBMPTH (Figure 14, Appendix Figure 9).

Figure 13 DBMPTH, 4 weeks

Figure 14 DBMPTH, 8 weeks
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ACS
At 4 weeks, the defect sites showed large amounts of residual ACS in fibrovascular tissue
and bone. Internal and external cortical plates were either partially or completely
reestablished with bone formation ranging from woven to lamellar bone. Complete bone
fill was observed in some sites (Figure 15, Appendix Figure I 0). Generally, at 8 weeks,
the specimens exhibited small to medium marrow spaces with fibrovascular tissue. The
cortical plates were reestablished showing woven and lamellar bone (Figure 16,
Appendix Figure 11 ).

Figure 15 ACS, 4 weeks

Figure 16 ACS, 8 weeks
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ACSPTH

At 4 weeks, defect sites implanted with ACSPTH showed somewhat lesser osteogenic
bone formation compared with sites receiving ACS alone including small to medium
marrow spaces filled with fibrovascular tissue (Figure 17, Appendix Figure 12). The
defect sites showed large amounts of residual ACS within the marrow spaces and
external to the newly formed bone. At 8 weeks, there were no appreciable differences
compared with sites receiving ACSPTH at 4 weeks (Figure 18, Appendix Figure 13).

Figure 17 Acs•m, 4 weeks

Figure 18 Acs•m, 8 weeks
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rhBMP-2/ACS

At 4 and 8 weeks, the internal and external cortical plates were reestablished including
trabecular bone with cell-rich fibrovascular tissue and establishing fatty marrow. One
animal showed apparently delayed bone formation and exhibited considerable.residual
ACS at 4 weeks (Figure 19 & 20, Appendix Figurel4 & 15).

Figure 19 rhBMP-2/ACS, 4 weeks

Figure 20 rhBMP-2/ACS, 8 weeks
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rhBMP-2/ACSPTH

At 4 weeks, the internal and external cortical plates were reestablished. New bone
formation was trabecular with fibrovascular and establishing fatty.marrow. There was
apparently more residual ACS present in defects receiving rhBMP-2/ACSPTH compared
with sites receiving rhBMP-2/ACS alone (Figure 21, Appendix Figure 16). At 8 weeks,
the internal and external cortical plates were reestablished. New bone formation included
woven and lamellar bone with marrow spaces filled with fibrovascular tissue and fatty
marrow (Figure 22, Appendix Figure 17).

Figure 21 rhBMP-2/ACSPT", 4 weeks

Figure 22 rhBMP-2/ACSP™, 8 weeks
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HISTOMETRIC OBSERVATIONS

New bone formation filled 34% of the CSDs in the sham-surgery group at 4 weeks to
reach 58% at 8 weeks. Sites receiving DBM yielded limited bone formation at both
observation intervals averaging less than 15% bone fill. In contrast, bone fill
approximated 87% and 91% for sites receiving the ACS control at 4 and 8 weeks.
Complete defect closure was observed for most defects implanted with rhBMP-2/ACS
and no differences were observed between 4 and 8 weeks.
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Figure 23 Histometric defect closure.

· PTH exhibited no significant effect on local bone formation. Defec.t closure in the shamsurgeryPTH group averaged 43% and 50% at 4 and 8 weeks. DBMPTH apparently ·inhibited
bone formation, defect closure reaching 20% or less at 4 and 8 weeks while defect
closure for ACSPTH group progressed from 71% at 4 weeks to 76% at 8 ~eeks, rhBMP2/ACSPTH reached almost 100% bone fill irrespective of healing interval. See Appendix
1 for Tables 4-6 for statistical data.

35

PTH

-.
~
Cll
:I

"'0

100
80
60

...

40

Cll

20

u

u
·~

c

-sham-surgery
-DBM

0

-ACS

Baseline

4weeks

Sweeks

-rhSMP2/ACS

Figure 24 Histometric defect closure for sites receiving PTH.

In the multivariable analysis, both ACS (j3±SE: 45.62±6.32, p<O.OOI) and rhBMP-2/ACS
(j3±SE: 54:76±5.85, p<O.OOI) exhibited significantly greater bone formation than sham~
surgery, and rhBMP-2/ACS yielded significantly greater bone formation compared with
ACS (j3±SE: 9.14±3.31, p=0.007). In contrast, DBM showed significantly less defect
closure than sham-surgery (j3±SE: -32.32±8.23, p<O.OOI). Overall, PTH did not show a
significant effect on bone formation (j3±SE: 2. 72±6.91, p=O. 70), PTH actually exhibited a
negative effect on local bone formation for the ACSPTH group (j3±SE: -18.21±8.96,
p=0.04). No significant differences were observed between 4 and 8 weeks of healing
(j3SE: 3.44±2.92, p=0.24).

DISCUSSION
The objective of this study was to determine the potential ofrhBMP-2 to induce local
bone formation compared with a clinical benchmark, DBM, and to investigate any
additive/synergistic effects of systemic PTH using the rat calvarial CSD model. rhBMP-2
in an ACS carrier supported complete resolution of the CSDs while DBM apparently
inhibited local bone formation. PTH limitedly, if at all, influenced local bone formation.

The rat calvaria through-and-through osteotomy CSD appears a preferred model to screen
candidate osteoconductive and osteoinductive regenerative technologies whether based
on devices, biomaterials serving as osteoconductive scaffolds, biologics including matrix,
growth, and differentiation factors, or combinations thereofbefore pivotal evaluation in
discriminating well-characterized large animal models and ultimately clinical settings
(Schmitz & Hollinger 1986, Isaksson & Alberius 1992). This study used a modification
of this well-established screening model to evaluate the osteoconductive and inductive
effect of rhBMP-2/ACS, a DBM biomaterial, and systemic PTH on local bone formation.
A 01 0-mm custom titanium mesh was used to ensure space provision and wound
stability. This modified defect model exhibited baseline data of a discriminating CSD,
i.e., a defect that will not fill with new bone formation following sham-surgery
procedures within the lifetime of the animal.
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The sham-surgery controls exhibited 34% and 58% histometric defect fill at 4 and 8
weeks, respectively. Other studies have shown less defect closure when analyzing shamsurgery controls. Ahn and co-workers noted an 8% bone fill at 8 weeks (Ahnet al. 2003),
while Jung and co-workers reported a minute 1% defect closure at 4 and 8 weeks (Jung et

al. 2006). Still other studies have reported a slightly greater bone fill for the sham-surgery
control approximating 15% and 18% at 8 weeks (Pang et al. 2004, Lee et al. 2010).
These studies however did not use a space-providing device thus native bone formation
may have been compromised from soft tissue collapse into the CSD and thus does not
represent the true native osteogenic potential in this model. In a study using nonreinforced PTFE barriers placed towards the dura and the periosteal flap, histometric
bone fill approximated 10% and 24% at 4 and 8 weeks, respectively (Yun et al. 2010).
The non-reinforced PTFE barrier was observed collapsing into the defect, compromising
local bone formation.

In this study, DBM (DFDBA) was associated with limited bone formation at both 4 and 8
weeks approximating 14% and 10% defect, respectively. Human DBM obtained from an
accredited bone bank was used. The histologic observation confirmed that the human
DBM was biocompatible, not eliciting an inflanunatory response in any of the animals at
any of the observation intervals. Human DBM has been shown to be effective in this
defect model, closing most of the osteotomy defect when used with a barrier device (Lim

et al. 2000), while other studies have shown reduced or delayed bone formation when
using human DBM in the rat calvaria CSD model approximating 15% and 32% at 4 and 8
weeks, respectively (Yun et al. 2010). The differences between studies can only be
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speculated. Certainly animal age/biologic reactivity may play a role but also qualities of
the DBM preparation have been discussed.

Bowers and others suggested that allogeneic DBM (in their studies recognized as
DFDBA) would support regeneration of the periodontal attachment (Bowers et al. 1989)
while other investigators have failed to demonstrate improvements in bone formation that
could be attributed to DBM using preclinical models and clinical settings (Urist & Iwata
1973, Becker et al. 1992, 1995, Caplanis eta/. 1997, 1998). The variability of results
seen in clinical and animal studies has several possible explanations. One potential reason
might be that the bone inductive proteins are not present in sufficient quantity. DBM
preparations typically include 80 J,!g crude BMP/kg DBM. This amount may not be
sufficient for meaningful osteoinduction in craniofacial settings while being
osteoinductive in highly vascularized ectopic sites in rodent models (Urist 1965, Becker

et al. 1995, Shigeyama eta/. 1995). Other suggested rationales for failing osteoinduction
include DBM donor age (Schwartz eta/. 1996), variability in commercial preparations
(Schwartz et al. 1996, Zhang et al. 1997), and particle size, optimal particle size ranging
from 100 to 300 J.!m (Shapoff et al. 1980). Notably, in the present study DBM did not
only fail to display osteoinductive properties, DBM also failed to enhance osteogenic
bone formation, in other words in did not reveal any osteoconductive potentials. Bone
formation halted to below baseline levels compared with the sham-surgery control.

A notable observation in the present study was the 87% and 91% defect at fill4 and 8
weeks, respectively, for sites receiving the bovine collagen Type I ACS carrier control.

39
This observation becomes even more remarkable when compared to bone fill, or lack
thereof, following the use of a human collagen Type I DBM preparation. While most
studies have shown that histometric defect closure in the ACS group is generally less than
30% (Ahnet al. 2003, Pang eta/. 2004, Lee et al. 2010,), this study corroborates
observations presented by Pryor and co-workers showing that some sites receiving ACS
demonstrated complete defect fill within 4 and 8 weeks postsurgery (Pryor eta/.
2005a,b). Again, differences between studies can more than likely be an effect of the
space-providing titanium mesh device protecting the apparently substantially
osteoconductive ACS, at least in this model, to advance osteogenic bone formation from
the defect margins. In perspective, it is necessary to realize that the ACS preparation does
not posses osteoconductive properties of relevance in large animal models (Choi et al.
1993, Sigurdsson et al. 1997). The histologic observations further verified fragments of
residual ACS at both 4 and 8 weeks. This finding is consistent with previous studies
observing residual ACS when used as a carrier for rhBMP-2 in the canine model at 8 or
12 weeks postsurgery (Sykaras et al. 2001, Selvig et al. 2002).

The histometric analysis revealed complete or almost complete bone fill for sites
receiving rhBMP-2/ACS at 4 and 8 weeks postsurgery. Sites that received rhBMP-2/ACS
demonstrated restoration of the cortical plates and original contour of the calvaria without
obvious aberrant reactions including seroma formation such as have been reported
following application ofrhBMP-2/ACS using craniofacial models and large animal,
predominantly canine, platforms (Hunt et a!. 2001, Sigurdsson et a/. 2001, Wikesjo et a!.
2004). Possibly a more favorable dose relative to the site was used in the present study
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compared with that observed in the large animal models. rhBMP-2/ACS produced
significant bone formation at 4 and 8 weeks compared with DBM, which apparently
suppressed bone formation. These results closely corroborate other studies that have
evaluated rhBMP-2/ACS and DBM (Marden eta/. 1994, Caplanis eta/. 1997, Sigurdsson

eta/. 1997). Caplanis and co-workers using the critical-size supraalveolar peri-implant
defect model observed the allogeneic DBM particles encapsulated in a dense connective
tissue matrix and minimal bone formation, as observed in the present study (Caplanis et

a/. 1997).

Systemic PTH contributed minimal, if any, additive/synergistic effects on bone fill
irrespective of local treatment conditions. Radiographic and histologic defect bone fill
slightly improved in the sham-surgeryPTn and DBMPT8 groups at 4 and 8 weeks compared
with the sham-surgery and DBM groups without PTH. However, these differences were
not statistically significant. These observations corroborate a recent study using a rat
femur CSD model; intermittent PTH limitedly enhanced local bone formation within an
8-week healing interval following sham-surgery (Kempen et a/. 201 0). In the present
study, PTH combined with ACS compared to ACS alone showed no additive or
synergistic effects. Moreover, PTH showed no significant additive or synergistic effects
on rhBMP-2/ACS. Obviously there was no room for improvements following the
powerful response to rhBMP-2/ACS alone resulting in complete bone fill. However,
intermittent systemic PTH injections have been shown to increase bone mineral density
and bone volume in the rat femur CSD implanted with rhBMP-2 soak-loaded onto a
polyglycolic acid/gelatin composite compared to that ofrhBMP-2 alone (Kempen eta/.
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2010). Similarily, when PTH was added to sham-surgery in the rat cranial CSD, as in the
present study, limited however statistically significant improvements were observed (Yun

et al. 2010). A commonly reported clinical daily dose for PTH administered
intermittently via a subcutaneous route is 20 to 40 jlg/kg/day (Hodsman et al. 2005).
Studies in rats have used PTH dosages of 60 to 200 jlg/kg/day, and showed increased
mechanical strength and callus volume in an adult rat fracture model (Andreassen eta/.
1999). The amount ofPTH administered to each animal in the present study was 15
jlg/kg/day, which has been reported to be an effective dose for new bone formation in the
rat calvarial CSD model (Yun et al. 2010).

Evaluation of the CSD healing process was done by radiographic and histometric
evaluation. Though radiographic evaluation has the potential advantage of being less
costly and time consuming compared to the "gold standard" of histologic evaluation
(Pryor et al. 2006), there are limitations. For example, if evaluating new bone formation
using a radiopaque biomaterial, radiographic analysis cannot be used (Yun et al. 2010).
Although the radiographic evaluation considers the entire defect area and the histometric
evaluation uses the most central cross-section of the CSD there are particular
observations that should be considered. For example, when no/limited and partial defect
closure occurred via histology, the radiographic analysis tended to underestimate bone
formation in sham-surgery groups and overestimate bone formation in the DBM groups.
When complete or near complete defect closure was observed via histology, radiographic
analysis tended to underestimate bone formation in the ACS and rhBMP-2/ACS groups.
It must be noted that when comparing the radiographic and histometric evaluation, the
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same trend for bone formation was noted between test and control groups at the 4- and 8week intervals.

In conclusion, rhBMP-2/ACS significantly stimulates local bone formation compared with
the clinical benchmark DBM. Systemic administration ofPTH has no significant
additive/synergistic effect on local bone formation. Moreover, bone formation was
significantly limited by the DBM biomaterial.
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APPENDIX
Tables
I .
I . flor the ra d"wgraprh"IC analysis.
A\ppen d"IX Ta bl e 1 Sample-size
4 weeks
Sham-surgery
DBM
ACS
rhBMP-2/ACS

w/oPTH
10
10
9
10

8 weeks
w/PTH
10
10
10
10

w/oPTH
7
10
9
10

w/PTH
10
9
9
10

Appendix Table 2 Mean (±SO) radiographic defect closure(%) by intervention and healing interval.
4 weeks
8 weeks
w/oPTH
PTH
w/oPTH
w/PTH
Sham-surgery
26.65±16.70
35.27±7.36
47.79±9.36
42.08±14.14
DBM
21.52±11.47
35.89±9.77
51.93±21.97
56.09±20.65
ACS
74.88±15.13
56.12±18.72
85.29±17.31
73.74±18.43
rhBMP-2/ACS
98.26±5.48
98.84±2.29
98.75±3.44
96.59±7.27

Appendix Table 3 Mu1tivariable analysis of the effect of experimental interventions and healing interval
on rad"10grap1h"1c deflect c 1osure.
p-value
SE
Coefficient
reference
PTH
w/o
w/
2.18
4.29
0.61
Sham-surgery
reference
Intervention
DBM
5.52
0.97
0.24
43.60
<0.001
5.09
ACS
<0.001
rhBMP-2/ACS
62.01
3.89
Healing interval
4 weeks
reference
<0.001
8 weeks
12.87
2.35
Interactions

PTH/DBM
PTH/ACS
PTH/rhBMP2/ACS

6.88
-17.46

7.10
7.06

0.33
0.01

-2.97

5.10

0.56
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.
. [Ior th e h"tstometnc anaIysts.
Appendix T a ble 4 SampJe-stze
4 weeks
w/PTH
w/oPTH
10
Sham-surgery
10
DBM
8
10
ACS
9
9
rhBMP-2/ACS
10
9

8 weeks
noPTH
7
9
6
!0

w/PTH
10
7
10
9

Appendix Table 5 Mean (±SD) histometric defect closure(%) by interventton and hearmg interval.
8 weeks
4 weeks
noPTH
PTH
noPTH
PTH
Sham-surgery
33.08±18.82
42.96±14.01
57 .86±24.02
49.64±21.81
13.52±34.98
20.38±17.03
9.46±7.00
14.62±14.60
DBM
91.34±10.95
76.24±22.93
ACS
87.21±12.27
71.09±20.56
rhBMP-2/ACS
99.57±1.37
100.00±0.00
97.12±9.10
100.00±0.00
Appendix Table 6 Multivariable analysis of the effect of experimental interventions and healing time on
histometric defect closure
p-value
Coefficient
SE
PTH
wlo
reference
w/
0.70
2.72
6.91
Sham-surgery
reference
Intervention
DBM
-32.32
8.23
<0.001
45.62
6.32
<0.001
ACS
54.76
5.85
<0.001
rhBMP-2/ACS
reference
Healing Qeriod
4 weeks
8 weeks
2.92
0.24
3.44
Interactions

PTH/DBM
PTH/ACS
PTH/rhBMP2/ACS

4.33
-18.21

10.03
8.96

0.67
0.04

-1.06

7.10

0.88
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Figures
Appendix Fignres 1 Radiographic Presentation for all animals

Sham Surgery, 4wks

51

Sham Surgery, Swks
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DBM,4wks

53

DBM,Swks
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ACS,4wks

55

ACS,Swks
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rhBMP-2/ACS, 4wks
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rhBMP-2/ACS, Swks
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Sham SurgeryP™, 4wks

59

Sham SurgeryP™, Swks
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DBMPTH, Swks
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ACSPTH, Swks
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rhBMP-2/ACSPTH,4wks
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rhBMP-2/ACSPTH, 8wks
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Figures
Appendix Figure 2 Photomicrographs of sham surgery, 4 weeks

Sham Surgery, 4wks

I.
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Appendix Figure 3 Photomicrographs of sham surgery, 8 weeks

Sham Surgery, 8wks
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Appendix Fignre 4 Photomicrographs of sham surger/TH, 4 weeks

Sham SurgeryPTH, 4wks
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Appendix Figure 5 Photo!llicrographs of sham surgery"rn, 8 weeks

Sham SurgeryPrH, Swks
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Appendix Figure 6.Photomicrographs ofDBM, 4 weeks

DBM, 4wks
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Appendix Figure 7 Photomicrographs of sham surgery, 8 weeks

DBM,Swks
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Appendix. Figure 8 Photomicrographs ofDBMPTH, 4 weeks
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Appendix Figure 9 Photomicrographs ofDBMPrn, 8 weeks
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Appendix Figure 10 Photomicrographs of ACS, 4 weeks

ACS,4wks
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Appendix Figure ll.Photomicrographs of ACS, 8 weeks

ACS,Swks
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Appendix Figure 12 Photomicrographs of ACS•Ih, 4 weeks

ACSPTH, 4wks
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Appendix Figure 12 Photomicrographs of Acs•rn, 8 weeks

I

ACSP™, Swks
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Appendix. Figure 13 Photomicrographs ofrhBMP-2/ACS, 4 weeks

rhBMP-2/ACS, 4wks
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Appendix Figure 10 Photomicrographs ofrhBMP-2/ACS, 8 weeks

rhBMP-2/ACS, Swks
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App.endix Figure 11 Photomicrographs ofrhBMP-2/ACSPT", 4 weeks

rhBMP-2/ACSPTH, 4wks
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Appendix Figure 12 Photomicrographs ofrhBMP-2/Acs•TH, 8 weeks

I

rhBMP-2/ACSPTH,Swks
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