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INTRODUCTION 

STATEMENT OF THE PROBLEM 

The discovery and subsequent characterization of endogenous signaling peptides known as 

bone morphogenetic proteins (BMPs) capable of inducing de novo bone formation in postfetal 

life represents a critical advancemenfin the understanding of tissue morphogenesis and has 

become an incentive to develop additional growth factor based tissue engineering strategies 

(yl/ozney & Seeherman 2004). Because BMPs act locally, a suitable carrier system must be 

used to ensure effective presentation of an adequate dose to a target site (Mont eta/. 2004 ). A 

number of candidate biomaterials have thus been tested as potential carrier technologies 

(Huang et a/. 2008). Currently, recombinant human BMP-2 (rhBMP-2) coupled with an 

absorbable collagen sponge (ACS) manufactured from bovine Achilles tendon Type 1 collagen 

is the only FDA approved device for orthopedic and; craniofacial indications. Although the 

rhBMP-2/ACS construct has demonstrated clinical efficacy for indications including spine fusion, 

long bone fracture healing, sinus and alveolar augmentation, the ACS's inability to resist tissue 

compression limits its use for onlay indications (Wikesjii eta/. 2007). 

SIGNIFICANCE 

Space provision appears ·to be one of the most critical clinical factor in achieving tissue 

regeneration in craniofacial settings (Polimeni et a/. 2006). Although nonresorbable porous 

membranes or devices such as a titanium mesh have been shown to effectively provide and 

maintain space, a second surgery is required for their retrieval. Therefore, in order to optimize 

predictable and clinically relevant new bone formation, an ideal carrier system for rhBMP-2 

should be biocompatible and bioresorbable while at the same time maintain structural integrity 

as it presents rhBMP-2 at the site. Thus the space-providing limitations of ACS have prompted a 

search for additional carriers for rhBMP-2 tissue engineering (Huang et a/. 2008). A novel 
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compression resistant matrix (CRM; Mastergraft®, Medtronic Inc., Memphis, TN, USA) may 

allow for clinically significant bone formation when combined with rhBMP-2 for onlay indications. 



REVIEW OF THE LITERATURE 

BONE PHYSIOLOGY 

Functions of Bone 

Bone is a highly specialized connective tissue. Largely the inorganic part of bone is composed 

of calcium and phosphate, whereas the organic part is mainly composed of Type I collagen. 

Important functions of bone include: protection for vital organs, support for the body, mechanical 

basis for movement, storage of calcium, and production of new blood cells. 

Types of Bone Tissue 

Bone tissue can be classified in several ways, including texture, matrix arrangement, maturity, 

and developmental origin. In terms of texture, unit microstructure, and porosity, bone can be 

classified into compact and trabecular bone. Compact bone (dense bone, cortical bone) is 

dense with a porosity ranging between 5% and 10%. Trabecular bone (sponge bone, cancellous 

bone) has a greater surface area (high porosity) and hence softer. All bones have an outer thin 

layer of compact bone around a central mass of trabecular bone containing bone marrow and 

vasculature. 

Bone can be identified microscopically based on the pattern of collagen fiber 

arrangement and maturity. Lamellar bone is mature bone with collagen fibers arranged in 

lamellae. Fast-forming woven bone is immature bone, in which collagen fibers are arranged in 

more cross-structural irregular random arrays. 

Development of Bone 

All bones develop from the progeny of a small number of cells - mesenchymal stem cells 

(MSCs) mainly derived from the periosteum, endosteum, Haversian canals, and bone marrow. 

These cells continuously replicate themselves, while a portion become committed to 
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mesenchymal cell lineages such as bone, cartilage, tendon, ligament, and muscle (Bruder eta/. 

1994). 

Bone forms through two different processes: (1) intramembranous bone formation (direct 

ossification of the mesenchymal cells) and (2) endochondreal bone formation (indirect 

ossification through a cartilaginous intermediate). Upon maturation, the histology of bone 

formed through either pathway appears otherwise the same. 

Bone Remodeling and Healing 

Bone is continuously renewed by local bone resorption and subsequent deposition in a process 

called remodeling. Occurring throughout life bone remodeling repairs damaged bone, maintains 

ion homeostasis, and reinforces bone for increased stress. In the healthy adult, trabecular bone 

is remodeled at a higher rate (25%/year) than that of cortical bone (3%/year). Resorption and 

deposition are normally balanced, and bone density and shape is maintained. This balance also 

allows the functional adaptation of bone to mechanical demands, also known as 'Wolff's Law," 

which describes bone loss due to disuse as well as gain of bone mass due to load. 

Both mechanisms of ossification in development, intramembranous and endochondreal 

bone formation are involved in the natural healing of bone, angiogenesis representing a 

required component of osteogenesis (Ripamonti 2005). 

BONE MORPHOGENETIC PROTEINS (BMPS) 

Identification and Structure 

In 1965, an American orthopedic surgeon Marshall R. Uris! discovered, using rodent models, 

that intramuscular implantation of demineralized bone matrix (DBM) induced de novo 

endochondreal bone formation. This phenomenon was attributed to the presence of a protein in 

bone matrix, which he named Bone Morphogenetic Protein (Uris! & Strates 1971 ). Stimulated by 

Urist's observations, research was carried out in laboratories across the world. By the late 



5 

1 980s, it became clear that not only one, but a multitude of proteins in bone matrix were 

responsible for osteoinduction (Wang et a/. 1988, Wozney et a/. 1 988). These proteins are 

released from a wide variety of cell types including Hartwig's epithelial root sheath, endothelial 

cells, and others, and play important signaling and regulatory roles in the embryogenesis of 

many different organs systems (kidney, eye, nervous system, lung, skin, heart and teeth), as 

well as in tissue repair in postfetallife (Reddi 2000). 

Today, the structures of more than 20 different human BMPs have been identified and 

characterized using molecular biology techniques (Wozney et a/. 1988, Celeste et a/. 1990, 

Ozkaynak et a/. 1 990). Except for BMP-1, all other BMPs belong to the transforming growth 

factor-13 (TGF-13) superfamily - a group of growth and differentiation factors consist of TGF-13, 

growth differentiation factors, activins and inhibins, and Mullerian inhibiting substance (Termaat 

eta/. 2005). 

Physiology 

BMPs primarily induce the differentiation of resident mesenchymal cells into different cell types 

such as cartilage and bone cells (Wozney & Seeherman 2004). BMPs are a class of powerful 

inducers of endochondreal bone differentiation. Endochondreal bone formation induced by 

BMPs involves a sequential multi-step cascade of events: (1) activation and migration of 

undifferentiated mesenchymal progenitor cells by chemotaxis; (2) attachment of cells to the 

matrix through fibronectin; (3) mitosis and proliferation of responding mesenchymal cells; (4) 

differentiation of chondroblasts and hypertrophy of cartilage; (5) angiogenesis, vascular invasion 

and chondrolysis; (6) differentiation of osteoblasts and bone matrix deposition; and finally (7) 

remodeling of the newly formed bone and bone marrow formation. There exists a direct 

relationship between differentiation in early development and regeneration in postfetallife. 
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Osteoinductive Activity 

Recent studies suggest that only some BMPs are osteoinductive. The most potent 

osteoinductive BMPs are BMP-2 and BMP-7 (Termaat eta/. 2005). BMP-2 through -7 and BMP-

9 have been shown to have the ability to provide the initial signal for the differentiation of 

mesenchymal stem cells into osteoblasts. Research has shown that BMP-2, -6 and -9 play an 

important role in the early phase of the differentiation of mesenchymal progenitor cells to pre

osteoblasts, while most BMPs promote differentiation of these pre-osteoblasts to osteoblasts. 

These observations indicate that BMP-2, -6, and -9 could be more effective in a situation where 

more pluripotent cells are present. Interestingly, BMP-3 has been shown to be osteoinductive in 

vivo, but also has an inhibitory effect in presence of BMPs such as BMP-2 and BMP-7. These 

observations suggest that bone formation is the end result of a complex intracellular and 

extracellular signaling cascade in which BMPs may have contradictory roles at different stages 

(Termaat eta/. 2005). 

Dose Dependency 

Recombinant human BMPs (rhBMPs) were produced following extensive purification and 

molecular cloning fM/ozney eta/. 1988, Celeste eta/. 1990, Ozkaynak eta/. 1990) and are today 

commercially available. It has been shown that single BMPs are osteoinductive, and that their 

osteoinductivity is dose-dependent (Valentin-Opran et a/. 2002). The concentration of BMPs 

must overcome a threshold before to effectively induce bone formation. If the dose is too low 

there will be insufficient bone formation. If the dose is too high BMPs induce excessive bone 

formation, delay bone maturation, but are also associated with aberrant healing events including 

seroma formation and dramatic bone remodeling 0Nikesjo et a/. 2008, Leknes et a/. 2008). 

Resorption of bone can also be observed because BMPs stimulate osteoclastogenesis and 

osteoclastic activity (Ripamonti 2007). 
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Therapeutic Dose for Humans 

The BMP dose-response curve appears steep in nonhuman primate compared with rodent 

models. Although an optimal therapeutic dose of BMPs in humans has not been conclusively 

established and may vary between indications, the primate model was used to calculate a 

human therapeutic dose of 3.5 mg/4 mL (0.88 mg/mL) rhBMP-7 in sterile saline and 12 mg/8 mL 

(1.50 mg/mL) rhBMP-2 in sterile water (Termaat et a/. 2005). These rhBMP-2 concentrations 

are approximately 10- to 1 000-fold greater than those of native BMPs. The seemingly extreme 

high doses have been justified to offset a strongly regulated signaling mechanisms and rapid 

local clearance of BMPs to produce a clinical therapeutic effect comparable with that observed 

in animal studies {Termaat eta/. 2005). 

Clinical Application and Efficacy 

rhBMP-2 in an absorbable collagen sponge (ACS) carrier {INFUSE® Bone Graft, Medtronic Inc., 

Memphis, TN, USA) received approval by the US Food and Drug Administration (FDA) as a 

replacement for autogenous bone graft for orthopedic indications 2002 as well as in sinus and 

alveolar ridge augmentation 2007 (McKay et a/. 2007). Studies have shown that rhBMP-2 

appears equivalent and, in several settings, superior to the "gold standard" or benchmark 

autogenous bone graft {Termaat eta/. 2005, McKay eta/. 2007, Lee eta/. 2012). 

Risks and Safety 

The only known risk for the use of BMPs involves development of transient increases in BMP 

antibodies {Termaat et a/. 2005). A recent longitudinal cohort study examining the incidence of 

BMP-2 antibody formation in lumbar spine applications found an overall low incidence rate of 

3.0% (range, 0.8% to 6.4%) in patients treated with rhBMP-2 (Burkus et a/. 2011 ). This 

phenomenon appeared to have no deleterious effect on bone healing after the first and second 

exposure (Burkus eta/. 2011 ). The observation of seroma formation (serum-filled accumulations 
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within bone and soft tissue) appears a common sequela following BMP applications, and usually 

subsides over time. Nevertheless, when used for approved indications, BMPs appear 

predictable and safe (Termaat eta/. 2005). 

BMP DELIVERY SYSTEMS 

Currently, four ways to deliver growth factors are under investigation: (1) direct application of a 

recombinant protein to the regeneration site with or without a carrier matrix (protein therapy); (2) 

coating the surface of dental implants of osteoinductive proteins (implant therapy); (3) 

transduction of genes encoding an osteoinductive protein into cells at the regeneration site 

(gene therapy); and (4) transplantation of cultured osteogenic cells from host bone marrow 

(stem cell therapy) (Haidar & Hamdy 2009a,b; Wikesjo et a/. 2008a,b,c}. Despite future promise 

of the other three methods, protein therapy has shown the most practical use. 

Carrier Requirements 

BMPs are soluble and have a high rate of systemic clearance if delivered in a buffer solution. 

Therefore, to effectively induce bone formation BMPs need to be retained at the target site over 

a period of time (Termaat eta/. 2005). It has been shown that less than 5% of the BMP dose 

remained when applied alone, whereas in combination with gelatin foam or collagen retention 

increased to 15 to 55% (Hollinger et a/. 1998). More recent research elucidates the effects of a 

variety of matrices on BMP release kinetics. 

An ideal candidate carrier should be safe and biocompatible, maintain effective BMP 

concentration at the defect site for a sufficient period of time, and should resorb in a timely 

fashion so as not to obstruct bone formation. In addition, for successful clinical and commercial 

application, considerations should be given to cost-effectiveness during the manufacturing 

process and to obtain an approval from the appropriate regulatory authorities such as the FDA. 

Different clinical indications favor different matrix qualities. For example, in fracture repair, the 
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material's ability to resorb may be more important than its structural properties. For inlay 

indications, such as regenerating intrabony defects, the material's structural strength and its 

ability to maintain space is not as critical as compared to in an onlay indication, as in vertical 

augmentation of an edentulous alveolar ridge fYVozney & Seeherman 2004, Huang eta/. 2008). 

Carrier Materials 

In animal and clinical studies, various materials have been used as carriers for BMPs and other 

growth factors. There are several major categories: (1) natural polymers such as collagen, 

hyaluronan, soy-/algae-derived materials, and poly-hydroxyalkanoates; (2) inorganic materials 

and ceramics/cements such as hydroxyapatite (HA), tricalcium phosphates (TCP) and sulphates 

as well as bioglass and metals; (3) synthetic biodegradable polymers such as polylactic acid 

(PLA), polyglycolide (PLG) and copolymers, poly L-lactic acid (PLLA), poly DL-Iactide-co

glycolic acid (PLGA) and poly E-caprolactone (PCL); and (4) composites which are combinations 

that take advantage of each material class as well as other biomolecules (Haidar & Hamdy 

2009a,b). 

Matrices containing allogeneic and xenogeneic collagen, hyaluronic acid, and fibrin have 

been used experimentally to deliver BMPs, because they are naturally occurring components of 

the extracellular matrix. However, concerns over possible allergic reaction and contamination 

during processing have moved the field in the direction of synthetic materials and research into 

other biomaterials fYVozney & Seeherman 2004). 

Absorbable Collagen Sponge (ACS) 

Originally developed and approved for hemostasis indications, the ACS is manufactured 

through lyophilization of a dispersion of bovine Achilles tendon Type 1 collagen, and cross

linking and sterilization by chemical means (Geiger et a/. 2003). This matrix has been approved 

by the FDA in combination with rhBMP-2 (INFUSE® Bone Graft, Medtronic Inc., Memphis, TN, 
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USA) for limited clinical indications. The ACS not only acts as a carrier for rhBMP-2 but also as 

a scaffold that supports new bone formation. This combination facilitates surgical implantation 

and rhBMP-2 retention at the surgical site (Geiger et a/. 2003). A number of studies have 

demonstrated the effective osteoinduction of rhBMP-2/ACS without simultaneous bone grafting 

materials for various orthopedic and craniofacial indications (Haidar & Hamdy 2009a,b ). With 

equivalent results to that of autogenous bone graft, rhBMP-2/ACS has proven to be a desirable 

if not preferred alternative as it eliminates the co-morbidities associated with a surgically created 

donor site. 

Nevertheless, the ACS lacks the structural integrity to withstand compressive and shear 

forces associated with the overlying soft tissue at the implant site. Therefore, rhBMP-2/ACS 

may not consistently support adequate bone formation, especially in the cases of craniofacial 

defects or dental alveolar reconstruction involving onlay indications. In an effort to improve the 

structural integrity of the matrix, the rhBMP-2/ACS has been combined with various other 

biomaterials including HA and bioglass, organic polymers including allogeneic/xenogeneic 

collagen matrices, and space-providing occlusive or porous, bioresorbable or nonresorbable 

devices (Huang eta/. 2008). 

Compression Resistant Matrix (CRM) 

The compression resistant matrix (CRM; Mastergraft®, Medtronic Inc., Memphis, TN, USA) 

approved by the FDA as a bioceramic bulking agent consists of Type I bovine collagen 

impregnated with HA and 11.-TCP in a 15:85% ratio. Up to 50% of the dry weight of bone 

includes inorganic HA [Ca10{P04)G(OH)2]. 

Synthetic HA is recognized for its osteoconductivity and has been used as a bone 

biomaterial in clinical settings since 1970s due to its ability to bond directly to bone. HA has also 

been added to the ACS carrier to increase rigidity to reduce compression of the regenerative 

site. The shortcomings of HA include a lack of bone induction due to a high affinity between the 
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material and BMPs, and that its slow resorption rate obstructs bone formation (Miranda et a/. 

2005; Haidar & Hamdy 2009a,b). 

13-TCP, a synthetic ceramic bone biomaterial, has been used in a variety of orthopedic 

and craniofacial applications for more than 30 years. Having the chemical formula of Ca3(P04)2, 

13-TCP is structurally similar to HA and is considered a valuable volume expander and an 

osteoconductive source of mineral. 13-TCP is manufactured in a variety of particle sizes, ranging 

from less than 100 iJm to several mm in diameter, depending on the clinical indications. The 

absorption rate of 13-TCP is generally considerably shorter than that of HA, approximating 

several weeks up to 12 months. As a biodegradable material that can be replaced by bone, 13-

TCP has also been used a vehicle for the delivery of drugs, biologic agents, and cells (Orii eta/. 

2005). 

A biphasic combination of HA and 13-TCP at various ratios, in a collagen matrix, 

represents the basic formula of collagen-ceramic sponge bulking agents. This combination 

material closely mimics natural bone in terms of its individual components. Presumably, as the 

faster absorbing 13-TCP degrades and replaced by new bone, the HA can still maintain space. 

The CRM has been evaluated in orthopedic settings such as posterolateral spine fusion (Boden 

eta/. 1999, Suh eta/. 2002, Kraiwattanapong eta/. 2005, Dimar eta/. 2006), and in craniofacial 

settings such as mandibular critical-size defects (Herford eta/. 2011, Kinsella eta/. 2011 ). 

CRITICAL-SIZE SUPRAALVEOLAR PERI-IMPLANT DEFECT MODEL 

Any potential therapy for bone reconstruction requires pre-clinical evaluation to estimate its 

biologic potential, efficacy, and safety before clinical application and introduction. After 

evaluation by suitable animal screening models for biologic potential and safety, promising 

therapies should be evaluated for efficacy and clinical potential in discriminating, large animal 

critical-size defect models using canine or non-human primate plat-forms (Wikesjo eta/. 2006). 
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Over the years, the Laboratory for Applied Periodontal & Craniofacial Research 

(LAPCR) has developed and characterized the Critical-size Supraalveo/ar Periodontal Defect 

Model (Wikesjo et a/. 1994 ), and subsequently the Critical-size Supraa/veolar Peri-implant 

Defect Model (Wikesjo et a/. 2006). These defect models have proven to be a decisive test for 

candidate therapies for periodontal wound healing/regeneration and alveolar bone 

augmentation/osseointegration. In this study we employed the Critical-size Supraa/veolar Peri

implant Defect Model to evaluate the ability of the compression resistant carrier to support bone 

augmentation for onlay indications. 

Characteristics 

A strict protocol involving animal selection and standardized surgical and postsurgical 

procedures ensures the reliability of the Critical-size Supraa/veo/ar Peri-implant Defect Model. In 

addition, the two important sources of bias in experimental studies, namely: (1) the possibility 

that comparison groups are inherently different regarding important factors for the outcome; and 

(2) the risk that exposures and experimental procedures may change over time, are unlikely to 

occur in this model. Furthermore, the use of the Critical-size Supraa/veo/ar Peri-implant Defect 

Model avoids aggregation of data at the animal level, thus preventing loss of information and 

statistical power (Wikesjo eta/. 2006). 

In contrast to various other model systems/defects that have also been used to assess 

the biologic and clinical potential of various candidate therapies for alveolar reconstruction, the 

Critical-Size Supraa/veolar Peri-Implant Defect Model represents a true onlay defect model. 

Inlay defects such as tooth extraction sockets, buccal dehiscence defects, access defects for 

periapical surgery, and alveolar ridge saddle-type defects, cannot effectively discern the 

osteoconductive or osteoinductive potential of a biomaterial or other technology placed into 

such defects, as these defects may heal in spite of the implanted biomaterial, device, or 

biologic, not because of. Therefore, these defect systems have a limited value in the evaluation 
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of biomaterials, devices, biologics, and combination therapies. The Critical-Size Supraa/veolar 

Peri-Implant Defect Model is inherently discriminating in that the experimentally created defects 

do not regenerate spontaneously. It follows that when conducting experiments using this model 

a sham-surgery control group is not longer required (Wikesjo eta/. 2006). 

A large number of studies have utilized the Critical-Size Supraa/veo/ar Peri-Implant 

Defect Model to assess the efficacy of a wide variety of candidate technologies for craniofacial 

reconstruction and osseointegration of endosseous oral implants, including bone biomaterials, 

devices for guided bone regeneration (GBR), and implantable or injectable technologies using 

growth and differentiation factors (Wikesjo et a/.2006). 

Histometric Analysis 

Despite various diagnostic technologies that have been used to evaluate the efficacies of new 

regenerative therapies, histological and histometric analysis remains the gold standard, not only 

due to their robust quantitative assessment, but also to an in depth understanding of the 

biological events taking place at different stages of wound healing (Wikesjo eta/. 2006). 

A computer-based image-analysis system is used to analyze the digital images of the 

implant sites captured by the light microscope digital camera system. The most central 

section(s) from each implant is used for the histometric analysis. Measurements are taken for 

the buccal and lingual surfaces of each implant, which provide quantitative information 

regarding newly formed bone and resident bone. For newly formed bone, measurements 

include defect height, bone height, bone area, bone-implant contact (BIG), bone density within 

and outside the implant threads. For resident bone, measurements include BIG, bone density 

within and outside the implant threads (Wikesjo eta/. 2006). 
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Rep;oducibility 

The reproducibility in histometric data acquisition for the Critical-size Supraa/veolar Peri-implant 

Defect Model was recently investigated. Two, briefly trained, otherwise un-experienced 

examiners and one calibrated experienced examiner performed the histometric evaluation using 

the same set of specimens twice with a 3-month interval. The measurements included nine 

parameters of newly formed and resident bone obtained for the facial and oral peri-implant sites. 

The results showed a high intra- and inter-examiner reproducibility for all parameters evaluated 

(Lee eta/. 2009). 
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PURPOSE 

The purpose of this study was to evaluate the space-maintaining potential of the novel CRM as 

a candidate delivery system for rhBMP-2 in onlay settings, and benchmark to the rhBMP-2/ACS 

standard. The utilization of the discriminating Critical-size Supraalveolar Peri-implant Defect 

Model allows for histometric assessment of new bone formation (bone height, area and density) 

and qualitative assessment (clinical, radiographic and histologic) of the newly formed bone 

including any aberrant or other sequela. 

HYPOTHESIS 

The novel CRM as a carrier for rhBMP-2 will support consistent bone formation of clinically 

relevant geometry/density, and a higher mean level osseointegration compared with the rhBMP-

2/ACS benchmark. 

SPECIFIC AIMS 

SPECIFIC AIM #1 

To compare rhBMP-2/CRM with rhBMP-2/ACS relative to quantitative and qualitative new bone 

formation. 

SPECIFIC AIM #2 

To compare clinical, radiographic, and histologic sequela (healing complications, ridge 

dimensional changes, seroma formation, biomaterial absorption/retention) for the rhBMP-2/CRM 

and rhBMP-2/ACS. 

SPECIFIC AIM #3 

To compare osseointegration (BIC) between the rhBMP-2/CRM and rhBMP-2/ACS. 



MATERIALS AND METHODS 
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ANIMALS 

Five male Hound Labrador mongrel dogs, age 18-24 months, approximate weight 20-25 kg, 

obtained from USDA licensed vendor were used. Animal selection and management, surgery 

protocol, and alveolar defect preparation followed routines approved for th is study by the 

Institutional Animal Care and Use Committee, Georgia Health Sciences University (GHSU), 

Augusta, GA, USA. The animals were accustomed to a soft dog-food diet during acclimatization 

to prevent unnecessary stress due to diet alterations following surgical procedures. A soft dog

food diet was used to minimally mechanically interfere with the experimental areas postsurgery. 

One oral prophylaxis (tooth cleaning) was performed under sedation (telazol 5 mg/kg - xylazine 

1 mg/kg ; IV) using aseptic technique within 2 weeks prior to experimental surgery. All anesthetic 

procedures were performed and monitored by the GHSU Laboratory Animal Services (LAS) 

veterinary team. 

IMPLANTS 

Thirty threaded anodized porous titanium oxide surface implants (Bmk Mk Ill Groovy 04.0x10 

mm, Nobel Biocare USA, Yorba Linda , CA, USA) were used for a tota l of 6 implants/animal (3 

implants/jaw quadrant) (Figure 2). 

Figure 2 Threaded anodized porous implants (Bmk Mk Ill Groovy 0 4.0 x 10 mm). 
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RHBMP-2/MATRIX 

rhBMP-2/ACS (INFUSE® Bone Graft, Medtronic Inc, Memphis, TN, USA) and CRM 

(Mastergraft®, Medtronic Inc, Memphis, TN, USA) were used (Figures 3 and 4). The lyophilized 

rhBMP-2 was rehydrated with sterile water to concentrations of 0.2 and 0.4 mg/ml and soak-

loaded onto the ACS (0 .2 mg/ml x 4ml) and CRM (0.4 mg/ml x 2 ml); binding time: ACS/15 

min and CRM/20 min. Each of three ACS (50 x 25 mm) was cut along the long axis into equal 

halves, and the six pieces of the sponge were stacked. A 4.0 mm tissue punch was used to 

create cylindrical spaces through the stacked sponge for proper seating around the implants 

(Figure 6). A similar approach was used for seating the soak-loaded CRM (Figure 7). 

Figure 3 Close-up of ACS before soak-load with rhBMP-2 solution (left). SEM of the ACS surface at 100x (center) 
and 500x (right). 

Figure 4 Close-up of CRM before soak-load with rhBMP-2 solution (left). SEM of the CRM surface at 100x (center) 
and SOOx (right). 

EXPERIMENTAL SURGERY 

Anesthesia Procedures 

Food was withheld the night preceding surgery. The animals were pre-anesthetized with 

atropine (0.02-0.04 mg/kg; IM), buprenorphine HCI (0.01-0.03 mg/kg; IM), and acepromazine 
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(0.2-0.3 mg/kg; IM). After tranquilization, a 20-23-gauge IV catheter was placed in the foreleg for 

induction with propofol (5-7 mg/kg; IV). Animals were then moved to the surgical theater and 

maintained on gas anesthesia (1-2% isoflurane/02 to effect). The animals received a slow 

constant rate infusion of lactated Ringer's solution (1 0-20 ml/kg/hr; IV) to maintain hydration 

intrasurgery. Depth of anesthesia was monitored by lack of response to toe pinch, lack of 

corneal reflex, and by monitoring the depth of respiration, respiratory rate and heart rate; all 

anesthetic procedures performed and monitored by the GHSU LAS veterinary team. 

Surgical Protocol 

Experienced surgeons (JLICS) performed the surgical protocol. Routine, bilateral, 

supraalveolar, critical-size peri-implant defects were created in the mandibular premolar region 

(Wikesji:i eta/. 2006; Figure 5). Briefly, following local infiltration anesthesia (lidocaine HCI 2%, 

epinephrine 1 :100,000) buccal and lingual mucoperiosteal flaps were reflected and alveolar 

bone removed around the circumference of the 1"\ 2nd, 3'd and 4'h premolar teeth to a level 

approximately 6 mm from the cementa-enamel junction using water-cooled rotating burs. The 

premolar teeth were then extracted and the 1 •• molar amputated at the level of the reduced 

alveolar crest. Three titanium implants were placed into osteotomies prepared into the 

extraction sites of the distal root of the 3'd (P1 implant) and the mesial (P2 implant) and distal 

(P3 implant) root of the 41h premolar teeth in each jaw quadrant. Five mm of the implant were 

placed within the surgically reduced alveolar ridge, creating 5-mm, supraalveolar, peri-implant 

defects. Cover screws were placed onto the implants. 

After implant placement, contralateral supraalveolar, peri-implant defects received 

rhBMP-2/ACS or rhBMP-2/CRM (Table 1). Treatments were alternated between left and right 

jaw quadrants in subsequent animals. Next, the periostea of the mucogingival flaps were 

fenestrated at the base of the flaps to allow tension-free flap advancement, apposition and 

wound closure. The flaps were advanced and adapted 3-4 mm coronal to the titanium implants 
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and rhBMP-2 constructs, and the flap margins apposed and sutured (GORE-TEX™ Suture 

CV5, W.L. Gore & Associates, Inc. , Flagstaff, AZ, USA). Photographs were obtained 

intrasurgery following implant placement, following placement of the rhBMP-2 constructs, and 

following wound closure. 

The maxillary 1st, 2nd, and 3rd premolar teeth were surgically extracted and the maxillary 

41
h premolars reduced in height and exposed pulpal tissues sealed (Cavit®, 3M ESPE, 

Seefeld/Oberbayern, Germany) in order to alleviate potential trauma from the maxillary teeth to 

the experimental mandibular sites. 

A. B. 

C. D. 

E. F. 

Figure 5 Schematic of the development of the canine Critical-Size Supraa/veolar Peri-Implant Defect Model. (A & B) 
The canine mandible showing the experimental premolar area. (C) Circumferential removal of alveolar bone around 
the 1st. ~. :fd and 4'h premolars, and 1st molar to a level approximately 6 mm from the cement-enamel junction. (0 & 
E) The premolar teeth were then extracted and the 1st molar amputated at the level of the reduced alveolar crest. (F) 
Three titanium implants were placed into osteotomies prepared into the extraction sites of the distal root of the :fd and 
the mesial and distal root of the ,fh premolars in each jaw quadrant. 
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Figure 6 Ten-mm placed 5 mm into the surgically reduced alveolar crest creating routine Critical-size 
Supraalveolar Peri-implant Defects (left); defect following application of rhBMP-2/ACS facial and coronal view (center 
left/right); and following wound closure (right) (animal #58R). 

Figure 7 Ten-mm implants placed 5 mm into the surgically reduced alveolar crest creating routine Critical-size 
Supraalveolar Peri-implant Defects (left); defect following application of rhBMP-2/CRM, facial and coronal view 
(center left/right); and, following wound closure (right) (animal #58L) . 

Table 1 Distribution of treatments among animals. 
Animal # Left jaw quadrant 

55 rhBMP-2/ACS 
56 rhBMP-2/CRM 
57 
58 
59 

Postsurgery Procedures 

rhBMP-2/ACS 
rhBMP-2/CRM 
rhBMP-2/ACS 

Right jaw quadrant 
rhBMP-2/CRM 
rhBMP-2/ACS 
rhBMP-2/CRM 
rhBMP-2/ACS 
rhBMP-2/CRM 

A long-acting opioid {buprenorphine HCI, 0.01-0.03 mg/kg; IM, BID/3 days) was administered for 

pain control. A broad-spectrum antibiotic (enrofloxacin; 2.5 mg/kg; IM, BID/7days) was 

administered for infection control. Plaque control was maintained by daily flushing of the oral 

cavity with chlorhexidine gluconate (Xttrium Laboratories, Inc, Chicago, IL, USA; 20-30 mL of a 

2% solution) until completion of study. Sutures were removed under sedation (telazol 5 mg/kg-

xylazine 1 mg/kg; IV) at approximately 10 days postsurgery; all anesthesia procedures 

performed and monitored by the GHSU LAS veterinary team. The veterinary team administered 

all drugs. 

The LAS veterinary team with the PI performed all postsurgery monitoring. Experimental 

areas were monitored daily until suture removal and thereafter at least weekly for wound 

swelling/dehiscences/infection. The PI in collaboration with attending LAS veterinarian decided 
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necessary action required in event of adverse affects including wound debridement and implant 

removal. 

Radiographic Registrations 

Radiographs were obtained under sedation (telazol 5 mg/kg - xylazine 1 mg/kg IV) immediately , 

postsurgery, and at 4 and 8 weeks postsurgery using a mobile x-ray unit (AribexTM NomadTM, 

Aribex Inc, UT, USA) and a standardized protocol at 70 kVp, 7 rnA, and 30 impulses. ANSI size 

#4 Kodak Ultra-speed film (Eastman Kodak Company, Rochester, NY, USA) was used. The 

mandibles of the dogs were placed flat on the films and the distance from the focal spot to the 

films approximate 15 em; projection angle 65° from the operating table. The radiographs were 

processed using an automatic dental film processor (AfT 2000, Air Techniques, Hicksville, NY, 

USA). All anesthetic procedures were performed and monitored by the LAS veterinary team. 

Euthanasia 

The animals were sedated (telazol 5 mg/kg - xylazine 1 mg/kg IV) and euthanized at week 8 

postsurgery using intravenous injection of concentrated sodium pentobarbital (Euthasol®, 

Delmarva Laboratories, Inc, Midlothian, VA, USA). Following euthanasia, block sections 

including titanium implants, alveolar bone, and surrounding mucosa were collected and 

radiographed. The specimens were rinsed in sterile saline and transferred to 10% neutral 

buffered formalin at a volume 10 times that of the individual block sections. 

HISTOTECHNICAL PROCESSING 

The tissue blocks were fixed in 10% buffered formalin for 3-5 days, dehydrated in alcohol, and 

embedded in methylmethacrylate resin (Technovit 7200 VLC, Kulzer, Wehrheim, Germany). 

The implants were cut mid-axially in a buccal-lingual plane into 200 ~m thick sections using the 

cutting"grinding technique, and subsequently ground and polished to a final thickness of 
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approximately 30 ~m (Donath & Breuner 1982, Rohrer & Schubert 1992). The sections were 

stained using Stevenel's blue and van Giesen's picro fuchsin for histopathologic and histometric 

analysis and evaluated using incandescent and polarized light microscopy. 

DATA DESCRIPTION 

Radiographic Analysis 

One masked experienced examiners (SL) evaluated the radiographic recordings obtained 

immediately postsurgery (baseline), and at 10 days, 4 and 8 weeks in a dark room. The 

radiographs had been converted to digital images using a film scanner (Epson Perfection® 4990 

Photo, Epson America Inc., Long Beach, CA, USA) at 600 dpi. The following evaluations were 

made: 

•!• An implant was scored positive for bone resorption when a radiolucent zone was apparent around 

the implant in resident bone at 4 and/or 8 weeks compared to immediately postsurgery (baseline). 

•!• An implant was scored positive for dislocation when the implant had tipped, drifted, extruded, or 

rotated at 4 and/or 8 weeks compared to its position immediately postsurgery (baseline); 

•!• Unscrewed or missing cover screws at week 4 and/or 8 were scored; 

•!• Presence of a circular/ovoid peri-implant radiolucent zone in induced bone at week 4 and/or 8 

was scored as seroma formation; and 

•:• Radiodensity around implants was scored positive based on the presence of radiopaque particles 

consistent with the composition of CRM. 

Histologic Analysis 

Two experienced examiners (UW and SL) performed the qualitative histologic analysis using 

incandescent and polarized light microscopy (BX 51, Olympus America, Inc., Melville, NY, 

USA). The following evaluations were recorded: 

•!• Presence of cortical and trabecular, woven and lamellar bone; 

•!• Presence of bone remodeling at the reduced crest; 

•!• Presence of osteoid; 

•!• Presence of seroma formation; and 

•!• Presence of residual biomaterial (CRM ceramic particles) 
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Histometric Analysis 

One calibrated masked examiner (SL) 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 PlusTM, Media Cybernetic, Silver Spring, MD, USA). 

The following parameters were recorded for the facial and oral, surfaces of the most central 

sections for each implant: 

•:• Defect Height: Distance between the 5-mm thread and the implant platform. 

•:• Bone Regeneration (height): Distance between the 5-mm thread and the vertical extension of 

newly formed bone along the implant. Bone formation exceeding the implant platform not 

included. 

•:• Bone Regeneration (area): Area of newly formed bone along the implant between the platform 

and the 5-mm thread. Bone formation exceeding the implant platform was not included. 

•:• Bone Density Outside the Implant Threads (BOor): Ratio bone/marrow spaces in a 1 00 x 500 11m 

area (width x height) immediately outside the implant threads within the newly formed bone along 

the implant. 

•:• Bone Density Within the Implant Threads (BDwr): Ratio bone/marrow spaces within the root of 

the implant threads within the newly formed bone along the implant. 

•:• Osseointegration (new bone): Ratio bone-implant contact (BIG) measured from the 5-mm thread 

to the vertical extension of newly formed bone along the implant. 
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Figure 8 Overview of the histometric analysis. Horizontal green lines placed at the implant platform and the 5-mm 
thread delineate the zone of interest. Bone regeneration height (distance between the green lines), bone regeneration 
area (shaded blue area, top left), osseointegration (purple line, top right), bone density outside the threads in a 
1.0x5.0 mm outlined area (yellow box, bottom left), and bone density within the implant threads (yellow outline, 
bottom right). 

STATISTICAL ANALYSIS 

Examiner reliability for the histometric evaluation was assessed using the concordance 

correlation coefficient (Barnhart eta/. 2007). This coefficient ranges between 0 and 1, the higher 

the coefficient the greater the reliability . For this study one masked examiner (SL) first 

performed histometric measurements on a set of 12 slides and then again after 3 weeks. The 
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results were computed for assessment of examiner reliability. The concordance correlation 

coefficient ranged from 0.83 to 0.99 demonstrating a high reliability for all parameters assessed 

(Table 2). 

The animal was used as the unit of analysis. All measurements at site level were 

averaged for each jaw quadrant. Generalized estimating equations were used to perform the 

analysis. Measurements at implant level were used and estimates were adjusted for the 

clustering of implants into animals using a robust variance estimator. Wald tests were used for 

multiple comparisons. The level of significance was set at 5%. 

Table 2 Examiner reliabilit . 

I Bone. height Bone area BDor BDwr BIC 
Concordance 0.99 0.93 0.99 0.83 0.98 

coefficient 
Man difference ± SD 0.003 ± 0.02 0.14 ± 2.93 0.54 ± 1.00 0.15 ± 4.28 0.09 ± 0.18 

BOoT: bone density outside the implant threads; BDwr: bone density within the implant threads; BIG: bone-implant contact 



RESULTS 

CLINICAL OBSERVATIONS 

Healing following the surgical procedures was generally uneventful as shown in Figure 9 

through 11 and Appendix Figure 1. The surgical sites were associated with notable swelling; 

however, there was no incidence of suture line dehiscences, wound exposure or infection. 

Animal #59 RP2 demonstrated a fluctuating seroma at suture removal. The site was drained 

and resolved by week 4 . A gradual resolution of the swelling was observed throughout the 

healing interval in all animals. At 8 weeks - the time of block section biopsy collection -

implant cover screws in animals #55L, #56R and #57L at defect sites receiving rhBMP-2/ACS 

were visible and palpable through the thin lingual mucosa (Figure 9). In animal #58R and 59L 

the side of the mandible receiving rhBMP-2/ACS maintained the ridge dimension with no visible 

or palpable implant cover screws (Appendix Figure 1 ). In comparison , all sites receiving rhBMP-

2/CRM exhibited granular particles immediately underneath the thin lingual mucosa giving an 

"about-to-poke-through" appearance (Figure 10). All surgical sites felt hard to finger palpation. 

Figure 9 Coronal view of clinical healing following implantation of rhBMP-2/ACS at suture removal (left), and at 4 
(center left) and 8 (center right) weeks. Lingual view (right) showing the implant cover screws through the mucosa 
(animal #57 L). 

Figure 10 Coronal view of clinical healing following implantation of rhBMP-2/CRM at suture removal (left), and at 4 
(center left) and 8 (center right) weeks. Lingual view (right) showing the CRM ceramic particles through the mucosa 
(animal #58 L). 

27 
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RADIOGRAPHIC OBSERVATIONS 

The results of the radiographic analysis are shown in Figure 11 , 12, Table 3 and Appendix 

Figure 2 and Table 1. At baseline, sites receiving rhBMP-2/ACS demonstrated mostly 

radiolucent appearance around the implants, which did not change significantly by 8 weeks. The 

surgically reduced alveolar crest appeared flat and could easily be delineated. At 4 and 8 

weeks, however, the alveolar crest showed radiopaque "tufts" around all implants suggestive of 

crestal remodeling and/or formation of new crestal bone (Figure 11 and Appendix Figure 2). 

Throughout the duration of the study, there was no radiographic evidence of significant crestal 

bone resorption, dislocated implant, or cover screw loosening. Furthermore, radiographs at 4 

weeks (animals #56R, #57L, #58R. #59L; Appendix Figure 2) exhibited radiolucent areas of 

varying dimensions circumscribed by thin radiopaque "shells" suggestive of fluid-filled spaces 

surrounded by a thin layer of bone (diagnosed as seromas) around majority of the titanium 

implants (80%) with one exception (animal #55) that did not show evidence of seroma 

formation. At 8 weeks, some seromas appeared to have decreased in size (animal #56R), but 

most (73%) remained (animal #57L, #58R, #59L). In these enduring seromas, the thin 

radiopaque "shells" appeared to have increased in opacity. 

A granular radiopacity consistent with the CRM ceramic particles did not to change 

considerably through the 8-week healing interval in sites receiving rhBMP-2/CRM (Figure 12 

and Appendix Figure 1 ). Thus, it was difficult to discern the extent of new bone formation ; 

whether it reached or exceeded the implant platform. Evidence of seroma formation was 

observed in 87% of the implants at 4 weeks to reduce to 40% at 8 weeks. 

11 Representative new remodeling and seroma in site 
receiving rhBMP-2/ACS; baseline (left), suture removal (center left), 4 (center right) and 8 (right) weeks (animal 
#SBR). 
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rhBMP-2/CRM; baseline (left), suture removal (center left), 4 (center right) and 8 (right) weeks (animal #58L). 

Table 3 Summary of the radiographic observations. Frequency of each observation/implant site at 4 and 8 weeks. 

Bone resorption 
Dislocated implant 
Cover screw loosening 
Seroma formation 
Ceramic particles 

HISTOLOGIC OBSERVATIONS 

rhBMP-2/ACS rhBMP-2/CRM 
4Weeks 

0/15 
0/15 
0/15 

12/15 
0/15 

8Weeks 
0/15 
0/15 
0/15 
8/15 
0/15 

4Weeks 
0/15 
0/15 
0/1 5 
14/1 5 
15/15 

8Weeks 
0/1 5 
0/15 
0/15 
5/15 
15/15 

The results of the histologic analysis are shown in Figure 13 through 16, Table 4 and Appendix 

Figure 3 and Table 2. Overall, the newly formed bone above the base of the surgically created 

osseous defects showed sparse and delicate trabeculae in both groups. Somewhat more 

dense bone was observed away from implant surfaces. In all but one animal (animal #55L, ACS 

side) new bone formation was observed to reach above the implant platform. 

Sites receiving rhBMP-2/ACS showed formation of trabecular woven and lamellar bone; 

emerging cortex formation was not consistently observed (Figure 13). Bone-implant contact was 

limited. There was a significant presence of osteoid formation adjoining the newly formed bone. 

Evidence of crestal remodeling was observed in most sites indicating rhBMP-2/ACS induced 

remodeling of the most coronal resident bone. Marrow spaces were characterized by a cell-rich 

fibrovascular tissue. Seroma formation of varying dimensions was observed in 3 animals 

(animal #57L, 58R, 59L}. Although present in both groups, defect sites receiving rhBMP-2/ACS 

appeared associated with more frequent and larger seroma formation. There was no observable 

residual ACS biomaterial. 



30 

Sites receiving rhBMP-2/CRM also showed formation of trabecular woven and lamellar 

bone; and similar to rhBMP-2/ACS sites, only emerging cortex formation (Figure 14). Evidence 

of crestal remodeling was observed in all but one animal (animal #57R). Bone-implant contact 

was limited. There was extensive osteoid formation lining almost all newly formed bone. Marrow 

spaces showed rich fibrovascular tissue. One site (animal #58LP1) showed an intensely stained 

inflammatory infiltrate (round cells most likely PMN cells) coronal to the implant, apparently 

unrelated to new bone formation (Figure 15). Seroma formation of varying dimensions was 

observed in 4 animals (animal #56L, 57R, 58L, 59R). Residual CRM ceramic particles appeared 

away from implant surface located toward the periphery of newly formed bone. In one animal 

(animal #59RP3), the implant was associated with a multi-lobular seroma. Peri-implant seromas 

associated with adjacent implants (animal #59RP1/RP2) appeared to be resolving as evidenced 

by the presence of trabecular "strands" and neovascularization. Residual ceramic particles were 

observed in all sites receiving rhBMP-2/CRM, sometimes apparent in substantial 

concentrations. The ceramic particles appeared either outside the bone forming zones 

sequestered in fibrovascular tissue or embedded in newly formed bone. Ceramic particles in the 

fibrovascular tissue sometimes resembled tent posts "about-to-poke-through" the mucosal 

tissue. In higher magnification, some ceramic particles appeared to undergo biodegradation, 

oftentimes associated with phagocytic cells exhibiting phenotypic characteristics consistent with 

foamy macrophages (Figure 16). 

Table 4 Summary of the light microscopy observations. Frequency of each observation/implant site or /animal. 

I rhBMP-2/ACS - rhBMP-2/CRM 
Implant Site Animal Implant Site Animal 

Cortical bone 
Trabecular bone 
Woven bone 
Lamellar bone 
Crestal remodeling 
Osteoid 
Seroma formation 
Residual biomaterial 

6/15 3/5 6/15 4/5 
15/15 5/5 15/15 5/5 
15/15 5/5 15/15 5/5 
15/15 5/5 15/15 5/5 
12/15 4/5 11/15 4/5 
15/15 5/5 15/15 5/5 
9/15 3/5 9/15 3/5 
0/15 0/5 15/15 5/5 
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Figure 13 Variable healing responses in animals receiving rhBMP-2/ACS: Limited bone formation (left, animal 
#55LP1 ), some oral bone formation (center, animal #57LP1 ), extensive seroma formation (right, animal #58RP1 ). 

J 
Figure 14 Variable healing responses in animals receiving rhBMP-2/CRM: representative bone formation (left, 
#56LP1), characteristic bone formation including resolving seroma (center, #59RP1), enduring multi-lobular seroma 
formation (right, #59RP3). 
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Figure 15 Intensely stained inflammatory infiltrate and fibrous tissue directly coronal to the titanium implant in site 
receiving rhBMP-2/CRM (animal #58LP1 ). 

Figure 16 high power photomicrographs showing residual CRM 
biodegradation mediated by foamy macrophages (left 10x, right 20x; animal #59RP2). 

HISTOMETRIC ANALYSIS 

Results of the histometric analysis are shown in Table 5 and Appendix Table 3. There were 

statistically significant differences between the rhBMP-2/ACS and rhBMP-2/CRM groups in 

terms of new bone formation. Average(± SE) bone height for rhBMP-2/ACS and rhBMP-2/CRM 

groups amounted to 4.9 ± 0.1 vs. 5.2 ± 0.0 mm (p = 0.05), while corresponding observations for 

bone area averaged 12.3 ± 2.6 vs. 20.0 ± 0.9 mm2 (p = 0.03). Bone density immediately outside 
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the implant threads averaged 14.6 ± 2.0% for the rhBMP-2/ACS group, significantly less than 

24.1 ± 1.4% for the rhBMP-2/CRM group (p = 0.04). The corresponding bone density within the 

root of the threads averaged 14.1 ± 2.5% versus 14.0 ± 1.8% (p = 0.97), without significant 

differences between groups. Osseointegration (BIC) averaged 20.4 ± 4.8% for the rhBMP-

2/ACS group and 18.2 ± 1.0% for rhBMP-2/CRM group (p = 0.70) with minimal differences 

between the groups. 

Table 5. Resufts of the histometric analysis (mean+ SE. 
[ rhBMP-2/ACS 

Defect height (mm) 

Bone height (mm) 

Bone area (mm2
) 

Bone densityoT(%) 

Bone densitYIT(%) 

Bone-implant contact (BIG,%) 

5.17 ± 0.01 
4.93 ± 0.08 
12.29 ± 2.56 
14.62 ± 2.00 
14.11 ±2.46 
20.43 ± 4.80 

rhBMP-2/CRM 

5.17 ± 0.01 
5.17 ± 0.01 

20.01 ± 0.85 
24.06 ± 1.38 
13.97 ± 1.79 
18.20 ± 0.98 

p-value 

0.60 
0.05 
0.03 
0.04 
0.97 
0.70 



DISCUSSION 

The objective of this study was to evaluate the efficacy of a novel compression resistant 

matrix/CRM as a candidate carrier technology for rhBMP-2 compared with the benchmark, 

absorbable collagen sponge (ACS) matrix. 

This study utilized the Critical-size Supraalveolar Peri-implant Defect Model for the 

assessment of the rhBMP-2/CRM construct (Wikesjii eta!. 2006). Any candidate device or other 

technology intended for regenerative medicine must be eyaluated using relevant animal models 

before considered for clinical use. Since the regenerative potential of a craniofacial, alveolar or 

periodontal defect is influenced by adjoining tissue resources, void vol.ume and overall 

morphology, a critical-size defect- a defect that would not otherwise regenerate on its own -

will lend its discriminating capacity and greatly enhance the relevance of the evaluation. The 

Critical-size Supraalveolar Peri-implant Defect Model using a canine platform was created 

through surgical reduction of the mandibular alveolar bone followed by extraction of select teeth. 

Subsequent placement of dental implants leaving approximately half of the implant body in a 

supraalveolar position effectively creates a critical-size defect at which a number of regenerative 

technologies with emphasis on BMP have been tested (Caplanis eta/. 1997, Sigurdsson eta/. 

1997,2001, Wikesjii eta/. 2002,2003, 2004, 2008a, Susin eta/. 2010, Polimeni eta/. 2010, Lee 

eta/. 2010, Decker eta/. 2010). In the present study bilateral defects offered an immediate, 

side-by-side /split-mouth/ evaluation of the rhBMP-2/CRM versus benchmark rhBMP-2/ACS 

technology. 

· One might argue that the surgical preparation of the Critical-size Supraa/veolar Peri

implant Defect Model inevitably opens up marrow space mobilizing the innate regenerative 

potential thus contributing a confounding variable. However, previous studies using copious 

treatment controls including space-providing devices/membranes for guided bone regeneration 

(Caplanis et a/. 1997, Wikesjii et a/. 2004), ACS (Sigurdsson et a/. 1997) or a calcium 

phosphate putty (Wikesjii et a/. 2002) as stand-alone technologies all document the limited 

34 
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innate regenerative potential of this model system. In a defining study characterizing this model 

it was demonstrated that defect sites receiving sham-surgery essentially exhibit no bone 

regeneration following an 8-week of healing interval (Wikesjii et a/. 2006). The authors 

concluded that the limited innate osteogenic potential qualifies the Critical-size Supraa/veo/ar 

Peri-implant Defect Model as a rigorous tool in the evaluation of candidate technologies for 

alveolar reconstruction and dental implant osseointegration prior to clinical engagement. In 

perspective, mature bone formation following implantation of rhBMP-2 completely filling the 

defect has been observed as early as within 8 weeks (Wikesjii et a/. 2008a, Sus in et a/. 2010, 

Polimeni eta/. 201 0), hence the rationale to chose this observation interval in the present study. 

One important factor that determines rhBMP-2 induced bone formation is the ability of a 

carrier technology to maintain its structural integrity in particular critical for onlay indications 

(Barboza et a/. 2000, 2004, Sigurdsson et a/. 2001, Wikesjii et a/. 2001, 2002, 2003, 2004, 

2007, 2009). In this study we evaluated the CRMs space providing potential and compared it to 

that of the ACS when combined with rhBMP-2. Both the CRM and ACS were soak-loaded with 

rhBMP-2 and then implanted in the critical-size supraalveolar peri-implant defects. Overall, new 

bone formation (height, area, density) at sites receiving rhBMP-2/CRM was significantly greater 

than at sites receiving rhBMP-2/ACS. Compared with the ACS, the rigid CRM appeared resilient 

to compressive forces exerted onto the supraalveolar sites from/through the overlying flap, from 

mastication and other oral activities, and thus provided enhanced space provision in support of 

rhBMP-2 induced bone formation. The rhBMP-2/ACS sites in comparison showed highly 

variable bone formation; this observation consistent with that previously reported for rhBMP-

2/ACS following both 8- and 16-week healing intervals (Sigurdsson eta/. 1997, Tatakis eta/. 

2002, Wikesjii et a/. 2003). Bone density within the root of the implant threads and BIG were 

similar for the two groups suggesting that the choice of carrier technology did not significantly 

affect dental implant osseo integration. 
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Compared with the resident alveolar bone, the overall appearance of the rhBMP-2 

induced bone in both rhBMP-2/ACS and rhBMP-2/CRM groups showed immature features 

including widely spaced delicate trabeculae and wide marrow spaces. These characteristics 

were similar to observations made in previous studies using ACS but also using BMP delivered 

from the implant surface (Tatakis eta/. 2002, Wikesjii eta/. 2003, 2004, 2008a). In addition, new 

bone formation farther away from the implant appeared to be more mature and dense than that 

close to the implant. Approximately 80% of the implant sites showed extensive turnover of the 

adjoining surgically reduced resident bone, referred to as crestal remodeling, regardless of 

treatment modality. In contrast, the surgical procedure per se, i.e., sham-surgery, would not 

significantly affect the turnover of the crestal alveolar bone (Wikesjo et a/. 2006). Both woven 

and lamellar bone were present at the implant sites; osteoid was observed in abundance, all of 

which suggested various stages of bone maturation as well as ongoing new bone formation. 

This observation corroborate well with the extensive vasculature in and around the implant sites 

also observed in previous work (Tatakis eta/. 2002, Wikesjo eta/. 2003, 2004, 2008a). 

Seroma formation was a common sequela in this study regardless of carrier technology. 

These observations are consistent with previous reports showing seroma formation gradually 

resolving overtime in both inlay and onlay settings (Sigurdsson et a/. 2001, Hunt et a/. 2001, 

Tatakis eta/. 2002, Jovanovic eta/. 2003, 2007, Wikesjo eta/. 2002, 2003, 2004, 2008a,b). 

Although quantitative assessments were not attempted, it appeared that seromas observed in 

the rhBMP-2/ACS group were larger and occurred somewhat more frequent when compared 

with that observed in the rhBMP-2/CRM group. Because we do not have histological information 

from an earlier time point, one speculation for this difference could simply be that the use of 

CRM resulted in smaller seromas. In both ACS and CRM groups, the bone lining these seromas 

usually appeared more mature than that within, suggesting continuous resolution of most 

seromas with concurrent ongoing bone formation. At various sites in the ACS group, seromas 

were surrounded by thin "shells" of dense bone encasing the coronal aspect of the implants, 
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confirming the radiographic observation. Clinically this gave the impression of a large-dimension 

ridge due to substantial bone formation. 

At the end of the 8-week observation period, an abundance of residual CRM ceramic 

particles remained at the defect sites. The radiodensity of these particles did not change 

significantly over time making radiographic assessment of new bone formation precarious. Most 

of the particles were located away from the implant toward the periphery of new bone formation. 

This appearance of "pushed-outward" may have been due to the initial swelling and seroma 

formation. One recent study reported larger and more residual CRM ceramic particles at sites 

receiving the matrix alone than those treated with rhBMP-2/CRM (Yamashita et a/. 201 0). The 

authors suggest that the addition of rhBMP-2 as well as a second stage surgery of implant 

placement might have contributed to a seemingly enhanced resorption of the ceramic particles. 

In the present study, extensive osteoid presence was observed, not only in direct contact with 

new bone, but also in direct contact with residual CRM ceramic particles. It appeared that these 

particles were compatible with the process of bone regeneration. However, where they were not 

surrounded by bone, or encapsulated in soft tissue, the particles seemed to be undergoing 

active macrophage-mediated degradation. Similar observations have been reported from a 

study using the CRM in a monkey mandible defect model evaluated following a 6-month healing 

interval (Herford eta/. 2011 ). 

As a component of the innate immune system, the macrophage represents a known 

important modulator of chronic inflammatory disease and tissue remodeling following injury; one 

of many functions is the removal of necrotic cells, bacteria, and foreign body debris through 

phagocytosis (Brown et a/. 2012). The 8-week histology from the present study showed 

accumulation of macrophages around residual ceramic particles. It's assumed that these 

particles were undergoing cell-mediated enzymatic degradation. Foamy macrophages have also 

been observed around fragmenting residual PLA biomaterial that resulted in osteoclastic 
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resorption of new bone and resident bone (Sigurdsson et a/. 1997). However, the presence of 

macrophages in this study did not appear to hinder rhBMP-2 induced bone formation. 

CONCLUSION 

In comparison with rhBMP-2/ACS, rhBMP-2/CRM maintains adequate space in support of 

significantly enhanced bone formation of clinically relevant dimensions and shows comparable 

osseointegration. Longer observation intervals however appear necessary to capture the 

maturation of the newly formed bone, elimination of residual biomaterial, and resolution of 

seroma formation(s). 
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Appendix Table I. Detailed summary of radiographic observations. 
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Appendix Table 2. Detailed summary of light microscopy histologic observations. (O~negative finding, 1 ~positive 
finding) 
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Appendix Table 3. Animal means and summary statistics of the histometric recordings for rhBMP-2 induced bone 
formation. 
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APPENDIX FIGURES & LEGENDS 

Appendix Figure I. Clinical representation of surgical implantation and wound closure for primary intention 
healing (first row: implant placement, carrier placement: buccal and occlusal view, suturing), healing at suture 
removal (second row: buccal and occlusal view), and at 4 (third row: buccal and occlusal view) and 8 (fourth row: 
buccal, occlusal, and lingual view)) weeks for animals# 55-59. 
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Appendix Figure 2. Radiographic representation of surgical implant placement (left), healing at 10 days (left cen
ter), 4 (right center) and 8 (right) weeks for animals # 55-59 receiving rhBMP-2/CRM or rhBMP-2/ACS in contra
lateral jaw quadrants. 
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Appendix Figure 3. Photomicrographs showing oral implants treated with rhBMP-2/ACS and rhBMP-2/ CRM. 
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