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I. INTRODUCTION 

Statement of the Problem: 

A major goal of periodontal therapy is the regeneration of the supporting 

alveolar bone lost due to periodontal disease. Periodontal regeneration is defmed as 

restoration of lost supporting tissues including new alveolar· bone, new cementum, and 

new periodontal ligament (Garrett 1993). Regenerative procedures currently in use 

include osseous ·grafts (autograft or allograft) and exclusionary membranes (guided tissue 

regeneration) (Hammerle, Schmid et al. 1995; Hardwick, Hayes et al. 1995). To date, 

favorable results have been achieved with regenerative periodontal therapy to include 

growth of new attachment and new supporting bone around teeth (Mellonig and Bowers 

1990; Mellonig 1991; Brunsvold and Mellonig 1993). Embryologic studies demonstrate 

that regeneration of the periodontium recapitulates the ·naturally o.ccurring phenomena of 

morphogenesis, histogenesis, cytodifferentiation, extracellular matrix formation, and 

mineralization which occurs during tooth deve.lopment. Undifferentiated progenitor 

periodontal ligament cells originating from the late periodontal mesenchyme are 

responsible for this·regeneration process (Amar and Chung 1994). Various grafting 

procedures are being developed to initiate and enhance this process. 

The term graft is used to refer to tissues placed in osseous defects to stimulate 
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bone formation or periodontal regeneration. _Autograft refers to grafts taken from the 

individuals· own tissues. Allograft refers to graft material taken from another individual 

. - . 

such as freeze-dried bone allograft. Alloplast refers to an implant of an inert material for 

the purpose of stimulating bone formation (Hancock 1989). 

Alloplastic materials are inert, biologically compatible foreign bodies. Alloplast, 

_successfully implanted in the maxilla and mandible add to the bulk of the calcified 

structures present, but do not necessarily result in regeneration of the periodontium. · 

However, in some alloplast grafting procedures, closure at the root surface-soft tissue 

interface has predictably been achieved by the formation of long junctional epithelium 

(Hancock 1989). Hydroxyapatite and beta tricalcium phosphate alloplasts have proven to 

provide ~ubstantial benefit in periodontal repair (Hancock 1989). Bioactive ceramics such · 

as bioglass, and ceravital have been shown to bond chemically to bone, and have not 

demonstrated adverse effects when injected intramuscularly and_subcutaneously in mice 

(Kawanabe, Yamamuro et al. 1991). New polymers are being investigated for use as 

alloplast implant material. Some of these materials including calcium coated polymer 

consisting of polymethylmethacrylate and hydroxyethyl methacrylate (PMMA polymer) · 

(Hancock 1989; Yukna) have demonstrated benefit for periodontal repair. These 

materials have not demonstrated adverse effects when injected intramuscularly and 

subcutaneously in mice (K.awanabe, Y amamuro et al. 1991 ). These materials have also 
. . . - ... · . -. 

shown promise in clinical stud~es involving sinus augmentation grafting (Furusawa and 

Mizunuma 1997) .. 
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Coating the alloplast with bioactive substances such as· growth factors, laminin, or 

fibronectin may be useful to differentially stimulate wound healing, providing greater 

control over the regenerative process.· Lyle et, al. described enhanced bone growth with 

TGF-~, and inhibited growth with basic fibroblast growth factor (bFGF) when mixed with 

negatively charged Sephadex beads (Pharrnacia, Piscataway,-NJ) in a rabbit model (Lyle, 

Simmons et al. 1996). Seitz et, al. described predictable adhesion of epithelial cells to 

bioglass when the surface was treated with laminin (Seitz, Noonan et al. 1982). One way 

to test these alloplasts and other bone restorative materials (BRMs) employs a critical size 

defect (CSD) model in the cranio mandibulofacial region, where combinations of grafts 

and co-factors can be evaluated~ It has been suggested that BRMs should be tested first 

in an 8-mm defect in rat calvaria (Hollinger and Kleinschmidt 1990). With this model, 

characterization of cellular response, biodegradation, and biocompatibility can be 

evaluated prior to testing in higher phylogenetic species (Hollinger and Kleinschmidt 

1990). 

Quantitative and qualitative analysis of repair and regenerated tissues in the CSD 

model has· been accomplished through a wide variety of techniques, including 

histomorphometry (Hollinger and Kleinschmidt 1990), radio morphometry (Hollinger and 

Kleinschmidt 1990), biochemical analysis (Hollinger and Kleinschmidt 1990), fluorescent 

labeling with tetracycline (Hammerle, Schmid et al. 1995), x-ray probe microanalysis or 

backscatter from scanning electron microscopy (SEM) (Hollinger and Kleinschmidt 1990), 

autoradiography (Richarson, Zioncheck et al. 1993), measurements of percent 



regeneration through tracings on acetate film (Robar, Schreiber et al. 1993), 3D scans 

(Arnaud, Morieux et al. 1994), random point analysis (Sato and Urist 1985), and direct 

calipers (Snyders, Eppley et al. 1993). 
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Radio morphometry techniques have generally included direct percent 

measurement of radiographs or computer aided.al}alysis with video camera (Blanquaert, 

Saffar et al. 1995), solid-state scarining devices (Hollinger, Market al. 1991) or 

enlarged photo-copies of radiographs, (Bus.ch, Solheim et al. 1996) with results presented 

as a percent. These methods generally compare-the radiodensity of the healed defect with 

a standard 8 mm circle or a control specimen. . 

Divinyl styrene bea~s (DVSb), (a potential alloplast) like Sephadex beads are 

used as a separating medium in chromatography columns. These beads have been used 

in chromatographic separation of polypeptides extracted from the human pancreas 

(Welinder and Linde 1991). The beads are spherical and approximately 500 Jlm in 

diameter. They are radiolucent and neutral charged, but will pick up a charge when placed 

in an positive or negative electrical-field. The effect of cross-linking, surface area, and the 

micro-porous structure of divinyl styrene, along with the ability to stabilize highly reactive

acylating reagents has been studied (Bourque and Krull1993). No material containing 

divinyl styrene has yet been used as an alloplast in published wound healing studies. 

Transforming growth factor beta (TGF-P) is known to enhance many of the 

aspects of wound healing and regeneration such as chemotaxis of nionocytes (Bennett 

and Schultz 1993), neovascularization (Cohen, Diegelmann et al. 1992), ~d· 
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osteogenesis (Yang and Slavkin 1994). This cytokine may prove useful for. wound healing 

in periodontal defects. With genetic recombinant techniques, there is a plentiful supply of 

many cytokines and growth factors. Questions remain regarding the optimal dose of 

. ·. 
exogenous growth factor, and the best carrier and time of administration for these 

substances. 

Membranes have been used in regeneration procedures to provide a physical barrier. 

This separation gives local preference to proliferation of cells of desirable phenotype by 

excluding undesirable tissues from participating in the healing process (Hardwick, Hayes 

et al. 1995). Membranes exclude penetration of rapidly migrating epithellal and 

connective tissue cells, while allowing for th~ osteogenic precursor cells under the 

membrane to migrate and proliferate to produce bone. 

A common component of current research in bone growth is space maintenance to 

inhibit fibrous tissue ingrowth and creation and maintenance of a blood clot-filled space. 

This space may be maintained with rigid membranes, titanium reinforced membranes, 

fixation screws and pins, grafts and/or implant material under the membranes. Alloplast 

may provide support for these membranes and fulfill the criteria for space maintenance. 

Membranes or alloplasts impregnated with bioactive substances such as growth factors, 

fibronectin, heparin or cytokines may be used to stimulate wound healing, potentially 

providing greater control over the regenerative process. Possible membrane substances 

may include collagen, Cargile (from the cecum of the Ox), polylactic acid, oxidized 

cellulose, and vicryl (Amar and Chung 1994). 
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If a combination of membranes, alloplast and growth factors were demonstrated to 

enhance wound healing in an animal model, it may be worth investigating the ability of 

this combination to enhance wound healing in human periodontal defects. This study uses 

the critical size defect model with Gelfilm collagen membranes to evaluate divinyl styrene 

beads as a carrier for a recombinant form of the growth factor TGF-P. 

Review of Related Literature: 

1. Bone Formation: 

Developmentally, bone formation may involve either membranous or endochondral 

ossification. Membranous bones include the skull, the facial skeleton, the mandible and 

the clavicle. Mesenchymal cellular differentiation and intercellular deposition of collagen 

precede ossification. As ossification centers develop, osteoblasts are found within 

collagen bundles. Then calcium salts aie deposited in the intercellular spaces and within 

the adjacent osteoid. With endochondral ossification, however, a primitive cartilage is 

required for osteoid deposition. The cranial base of the skull and the bones of the axial 

skeleton are preceded by hyaline cartilage which .. differentiates from m~senchyme early in 

embryonic life. This cartilagenous scaffolding ~s invaded by blood vessels and bone

forming cells, and then is resorbed and replaced with osteoid (Linde, Thoren.et aL 1993). 

Morphologically, bone is referre.d to as either cortical or cancellous. Cortical bone 

is the dense compact:.bone qf flat bones and the external dense surface of long bones. 
. ' . 

Cancellous bone is the spongy or trabecular bone between the cortical surfaces of flat 
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bones and the metaphyseal and diaphyseal areas of long bones. The 30 vol % organic 

portion of bone consists of a fibrous· protein and collagen matrix (osteoid). The 

approximately 65-70 vol % inorganic portion consists of calcium phosphate in the fonn of 

hydroxyapatite. Microscopically, the osteon (haversian canal and associated vessels) of 

cortical bone is surrounded by concentric lamellae of bone. The cancellous bone consists 

of hematopoietic interspaces between bony trabeculae or spicules (Hardesty and Marsh 

1992). 

2. Wound Healing: 

In general, wound h~aling progresses through three stages: 1) an inflammatory 

stage, 2) a proliferative and repair stage, and 3) a remodeling stage. The inflammatory 

stage may last several days and is initiated by the process of blood clotting and platelet 

degranulation. Injury results in bleeding and the enzymatic activation of the clotting 

cascade, the complement cascade, and the kinin cascade. Activation of plasminogen, and 

the aggregation and activation of platelets results in a fibrin clot (Steenfos 1994). 

Platelets release growth fact?rs that are powerful chemotaxins for ~eutrophils and 

macrophages. As the inflammatory process continues, fibroblasts, endothelial cells, and 

keratinocytes proliferate and continue to synthesize growth factors. These growth factors 

stimulate greater cellular proliferation, the synthesis of extracellular matrix proteins, and 

new capillary formation (Bennett and Schultz 1993). 

The healing process·of an osseous defect involves the following steps: granulation, 

callus formation, re~odeling, and final healing (Cohen, Diegelmann et al. 1992). The 
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granulation phas~ involves an inflammatory proce~s which begins with fibrin aggregation 

and cellular infiltration. This phase may last a week to ten days. J;3y ten days, fibroblasts 

are actively producing collagen and angiogenesis can be observ'ed. By fourteep. days, the 

collagen becomes more organized into bundles and matrix vesicles are present.· .The 

matrix vesicles are involved with calcification of bone and are composed of calcium, 

phosphate, mucopolysaccharides, phospholipids, glycolipids and cellular enzymes. Callus 
~.. . . 

. . . 

formation involves the formation of a chondroid model that will eventually remodel and 

calcify. This process. usually takes 28-30 days to complete depending on the size of the 

wound. Calcification of this cartilage model is also associated with these extracellular 

matrix vesicles and is characterized by high alkaline phosphatase activity (Schmitz, 

Schwartz et al. 1990). 

The healing process is slightly different with bone grafts and non-healing defects. 

Osteogenesis may result from surviving cells within a bone graft or cells from the 

periphery of the wound. These cells, including preosteoblasts and osteoblasts, are 

stimulated directly to produce new bone. Osteoconduction is the process by which blood 

vessels and cells from the surrounding tissues grow into the graft and use it as a scaffold 

or matrix for the deposition of new bone. Osteoinduction is the process in which proteins 

such as bone morphogenic protein (BMP), and growth factors may induce osteogenic 

precursor cells to migrate to the site of bone formation and transform them into bone 

forming cells (Chai and Slavkin 1994). 
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3. Calvarial Defects: 

Osseous regeneration is a complex multi-dimensional process involving the 

interactions of several promoting and/or inhibiting factors which regulate hormonal 

synthesis, release and subsequent action. These factors are released from the margin of 

the wound, while in the center of the defect, precursor cells differentiate into chondrocytes 

and osteoblasts whichminerali~e the matrix as mentioned previously. If the defect is a 

certain critical size, the lack of sufficient osteogenic factors may result in a truncation of 
. - - . 

the bone. repair cascade. In this type of defect, matrix vesicles are unproductive, and 

mineralization of the extracellular matrix fails to occur. Eventually the tissue is replaced 

with fibrous connective tissue (Schmitz, Schwartz et al. 1990). 

. . . 

Osseous regeneration has yet to be achieved iii vitro· due to the difficulty of 

maintaining osteoclasts and osteoblasts in tissue culture, much less providing the dynamic, 

changing environment necessary for osseous regeneration. Tissue cultures have thus far 

not been capable of providing the physiologic changes normally seen in mammals 

necessary for osseous generation. An in vivo model is needed to fully investigate this 

complex process. 

A number of animal models have been evaluated to investigate nonunion defects in 

bone (Hollinger, Market al. 1991). The rat and the rabbit are the predominant animal 

models of choice. In a protocol established by Schmitz and Hollinger (Schmitz and 

Hollinger 1986), it was determined that maxillofacial nonunion defects should be initially 

investigated in a rat or rabbit model; then if further testing is warranted, it should be done 



with higher phylogenetic animals. The rat model was chosen to study the non

spontaneous repair of bone. Schmitz et, al. showed that a surgical defect of 8 mm in a 

Sprague-Dawley rat will not spontaneously repair with bone (Schmitz, Schw~z et al. 

1990). The rat calvarial defect model was successfully used in this laboratory (Fowler 

1995). 

10 

Rats. were used because they are the lowest phylogenie species which present the 

hormonal interactions required for osseous regeneration in a manner that is similar, if not 

identical, to the human, and which has proven to be a good model for bone nonunion 

defects (Kleinschmidt and Hollinger 1992). An experimental bone wound large enough to 

preclude spontaneous healing is termed a critical size defect (CSD). CSDs have been 

studied in rat, rabbit, and dog calvaria and all hav~ proven successful. No one. has 

created a CSD in a lower phylogenie model (Schmitz and Hollinger 1986). 

The quality of bone repair under optimum experimental conditions is influenced by 

five experimental v~iables: species, age, anatomic location, size of defect, and intactness 

of periosteum {Mellonig and Bowers 1990) . The calvarial wound model has many 

similarities to the maxillofacial region in humans. Morphologically and embryologically, 

the calvaria develops from a membrane precursor and resembles the membranous bones of 

the face. Anatomically, the calvaria consists of two cortical plates with regions of 

intervening cancellous bone-similar to the mandible (Frame 1980). Physiologically, the 

cortical bone in the calvaria resembles an atrophic mandible (Bays 1983), there is similar 

bone density in each. 
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Adult rats are needed because weanling rats make unsatisfactory models due to 

their tremendous ability to spontaneously repair large defects (Takagi and Urist 1982) . 

. Higher phylogenie animals, i.e. rabbits, dogs, or baboons, could be used, but this 

department lacks the facilities necessary to house many higher phylogenie animals and 

some have been prohibited for research use. 

4. Growth Factors: 

The development of a complex multicellular tissue requires intensive proliferation, 

genotypical determination, phenotypical differentiation and coordinated interaction at each 
~ 

moment of morphogenesis. The problem is to understand the mechanism of generating 

asymmetry, diversity and tissue patterns from one single zygotic cell. In vertebrates, bone 

tissue is fomied by crystallization controlled by two antagonistic yet symbiotic cell 

populations, the mesenchymal osteoblasts and the hematopoietic stem cell derived 

' osteoblasts. The hematopoietic bone marrow tissue forms functional morphological units 

with the neighboring bone. There are four families of morphogenetic regulatory molecules 

that coordinate this ,process beginning with embryogenesis. 

The first class of regulatory molecules is the maternal effect genes, which 

determine the anterior-posterior polarization of the fertilized oocyte .. : The second class of 

regulators involves more than 20 segmentation genes and includes a highly conserved 

homologous 180 nucleotide long sequence known as the homeobox. More than 80 

regulatory genes have been iden~ified that act through the homeobox sequence forming an 
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intricate intracellular regulatory network.· The third class of morphogenetic effectors 

include non-polypeptidic, mostly lipophilic molecules that act through specific nuclear 

receptors such as nuclear steroid hormones and retinoic acid.· Humoral polypeptide 

growth facto~s represent the fourth group, and are the molecules that we are most 

concerned with in this study. There are at least three different families of humoral factors; 

fibrob~ast growth factor (FGF), transforming growth factor (TGF), and members of the 

wingless/inti. (Wnt) family (Blazsek 1992). 

Proteins from each of the major growth factor families stimulate mitosis of one or 

more cells involved in wound healing. These growth factors include: epidermal growth 

factor (EGF), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), 

insulin like growth factor (IGF), and transforming growth factor beta (TGF-p). TGF-P 

can affect replication, gene expression, and structural protein synthesis of nearly all cell 

types involved in osteogenesis (Joyce and Bolander 1992). Other roles of growth factors 

include chemotaxis, neovascularization, and synthesis of extracellular matrix components 

(Bennett and Schultz 1993). Several growth factors stimulate macrophage chemotaxis 

and proliferation. Macrophages may be the most important cell type in wound healing; 

they release additional cytokines ~d effectively conduct an immune response at the site of 

injury. In addition, the secretion of growth factors leads to autocrine and paracrine 

stimulation of fibroblasts to produce collagen and endothelial cells to proliferate as 

ingrowing capillaries (Steenfos 1994). 

Knockout mice lacking TGF -P 1 develop severe inflammation in many tissues, 
I ' 



implying an anti-inflammatory role (Shull, Ormbbsby et al. 1992). TGF-~ constitutes a 

superfamily of biologically active proteins in h~ans where TGF-~ 1, ~2, and ~3, have 

been identified. .These. protei~s are synthesized by a wide <variety of cell types to include 

platelets, ~acrophages, lymphocytes, fibroblasts, bone cells, and keratinocytes (Fig. 1 ). 

Most cells (over 100 normal cells and tumor cells in humans) have specific binding sites 

\ 

for TGF-~. TGF-~ is involved in many aspects of wound healing and bone homeostasis 

through the stimulation and activation ofbiologically·_active proteins and receptors in a 

complex feedback mechanism. 

Three major cell surface proteins have been identified that bind TGF-~: (Type I, II, 

III). These receptors mediate the action of TGF -~. Type I receptor correlates with all 

known cellular responses to TGF -~, and Type_ III receptor is a large proteoglycan called 

Qetaglycan. Type I and III receptors do not have obvious signal transduction sequences in 

their cytoplasmic domains, whereas the type II binding protein contains a serine/threonine-

specific kinase site .. Type I and Type II receptors interact to mediate the effects of TGF-

~· Loss of the betaglycan receptor is not associated with loss of responsiveness to TGF-P 

(Bennett and Schultz 1993). · 

TGF-~ may also induce neovascularization at the wound site (Roberts, Sporn et 

al. 1986), which is important in regenerative procedures. TGF -~ stimulates angiogenesis 

in vivo, yet in vitro it blocks both endothelial proliferation and motility. These effects of , 

TGF -~ appear to be dependent on the composition of the extracellular matrix that 

supports the cells. It is evident that there is a delicate balance betWeen TGF -~ and other 
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regulatory cytokines in vivo (Cohen, Diegelmann et al. 1992). 

TGF -P is a mediator of extracellular matrix biosynthesis and appears to be 

involved in the interrelationships of the extracellular matrix. TGF -P influences both 

proliferation and differentiation of osteoblasts and affects osteoblast phenotype 

development (Lian and Stein 1993). TGF -P is inhibitory for osteoclasts and is considered 

a bidirectional regulator for many cells (Mundy 1989). Osteoclasts may secrete 

proteinases into the extracellular milieu to activate la~ent TGF -P, which then acts as an 

autocrine and paracdrie coupling factor itivolved in regulating osteoclast activity. The 

coupling of bone resorption and. formation suggests that autocrine and .. paracrine factors 

are produced and released within the local bone·environment (Oursler 1994). In 1991 

Beck et al. demonstrated complete bony bridging of skull defects in rabbits within 28 days 

after treatment with 2 JJg of TGF -1 p in a methylcellulo.se .gel. Gelfilm collagen 

membranes ·were used as a barrier isolate the defect from the dura. Skull defects in 

animals treated with the Gelfilm barrier alone did not heal, but the defect was covered 

with a dense fibrous connective tissue (~eck 1991). 



Figure 1 . . Overview of the biologic effects ofTGF-fJ 
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5. Membranes: 

In 1991 Dahlin et, al. successfully used bone chips to maintain space between two 

non-resorbable polytetrafluoroethylene {PTFE) membranes. Optimal bone growth with 

proper spacing demonstrated the principal obstacle to successful healing may be the 

invasion of fibrous tissue and associated cells (Dahlin, Alberius et al. 1991 ). Ripainonti 

showed that porous hydroxyapatite could function as a geometric matrix and 

demonstrated that bone deposition was more a ~ction of the matrix itself than the 

healing potential of specific regions within the calvaria (Ripamonti 1992). In a pilot study 

with rabbits, Lundgren et, al. used rigid biodegradable membranes to ensure sufficient 

space for adequate bone fill (Lundgren, Nyman et al. 1992). Linde et, al. related bone 

growth to membrane qualities such as stiffness, porosity, and length of the healing period. 

They demonstrated bone growth in rats after making cri.tical size defects in the cranium, 

and suturing the membranes in place. No bone substitutes or growth factors were used 

in this study. The best results were demonstrated with stiffer and more porous membranes 

and a longer healing period (Linde, Thoren et al. 1993). Gelfilm is a bovine collagen 

membrane used in opthalmic surgery and other surgical procedures. It has been used in 

the rat calvarial defect model to isolate test materials in previous studies (McKinney and 

Hollinger 1996). 
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Aims of the Current Study: 

The aim of the currentstudy ~~as to add;.-the growthfactot rhTGF-~1 to the 

alloplast DVSb and place this material between two, Gelfilm (bovine collagen) 

membranes to evaluate their influence on osseous regeneration using the CSD model in 

rat calvaria (Fig. 2).. The membranes were used to limit the area of investigation, control 

the alloplast beads and isolate the research materials from the underlying dura and the· 

overlying periosteum. We evaluated the quality of bone and the rate of bone formation in 

the calvarial defect. This study was designed to evaluate the efficacy, of DVSb, with or 

without rhTGF-~1, for osteoinductio:n and osteoconduction using the rat calvaria. The 

null hypothesis is that neither rhTGF -P 1 nor DVSb will have an effect on osseous 

growth and repair compared to similarly prepared untreated controls. This was 

determined utilizing contact radiography/densitometry, fluorescent microscopy, 

histological microscopy, and scanning electron microscopy of newly formed bone in an 8 

mm critical-size defect in rat calvaria. 



Figure 2. Schematic illustration of a critical sized calvarial defect, with Gelfilm barriers 
and divinyl styrene beads, in place. 

'-

-~.: 
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II. MATERIALS AND METHODS 

1. Types of Experiments Performed: 

This study on the effects ofrhTGF-~1 (R&D systems) and divinyl styrene beads 

(Fig. 3) on bone regeneration involved the use of an in vivo animal model. A non-· 

spontaneously healing defect was created in rat calvaria (Fig. 4a). Healing was evaluated 

. . ' 

radiographically, by. digital analysis, by fluorescent microscopy, and by histology. Analysis 

was made to determine ifrhTGF-~1 and divinyl styrene beads are·bep.eficial in healing at 

three, six or twelve weeks. 

2. Methods and Techniques Used: 
. . 

In order to determine the effects ofrhTGF-Pl and divinyl styrene beads on bone 

regeneration, wounds produced in the parietal bones of rats were studied over a three, six 

· and twelve week period. A non-spontaneously healing, 8 mm craniotomy was performed 

on each animal. 
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Figure ~- Divinyl Styrene beads 
A. Stereomicroscope view of divinyl styrene beads, X20 
-t Arrow shows individual bead 
B. Stereomicro.scope view of divinyl styrene beads, XlO. 
C. Stereomicroscope view of divinyl styrene beads, (baclclight,shadow) XlO 
D. Stereomicroscope view of divinyl styrene b~ads, (backlight) XlO 
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Figure 4. Surgical procedures 
A. Non-spontaneously healing 8 mm critical size defect in a rat calvaria 
B. Placement of DVSb alloplast under Geljilm membrane 
C. Placement of TGF-fl-1 under Geljilm membrane 
D. Closure of skin with sutures 
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a. Animal Population: 

This research proposal was reviewed by the Institutional Revi~w and Animal Use 

Committee, Dwight David Eisenhower .Army Medical Center, Fort Gordon, Georgia and 

was approved on 21 September, 1995, Protocol Number: DDEAMC 95-44.· All animal 

husbandry and handling was in accordance with pertinent laws and regulations concerning 

the use of animals in biomedical research within the Department of Defense as required by 

Public Laws 89-544, 91-579, 94-279, and 99-198 (The Animal Welfare Act and 

Amendments), Department of Defense Directives, Army regulations and published 

Health Services Command policy. The animal population consisted of adult male, Harland 

Sprague-Dawley rats (Rattus norvegicus), approximately 95 days old. They ranged in 

weight from 375 to 517 grams. The animals were housed in groups of two or three per 

cage (as determined by the attending veterinarian) and maintained on a 12 hour light/dark 

cycle at approximately 24 degrees Celsius. Food (Wayne Rodent Blocks) and water were 

provided ad libitum. Bedding was changed at least twice weekly. 

b. Surgical Procedure: 

Surgical procedures were performed under sterile conditions. Instruments were 

autoclaved, bead sterilized, or chemically disinfected (70% ethanol) prior to use on each 

animal so as to minimize risk of post-surgical infection and cross contamination. As only 

one dental handpiece system was available, it was cleansed ·with 70% ethanol between 

uses. 

Prior to surgery, animals were anesthetized by intramuscular injection with a 
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cocktail ofKetamine HCL 100 mg/ml (150 mg total), Xylazine HCL 20 mg/ml (30 mg 

total), and Acepromazine 10 mg/ml (5 mg total). Additional doses were administered on 

an "as needed basis". After the appropriate plane of anesthesia was obtained, the fur over 

each animal's cranium was shaved and the skin cleansed with normal saline to remove 

loose hair. The animals were then· placed in a sterile nylon surgical "sock". The surgical 

site was prepared with a Betadyne scrub and a. midline incision made from the ~iddle of 

the nasofrontal area to the external occipital protuberance, utilizing a ·sterile No. 15 Bard

Parker scalpel blade. Full-thickness skin flaps were reflected laterally with a periosteal 

elevator to expose the calvaria. An 8 mm craniotomy·was performed in all animals 

utilizing a dental handpiece system at slow speed and with copious sterile saline irrigation 

to remove loose debris and to avoid generation of frictional heat at the surgical site. Bone 

defects were standardized by using an 8 mm diameter trephine bur to outline the treatment 

area, then #2, #4 and #8 round burs were employed to remove bone from the periphery 

outlined with the trephine. The remaining bone. was gently dissected away from the dura. 

_In general, the parietal bone of the rat is poorly vascularized and presents little 

hemorrhage ~f perforation of the underlying dura mater is avoided. Extreme caution was 

exercised to avoid injury to the underlying vitaL structures, which include the sagittal sinus, 

dura mater, and brain. The first Gelfilm membrane (The Upjohn Company, Kalamazoo, 

MI.) was inserted to form a physical barrier on top of the dura. Next, the treatment 

materials appropriate to the experimental group were carefull~ placed into the defects 

(Fig. 4b,c ). The amount of divinyl styrene beads used ( 4.0 mg) was sufficient to fill the 
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defect. This amount was determined using a blinded technique (a co-worker measured the 

quantity of beads used to fill a defect and standardized this amount at 40 mg for every rat). 

This amount produced approximately one to two layers of the divinyl styrene beads. The 

second Gelfilm membrane was placed over the defect and under the periosteum which was 

repositioned and closed utilizing continuous interlocking sutures (Fig. 4d) using Vicryl 

suture material (Ethicon Inc., Johnson & Johnson Co, Somerville, New Jersey):- Vicryl is 

a synthetic, absorbable suture prepared from a copolymer of glycolide and lactide. 

Following the surgical procedure, the animal received tetracycline HCL, 8 mg, (20 mg/kg 

body weight dissolved in 1 ml saline), intra-peritoneally and was placed in an oxygen 

recovery chamber. Yohimbine, 1.5 mg/kg, was administered IM as a reversal agent for 

more rapid recovery of the animals as needed. If any of the animals exhibited signs of 

discomfort, they were to be given Buprenorphine, 0.1-0.5 mg/kg, every 12 hours,' as · 

needed. The animals were deemed not to be in discomfort post-surgically, and the 

Buprenorphine was not needed. 

d. Control and Experimenta.I Groups: · 

The four control and experimental groups consist of at least ten Sprague-Dawley 

rats per group (total of 120 animals). At three, six and twelve weeks post surgery, groups 

I through IV were sacrificed (Table I). 
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Table 1: Experimental Design 
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e. Vital Stains: 

Tetracycline hydrochloride (TCH) was injected intra-peritoneal to allow labeling of 

new bone formation. This substance is incorporated as osteoid mineralizes, probably by 

chelating calcium in the apatite crystal. These complexes fluoresce when exposed to 

ultraviolet light of365-380 nm wavelength (Jenkins 1982; Singh, O'Neal et al. 1993). 
( . 

Twenty mg/kg body weight of TCH dissolved in 1 ml saline was used (Tam and 

Anderson 1980; Swailam 1993). TCH was injected intra-peritoneally each 14th day 

beginning at the time of" surgery. Utilizing several time periods allows for evaluation of 

the rate of bone apposition. When used as a vital stain TCH results in alternating rhythmic 

sharp lines that correspond to the number of injections. TCH emits yellowish green 

fluorescence when excited by the ultraviolet light of a high pressure mercury lamp, using a 

BG 12 exciting filter, and a K530 barrier filter (Nikon, Japan). Fluorescence photographs 

were taken immediately after embedding and preparation as described below with 

sensitive print film (Kodacolor Kodak Gold, ISO 400/27) (Kawai, Mieki etal. 1993). 

Additional images were captured with NIH ImagePC software for measurement and 

analysis. 

f. Specimen Harvesting: 

At three,. six and twelve weeks ,post-surgery, the animals were euthanized by 

achieving a surgical plane of anesthesia a~ previously described and then decapitated. The 

entire head was fixed for a minimum of24 hours in 70% ethanol. Next, the skin and 
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overlying tissue was. excised. The top of the cr~ium was removed and returned to the 

fixative for at least 24 hours by covering the specimen with 70% ethanol. A block section 

( 

of calvaria surrounding the defect was radiographed with a soft x-ray apparatus as 

described below. Then the specimens were sectioned sagittally to yield two samples per 

specimen, each sampl~_ being of appro~imately equal size. One sample was demineralized 

and evaluated histologically, and the second sample was embedded undecalcified for 

subsequent evaluation by fluorescence and SEM as described below. After sectioning, all 

remaining samples were stored by covering them with 70% ethyl alcohol, until needed for 

further study. The undecalcified specimen were maintained in· a dark freezer at -17° C 

until time of analysis. 

Undecalcified specimens were dehydrated, plastic embedded, sectioned, ground tQ 

a thickness of 40 microns, and submitted unstained for fluorescence microscopy as 

follows: 

Dehydration: The specimens were stored immediately in 40% ethanol at -1 0°C in total 

darkness. Fixed specimens were dehydrated in two consecutive grades of ethyl alcohol, 

70% for 12 hours, then in 95% for one hour. 

Embedding: .To avoid destruction of soft cellular and fibrous elements and smudging of 

tetracycline bands, specimens were embedded methyl-methacrylate. Blocks were first 

placed for 30 minutes in -7° C to minimize adverse affects ofthe heat of polymerization. 

The blocks were kept_ for another two hours at room temperature until completely 

polymerized. During both dehydration and embedding, the blocks were kept in the dark. · 
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Se~tioning: Each block is sectioned into about 10 serial sections containing the graft and 

the underlying bone, using a Buehler Isomet low-speed saw and a diamond coated metal 

disc (100 X 0.2 mni). Each section had a thickness of200 ±50 micrometers. 

Grinding: The sectioned slices were ground to a final thickness of 50 ± 10 micrometers. 

To remove surface debris, the sections were agitated for 20 seconds in 30% ethanol, then 

washed with distilled water.· 

Examination: The sections were molinted unstained with a drop ofVectashield mounting 

medium (Vector Laboratories, Inc. Burlingame, CA) on an ordinary gl~ss slide, and 

examined under UVL microscopy. 

g. Contact R~diography/Densitometry: · 

Densitometric measurements are based on gray scale values assigned to a series of 

small equally spaced picture elements (pixels), on digitized images. Hildebolt, et, al. 

demonstrated a relationship between bone mineral content as measured by dual energy 

radiography and the percentage change in gray scale values on radiographs (Hildebolt, 

V annier et al. 1990). Mean pixel gray scale values can be analyzed using computer 

software to determine differences in radiodensities. Computerized digital images of 

radiographs are two dimensional arrays of pixels. Pixels are represented by 8-bit unsigned 

integers, ranging in value from 0 to 255. Some software programs such as NIH ImagePC 

initially assign the darkest values as 255 and the lightest values as 0, this number scale 

assignment may be reversed for graphical or demonstration purposes. As pixel size 



decreases, the noise level relative to the signal increases. Hildbolt, et, al. using 

microscopic examination of Ektascan radiographs and the sampling theorem (Nyquist 

Criterion), concluded that 50 micrometer resolution is a practical compromise between 

noise level and feature resolution (Hildebolt, Batlett et al. 1994). 

29 

Radiographs are images composed of shades of gray, from white to black, 

representing areas ofradiodensity and radiolucency of the object. Any image can be 

converted into a discrete "digital" form with computerized scanning devices. This process 

is referred to as digitizing or sampling (Dove 1992). Scanners are acquisition systems 

with charge-coupled device (CCD), linear array systems that assist in quantification of the 

sampled data (Hilde bolt, V annier et al. 1990). 

A digitalized r~diographic image describes the brightness (light intensity) and the 

location (x, y coordinates) of that brightness within the image. An image can be further 

characterized by three different features: contrast, spatial frequency and noise. Contrast is 

the difference in brightness between two regions in an image. Spatial frequency is a 

measure of the relative rate of change of brightness between one point and all other points 

in an image. Noise is any distracting information that does not contribute to the diagnostic 

usefulness of an image (Dove 1992). 

In this study, a section from the top of the skull surrounding the 8 mm defect was 

radiographed. A soft x-ray apparatus operating at 35 kV and 2.5 rnA with an exposure 

time of 15 seconds was used. These settings were determined to be optimal in a research 

project by Dr. Fowler in this lab (Fowler 1995). The exte111al surface of the calvaria was 
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placed in direct contact with the radiographic film (Kodak Diagnostic Film, Ektascan B, 

Eastman Kodak Co., Rochester, New York) (Moskow, Tannenbaiun et al. 1985) and the 

radiograph taken with the emulsion side down. An 8 mm circular aluminum step wedge 

was also radiographed on each film as a reference marker (Allen 1996). The apparatus 

utilized was a Hewlett-Pack~d43807N X-ray system, Faxitron series. Films were 

processed, emulsion side up, i~ a Kodak RP X-omat Processor. Images were digitized by 

computer scanning, on a Polaroid Sprint Scan 35 scanner, model CS2700, (Polaroi~ 

Corporation), then the radiodensity of the defects were evaluated utilizing the NIH 

·software package, Ill)agePC,_ (National Institute of Health, Bethesda, Md). 

Individual calvaria radiographs were cut from the 8 inch by 10 inch film sheets and 

mounted in standard photographic slide mounts. Each radiograph was digitized at a 

resolution of2023 X 2023 dpi (2025;2025 pixels/inch), creating an image with 256level 

gray scale. 

Digital Densitometric Analysis: 

A 9 mm circular standardized region of interest (ROI) was placed on each digital 

image and the mean _gray level ( GL) density of each defect calculated using NIH Image PC 

software package (Scion Corp, Fredrick,,.Md I National Institute of Health, Bethesda, Md). 

The percent bone fill within the ROI was calculated by using the threshold function to 

measure the gray levels of the material within the defect. The bone in these specimens is more 
. . . 

radiodense than the DVSb alloplast. The .threshold function is used to separate an image into 
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objects of interest arid background on the basis of gray level. That is, using histologic 

specimens and control radiographs, target bone was .differentiated f_rom other tissue; gray 

levels were evaluated and a GL range identified. That range, or threshold, was entered into 

the software so that all pixels within that threshold and only those pixels are measured. Once 

identified, the area of the target bone was calculated and divided by the area of the 9 mm 

circle. 

h. Histology of Demineralized Specimens: 

Each -sample (approximately one-half the calvaria) was decalcified and evaluated 

histologically. Samples were placed in a demineralizing solution (50.0 g Sodium Citrate+ · 

250 ml distilled water:l25 ml of concentrated Formic Acid+ 125 ml distilled water; equal 

portions mixed together) for 72-84 hours until the sample was soft (non-mineralized), as 

determined by ensuring the sample diq not resist passage of a sharp needle. Next, the samples 

were washed for 4-8 hours under running water and returned to 70% ethyl alcohol until 

embedding in paraffin. Multiple, 5-6 mm sections were cut from each sample and 

representative sections were stained with hematoxylin and eosin (H&E), and Masson's 

trichrome stain. When not in use, paraffin embedded samples were stored in a refrigerator. 

I. Undecalcified Specimens: 

After the specimens were fixed and bisected, ·one-half of each sample was embedded 

in methyl-methacrylate by the following seqlie~tial method: 2 days in 70% ethanol; 2 days 
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in 95% ethanol; 2 days in 100% ethanol (changing the solution once during the initial24 hour 

period); 4 days in xylene (changing the solution 'after the second day); 3 days in methyl

methacrylate soluti?ni (MMAI) at room temperature; 2 days in methyl-methacrylate solution 

II (MMA II) at room temperature; 2 days in methyl-methacrylate solution III (~A III) at 

room temperature; then polymerized at 30- 32 ° C. The volume of solutions were sufficient 

to cover the samples. 

The methyl-methacrylate solutions were mixed as follows: (a) MMA I= 150 ml 

methyl methacrylate+ 50 ml dibutyl phthalate; (b) MMA II= 150 ml methyl methacrylate+ 

50 ml dibutyl phthalate + 2.0 g benzoyl peroxide; and © MMA III = 150 ml methyl 

methacrylate+ 50 ml dibutyl phthalate+ 5.0 g benzoyl peroxide. The MMA II and MMA 

III solutions were refrigerated when not in use. 

Synopsis of Embedding Technique: 

1. Fixation of specimen. 

(a) Two days in 70% alcohol changing solution after 24 hours. 

(b) Two days in 70% alcohol. 

(c) Two days in 95% alcohol. 

(d) Two days in 100% alcohol, changing solution at 12 and 24 hours. 

(e) Four days in Xylene, changing solution after 48 hours. 

(f) Three days in MMA I at room temperature. 

(g) Two days in MMA II at room temperature. 
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(h) Two to four days in MMA III at room temperature. 

(I) Polymerize the solution and sample in step h at 30 - 32 o C. 

After embedding in methyl-methacrylate, samples were sectioned transversely with 

an Isomet low-speed saw (Buehler Ltd, Lake Bluff, IL) using a 0.3 mm thick diamond 

wafering blade. The resultant sections were approximately 500- 1000 mm thick. 

Representative samples were ground to approximately 50 mm in thickness. The unstained 

sections were examined and photographed under incident ultraviolet light with appropriate 

filters for the yellow-green fluorescence of tetracycline (wavelength of365-380 rim) (Swailam 

1993). Evaluation of the tetracycline. fluorescent markers was utilized to determine 

appositional bone-growth. Other representative methyl-methacrylate embedded samples were 

carbon coated, then photographed using scanning electron microscopy (SEM). 

j. Fluorescent microscopy of undecalcified specimens: 

After embedding, representative samples from each of the study group were prepared 

for fluorescent microscopy. These specimens were cut with an Isomet saw (Buehler, Lake 

Bluff, IL) and ground to a thickness range ofS0-100 mm with diamond discs (70, 30, 15 mm) 

then polished with cloth discs and diamond paste (Buehler Automet 2 polisher, Lake Bluff, 

IL). These specimens were then mounted on a glass slide using Vectashield mounting 

medium (Vector Laboratories, Inc.). This mounting medium is a stable viscous liquid which 

prevents photo-bleaching of the speciinen by a proprietary formula. The mounted specimens 
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were then examined in the microscope with the filters described above. The images were 

captured with a Sony color video camera (SonY<, Japan) attached to a computer with a capture 

board and software (NIH ImagePC). The captured images were then analyzed. An image. 

of a micrometer grid was captured at the same magnification (200 X) as the specimens and 

the software calibrated to this grid. The bone formation rate was then determined for each 

specrmen. 

Bone formation rate (BFR) is the mean width of new bone formed per day, calculated 

by dividing the distance between two opposing points from the middle of two consecutive 

tetracycline bands by the number of days elapsed between them. Measurements of the 

fluorescing label is made in micrometers using the calibrated software. Measurements were 

made from the most dense part of each band rather than the edge which is irregular and more 

difficult to define. Ten measurements from each sample were recorded and an average 

obtained. The average bone· formation rate was then calculated in micrometers per day. 

Data Obtained: 

a. Histologic Evaluation: 

After the calvaria were sectioned, half of each specimen was demineralized, then 

embedded in paraffin. These samples were sectioned at a thickness of 5-6 micrometers or 

mm, then were stained with hematoxylin and eosin. These were vie:wed microscopically at 

magnifications of 40 X to 400 X. 
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b. Densitometry: 

In the densitometric analysis, all calvaria were radiographed for 15 seconds at 35 kVP 

and 2.5 mA. The x-ray film was trimmed to fit a 3 x 5 em standard photographic slide mount. 

Representative specimens from all four groups are presented in Fig.3. Each slide was 

digitized as described previously. A standard "region of interest" (ROI) which encompassed 

the 8 mm surgical defect was analyzed for each specimen. The data collected was the area 

and mean density for each specimen. In addition, the percent bone fill in the ROI was 

analyzed by subtracting the gray levels below a standardized threshold. 

c. Fluorescent Microscopy: 

Two representative samples from each group was randomly selected, illuminated at 

a wavelength between 365-380 nm, and viewed at a magnification of200 X. Photographs 

were taken, and the images captured for analysis. The captured images demonstrated 

fluorescent bands which were measured with NIH ImagePC software. The bone formation 

rate was reported in micrometers per day. 

Analysis and Interpretation of Data: 

a. Photography: 

Photographic slides and prints were. made during various ·phases of this project. 

Randomly selected specimens which represented the various groups and sets were selected. 

ASA 400 film was utilized for fluorescent microscopy. ASA 64 film was selected for slides 

ofhematoxylin and·eosin samples. These photog~aphic represen~ations of the specimens were 
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not.used in quantitative analysis. They did providy qualitative examples during the analysis 

·of the project's results. 

b. Statistical Analysis: 

One-way analysis of variance (ANOVA) was applied to determine if there were any 

differences in radiodensity of the defects over time. ~he Student Newman-Keuls test was 

utilized to compare results obtained from the ANOV A. A "p" value of ,::S0.05 was considered 

as being statistically significant. 



Figure 5. Histology (decalcified H&E) 
A. 3 Week TGF-fl-1 
-tArrow shows unsupported tissue at the edge of the defect 
B. 3 WeekDVSb 
-tArrow show$ n?W bone growth bridging the defect next to the alloplast beads 
C. 12 Week Control -
D. 12 WeekDVSb 
Bead (Bd); Bone (Bn) 
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III. RESULTS 

These woood healing studies were conducted to determine whether the divinyl styrene 

beads with or without TGF -P might be beneficial in the repair of osseous defects. A to~al of 

120 rats distributed within 12 separate experimental groups were employed. The osseous 

specimens were harvested at 3, 6 and 12 weeks for evaluation by histomorphometry, 

densitometry, and by fluorescent microscopy. 

1. Histomorphometry: 

Histologic sections of each demineralized calvarium woood site wer.e stained with 

hematoxylin and eosin to qualitatively evaluate the healing response to the test materials. 

Figure 5 shows representative samples ~om_ control and treatment groups. In the three week 

control specimen there is no clear ·evidence of bone apposition or growth at the periphery. 

There is no tissue evident in the defect (Fig. Sa), except for random loose connective tissue. 

The connective tissue of the scalp is separated and the area in the middle is devoid of tissue. 

Adipose and muscle tissue elements are seen superficially at the edge of the defect. The three 

week TGF -P 1 similarly shows no clear evidence of tissue growth in the defect (Fig.Sc ). Scalp 

elements are again seen superficially and collapsed connective tissue is evident. This is 

compared to the three week DVSb specimen (Fig.Sb) and the twelve week DVSb specimen 

(Fig.Sd), which are both filled with osseous and connective tissue along with the beads. 

38 
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Comparison of the entire defect at twelve weeks demonstrates collapse of healing tissues in 

the control (Fig.8b), and islands ofbone in the DVSb (Fig. 8a) specimens. 

In many of the three week specimens, elements of the resorbable Gelfilm membrane can 

be seen. In some specimens, the Gelfilm is thick and stains a dark purple and is separated 

from the other healing tissues (Fig.6). By six weeks, little evidence of the Gelfilm membrane 

can be seen in any of the specimens. 



Figure 6. Histology (decalcified H&E) 
3 Week Control specimen showing unresor~ed Geljilm membrane 
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Figure 7. Histology (decalcified Masson 's trichrome stain) 
A. 12 weekDVSb+ TGF-fJ-1 group 40X 
-+Arrow shows the interface between new bone and native bone at the edge of the defect 
B. 12 week DVSb + TGF-fl-1 group 100X 
C. 12 week DVSb + TGF-fJ-1 group 200X 
D. 12 weekDVSb + TGF-fJ-1 group 400X 
-+Arrow shows a thick band of connective tissue separating bead from bone; note the flat 
elongated appearance of fibroblasts running parallel to the surface of the bead 
Bead (Bd); Bone (Bn) · . 
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Figure 8. 
A. Histology 12 week DVSb group (decalcified Masson's trichrome) cross sectional view 
-lArrow shows a large islands of new bone formation under a layer of beads within the 
defect 
B. Histology 12 week control group (decalcified Masson's trichrome) 
-lArrow A. shows island of bone within the defect 
-lArrow B. shows a break or discontinuity of the defect repair 
Bead (Bd); Bone (Bn); Edge of defect (E); Marrow (lYJ) 
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In many specimens where bone growth is evident, the edge of the defect is seen as a 

discontinuity between the "native" bone and the newly' regenerated bone. At this 

demarcation, there is sometimes separation, or a "seam" of connective tissue between the n~w 

and old bone (Fig.7a). In all specimens where the edges ofthe defect can be seen, the native 

calvarial bone consist of two horizontal layers of dense cortical bone surrounding a marrow 

space consisting of large blood vessels and endosteum(Fig.8a,b ). There was no sign of an 

inflammatory infiltrate in any of the specimens, and no sign of giant cell or foreign body 

reaction to the beads. 

. I 

In a Masson's stained de9alcified specimen a relatively wide band of connective tissue 

, is seen between bead and new bone (Fig. 7c,d). At 400X the cells~e several layers thick and 

appear flattened like fibroblasts. They are parallel to the surface of the bead and are bounded 

on one side by bead and the other by bone. This is indicative of what has been described as 

fibrous encapsulation. 

Twelve week DVSb specimens are shown at low power in full cross sectional view 

(Fig. 8a, 9a,b ). When fewer beads appear in the defect the bone appears more dense (Fig. 

9a). When a monolayer of beads appear, there is often a ~ense layer of bone (Fig. 8a). When 

too many beads appear in the defect little osseous healing is seen (Fig. 9b ). This may be due 

to experimental variability, differences in preparation, or differences in cut of the cross 

section. When no beads are used the membranes are often collapsed and little evidence of 

defect repair is seen. 

In most specimens the center of the beads appear fragmented due to the histologic 
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processing, but the periphery is generally intact (Fig. 1 Oa-d). This fragmenting is likely due 

to the sectioning and decalcifying process. The inner aspects of the beads are fragmented 

and the fragments have the appearance of linear crystal forms (Fig. 10 a-d). rhey are very 

straight and each bead has many of these forms all lined up parallel. 

The periphery of each bead is solid and round or oval. The beads do not appear to 

be deformed in any way. Even the beads that were cut open appeared to have a smooth 

continuous border, except where cut. The beads were often of different sizes and give the 

appearance of being cut in different tangential planes. 

Bone was evident adjacent to many of the beads at all time periods. There appeared 

to be more bone surrounding beads in the twelve week specimens. In many of the specimens 

loose connective tissue was seen immediately surrounding the beads (Fig. 1 Od). The bone 

seems to grow on top of the rows ofbeads, and appeared more dense ne~t to the native bone. 

In some of the specimens, the bead~ appeared to be encapsulated by fibrous tissue, but in 

many areas the bone appeared in close contact with the beads (Fig. 11 a-d). In Figure 11 an 

island of bone appeared to rest on top of a.· bead. "In higher power views the bone appeared 

closely adjacent to the beads, and m~y osteocytes are seen (Fig . .11c,d). At 20QX a cellular 

layer surrounded the beads in a circular fashion( Figure 11 c). At 400X one of several osteons 

is demonstrated with the osteocyte clearly visible in the lacunae. Further evidence for this 

tissue being mineralized bone is the brightly fluorescent lines. that surroundthe beads in many 

of the vital stained sections (Figures 17-20). 

In some sections at higher power, -cells consistent with the description of osteoblasts 
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can be seen (Fig. 12 a-d). These osteoblasts can be seen adjacent to bone in a loose matrix 

adjacent to a .bead (Fig.12c,d). 

In the undecalcified specimens (Fig.13) vascular sinusoids are clearly evident 

throughout both new and old bone. In the 12 week control specimen (Fig. 13a,b) collapse 

of tissue at the edge of the defect is seen. While in the 12 week DVSb specimen there is 

greater evidence of healing within the defect. Osteocytes are clearly evident in ·these thick 

bone sections, and bone is seen covering some of the beads three dimensionally (Fig. 13d). 

In these specimens bone and connective tissue are clearly differentiated. 



Figure 9. 
A. Histology 12 week DVSb group (undecalcified one step stain) full cross sectional view 
B. Histology 12 week DVSb +TGF-P1 (decalcified Masson ~s trichrome) 
Bead (Bd); Bone (Bn); Edge of defect (E); Marrow (M) 
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Figure 10. Histology (decalcified Masson's trichrome stain) 
A. 12 Week DVSb + TGF-Pl group 40}{, bone supported by a layer of beads 
-tArrow shows island of bone under beads 
B. 12 WeekDVSb + TGF-P1 group 100X 
C. 12 Week DVSb + TGF-P1 group 200X . 
D. 12 Week DVSb + TQF-P1 group 300Xwithpolarizingfilter for detail 
-tArrow sho"»!s a fibrous layer of collagen parallel to the surface of the. bead, 
between bead and bone 
Bead (Bd); Bone (Bri). 

. - ' 
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Figure 11. Histology (decalcified H&E) 
A. 12 weekDVSb group 40X . 
-+Arrow shows the interior of a bead with fragments of the polymer at the periphery 
B. 12 week DVSb group 100X 
C. 12 week D VSb group 200X 
-+Arrow shows the interface between a bead·and the cap-like formation of bone over the 
bead 
D. 12 week DVSb group 400X 
-+Arrow ~bows an osteocyte surrounded by an osteon, other osteocytes in lacunae are 
evident ''Y.:· 

Bead (Bd); Bone (Bn) 
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Figure 12. Histology (decalcified H&E) 
A. 12 week DVSb group 40X 
B. 12 week D VSb group 1 OOX 
C. 12 week D VSb group 200X 
-+Arrow shows the interface between well formed osseous tissue and connective tissue 
adjacent to a bead; below the arrow is a connective tissue matrix with plump, darker 
stained osteoblasts 
D. 12 week DVSb group 400X 
-tArrow shpws osteoblasts and tissue matrix lining the interface between bone and bead 
Bead (Bd) ,: ·Bone (Bn) 
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Figure 13. Histology (undecalcified )-Specimen embedded in methyl methacrylate and 
stained with one step stain 
A. 12 week Control ( 40X magnification) 
-+Arrow sho~s bone to the edge of the defect with no evidence of bone in the defect to the 
left 
B. 12 week Control (1 OOX magnification) shows same specimen as A. 
C. 12 w~ek DVSb ( 40X magnification) . 
-+Arrow shows a be.ad cut in cross section, this bead is at the edge of the defect and bone is 
evident to the left of the bead within the defect 
D. 12 week D VSb (1 OOX magnification) . . 
-+Arrow shows rest lines in the bone as new bone growth is forming perpendicular to the 
native bone at the edge of the defect. . . · 
Bead (Bd); Bone (Bn) 
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Figure 14. Densitometric radiograph of the cut section of a rat skull with the 8mm CSD in 
the center 
A. Control group with spicules of bone formation, but the defect is generally radiolucent 
B. DVSb + TGF-~1 group with evidence of radiopaque bone arching across the defect 
C. TGF-fJ-1 group with evidence of radiopaque bone forming at the edges of the defect 
D. D VSb group _with increased radiopacity and dense bone spanning the defect 
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2. Densitometric Analysis: 

Figure 14 shows representative radiographs of each of the four groups at 12 weeks . 

. Greater radio density is visually evident in most of.the twelve week specimens that include 

D:VSb allopla~t. Prior to performing the density measurements, 12 random samples were 

analyzed, each with a different region of interest (ROI). There was no statistical difference 

in bone density between the various sized ROis used (p=0.826)~ 

To determine the·.percentfill ofth~ defect the software density threshold was set to 

a value of 194 (scale 0-255), because this value visually appeared to be representative of new 

bone. The saine number was applied to all specimens. At a given threshold, the area of that 

threshold (AT) can be determined. This area is· divided by the total area (A) of the circle to 

yield the percent fill (A/ AT* 1 00) (Fig.l5). At 3 weeks all groups had statistically less bone 
. ., . -

' fill than controls (p:S0~01). At 6 weeks there were no significant differences among the 

treatment groups. At 12.weeks the test groups all had statistically greater bone fill (p:S0.05) 

than the controls (Table II). At 12 weeks the percent fill among the groups was statistically 

greater for the DVSb groups than for the control (p<0.05) but not significantly greater than 

the other groups (Fig.15). The mean bone densities for. the three study periods were 

compared with the control (Fig.16). At 3 weeks there were statistically significant differences 

between the densities in all test groups compared to the controls (n=40, p<O.OOl). At 6 

weeks, (n=38) np statistical difference was found in the bone densities between the groups 

(p=O .114 ), and at 12 weeks there was a statistically significant difference in the bone density 

between all groups except TGF-P1, (n=40, p :S 0.001) (Table II). At 12 weeks the DVSb 
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group had the greater (p:::;0.05) mean density (Fig.l6), which was significantly greater than 

the controls. 

Table II. DENSITOMETRIC ANALYSIS (the degree of fill of the bone defect 
and the density in the new bone.) 

Group n 0/o Fill a Mean Density b p<0.05 

+SEM +SEM 
3WEEKS 

Control 8 32.8 ± 1.4 113.9 ± 2.0 
TGF-P1 9 23.7 ± 2.4 104.0±il Yes/Yes 
DVSb 8 23.2 ± 2.6 95.4 ± 3.5 Yes/Yes 
DVSb +TGF-~1 7 18.8 ± 2.1 100.5 ± 3.6 Yes/Yes 
6WEEKS 

Control 10 37.6 ± 4.9 231.6 ± 2.4 
TGF-P1 10 29.7 ± 1.4 233.9 ± 2.8 No/No 
-DVSb 9 45.8 ± 2.6 226.9 ± 0.8 No/No 
DVSb+TGF-~ 9 48.9 + 5.5 227.7 + 2.3 No/No 
12WEEKS 

Control 10 30.5 ± 7.2 123.0 ± 2.93 
TGF-P1 8 51.6 ± 2.9 143.7 ± 2.18 Yes/No 
DVSb 12 64.2 ± 3.4 163.8 ± 1.64 Yes/Yes 
DVSb +TGF-~1 10 57.6 + 6.4 149.7 + 2.96 Yes/Yes 

Percent fill refers to the fractional amount of the total original defect 

area that is filled with. new bone. Complete filling would be 100%. 

b Density of new bone compared to untreated controls. Mean density is 

based on a scale of0-255 grey levels. The number 255 is assigned the 

whitest, and number 0 is darkest in the software (NIH imagePC). 



Figure 15. Percentage of critical size defect filled with new bone in 
each group at 3, 6 and 12 weeks 

Figure 16.- Mean density of new bone in each group at 3, 6 and 12 weeks. The height of the 
bar indicates the mean. The bracket indicates plus or minus Standard Error of 

the Mean (SEM); * = p, 0. 005 compared to control for statistical significance 
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3. Fluorescent Microscopy: 

For analysis by fluorescent microscopy, two randomly selected calvaria specimens 

from each group were embedded hi methyl-methacrylate. The specimens were sectioned 

for viewing under fluorescent microscopy and evaluated for the presence of the vital stain 

(TCH), injected at the time of surgery and every 14 days thereafter. 

· Generally, the healing bone appeared to be of the "woven" type and no organized 

haversian systems were observed. O~e to several fluorescent bands were visualized at 

healing interfaces. These bands represent the doses of injected tetracycline. It was 

expected that two fluorescent bands would be evident in the bone obtained after three 

weeks (Fig.17c). Similarly three bands were expected to be seen in the six week 

specimens (Fig.17a) and six bands in the 12 week specimens (Fig. 17d). This was true 

where there was evidence of new bone formation, but in some areas the bands were 

indistinct and randomly mixed (Fig.17b ). This may represent areas of unmineralized 

matrix, and disorganized new bone formation. 

Figure 18a shows specimens prepared from a representative animal in the control 

, group, where the fluorescence in the bone was seen to be more diffuse. This result is due, 

presumably, to the amorphous healing and minimal mineralization that occurred in these 

specimens. Fluorescence, which represents growth, repair and mineralization of osseous 

tissue was noted at the wound margins and adjacent to beads in many of the test samples 
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(see Fig.18b,c,d). Although more bone is seen in the test samples with beads, bone did 

not completely fill the defects at any time period. In many specimens a brightly 

fluorescent ring was seen surrounding the· bead (fig. "t8d). It is not known if that is an 

artifact or represents a mineralized layer around the bead~ In some ~pecimens the outline 

of the bead was obscured by bone overgrowth and the bead sometimes appeared cloudy 

(Fig. 18d). 

Figure 19 shows an unusual staining pattern with numerous centers of ossification. 

This pattern may be consistent with woven bone, or formation of concentric lamellar bone. 

Most of the specimens in this study displayed a more linear staining pattern. 

Figure 20 shows two of the same samples photographed with white light and then 

photographed again with fluorescent light and filters. These thick undecalcified specimens 

help clarify the nature of bone growth adjacent to the DVSb alloplast. Linear tetracycline 

stained lines can clearly be seen close to the beads in these specimens (Fig. 20b ). The 

purple stained connective tissue or collagen next to the beads in the stained section under 

white light (Fig.20a) is compared to the orange colored area of the specimen 

photographed under fluorescent light (Fig.20b). The appearance of this orange and purple 

stained material is consistent with osteoid. The more mature and dense appearing bone is 

in the areas where distinct tetr~cycline banding can be seen. The vascular sinusoids can be 

visualized in both views. Bone may be seen overlapping the bead three dimensionally in 
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many of the thick undecalcified sections (Fig.20c and 20d). 

The total mean bone formation rate (BFR) among the groups at three, six and twelve 

weeks was relatively consistent (Fig. 21 ). The difference of the means is not _statistically 

· significant (Table III). However, there were statistically significant differences between 

the mean BFR among the groups at any one of the three time periods. At six weeks, the 

mean BFR of the alloplast groups was significantly greater than the controls or the TGF-

Pl groups (p:::;0.05).· At three and twelve weeks, the control BFR was greater than the 

treatment groups (p:::;0.05). The BFR was consistently-between three and seven 

micrometers per day for all of the groups. The average twelve week measurements of the 

six tetracycline·. stained lines is demonstrated graphically (Fig. 21 ). 

! 

The control group BFR was between 4.3 and 5 .4, the TGF -~ 1 group was between 

4.2 and 4.6, the DVSb+ TGF -~ 1 group was between 3.3 and 7.6 and the DVSb group 

was between 3.9 and 5.7 micrometers per day. This data leads to the conclusion that 

TGF-~,1 in this dose and method of delivery, had no effect on bone growth in this study. 

The data obtained from utilizing fluorescent markers is consistent with the concept 

that healing occurs from the wound margins and adjacent to the alloplast material. 

Although new bone growth was found in close association with the beads, this finding was 

not consistent throughout all the defects. In the animal model utilized, appositional growth 

was demonstrated and bone formation rate was measured successfully using fluorescent 
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microscopy. It appears likely that the beads may act as a nidus for new bone formation, 

and are instrumental in maintaining space for healing by supporting the membrane and _ 

preventing collapse. 

1--



Figure 17. Vital· staining with tetracycline hydrochloride (TCH) 
A. 6 week control group 1 OOX 
-+Arrow shows three distinct lines at the edge of the defect 
B. 12 week TGF-P-1 group 100X 
-+Arrow shows diffuse TCH pattern consistent with woven bone healing 
C. 3 weekDVSb + TGF-P-1100X 
-+Arrow shows two distinct lines at the edge of the defect 
D. 12weekDVSb lOOX 
-+Arrow shows an island of lamellar bone formation adjacent to a bead 
Bead (Bd); Bone (Bn) 
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Figure 18. Vital staining 
A. 3WeekDVSbgroup100X 
-+Arrow shows a thick diffuse band ofTCH staining near a bead 
B. 6WeekDVSbgroup100X . . . 
shows lamellar and woven bone formation with diffuse·and linear TCH staining 
C. 12 WeekDVSb lOOX . . . 
-+Arrow shows a bright ring ofTCH stain outlining a bead, and adjacent lamellar bone 
formation 
D. 12 Week DVSb group 100X 
shows lamellar bone formation obscuring the round outline of a bead 
Bead (Bd); Bone (Bn) . 
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Figure 19. Vital staining 
Unusual TCN staining pattern of bone mineralization in a 12 week specimen, this may 
indicate mineralization of woven bone .surrounding osteo"ns 40X 



61 



Figure 20. Vital staining and Histology (undecalcified) comparison 
A. 12 Week DVSb undecalcified 1 OOX 
-#Arrow shows connective tissue separating bead from bone 
B. 12 Week D VSb vital stain 1 OOX 
-lArrow shows connective tissue separating bead from bone same as a. above (note 
adjacent stained bands) 
C. 12 Week D VSb undecalcified 1 OOX 
-#Arrow shows bone overlapping bead 
D. 12 Week DVSb vital stain 1 OOX 
-#Arrow shows bone overlapping bead same as c. above (note stained band) 
Bead (Bd); Bone (Bn) 
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Table III. BONE FORMATION RATE (in the control and experimental groups as·a 

function of time). 

GROUP 3Weeks±SD 6Weeks±SD 12 Weeks±SD 

Control 4.57 ± 0.2 4.32 ± 0.2 5.37 ± 0.3 

TGF-P1 4.64 ±_0.1 4.18 ± 0.1 4.53.± 0.1 

DVSb 3.86 ± 0.1 5.68 ± 0.2* 4.11.± 0.6 

DVSb + TGF-P1 3.29 ± 0.1 7.64 ± 0.2* 5.31.± 1.2 

* = Statistically significant 



Figure 21. Graph: M.ean rate of bone formation in the control and experimental groups 
at 3, 6 and 12 weeks · 

Figure 22. Graph: Measured distances between the various lines measured in 
micrometers 
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4. SEM photography 

The photomicrograph of an undecalcified carbon coated 12 week DVSb 

specimen, demonstrates the relationship of bead to bone. There appears to be close 

apposition of tissue to.the bead and this tissue is· consistent with the appearance ofbone 

(Fig. 23). 

65 



Figure 23. Scanning electoiz microscopy view (undecalcified carbon coated) · 
Bead (Bd); Bone (Bn) 
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IV. DISCUSSION 

The purpose of this study was to determine if alloplast (DVSb) or alloplast plus 

growth factor (DVSb+TGF-P) would improve wound healing in the critical size defect 

model of rats. Male Harland Sprague-Dawley rats (120) were used in this project. Of 

these 40 were euthanized at three weeks, 38 at six weeks and 42 at twelve weeks. Some 

animals (27) died initially, these were replaced to maintain 10 animals per study group. It 

is speculated that these _deaths were due to anesthetic complications, hypovolemia, 

hypoxemia, or unknown factors (perhaps sickness or disease). 

· .Quantitative comparisons between the materials utilized in a craniotomy defect 

·cannot be based on human clinical studies, because assessment of biological responses 

requires postmortem evaluation and these materials are not yet approved for human use. 

_ Therefore, an animal model was used to allow for such evaluation. The use of Rattus 

norvegicus (Harland Sprague-Dawley rats) has the advantage of lower cost and as such, 

the ability to use a higher population number. Additionally, they have a fast growth rate, 

so less follow-up time is necessary, (a non-critical sized defect heals in less than 12 weeks 

in this species). As a result, more rapid experimental results can be obtained. 

An 8 mm defect in the rat calvaria is ideal for this investigation. It meets the 

. 67 
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Schmitz and Hollinger criteria that "any experimental bony wound should, therefore, be 

large enough to preclude spontaneous healing"(Schmitz and Hollinger 1986). In this 

situation, the osteogenic potential of an implant or graft may be interpreted unequivocally. 

These same researchers determined that in the rat model, an 8 mm craniotomy would not 

heal spontaneously. In this study, a simple and inexpensive model that eliminates many 

extraneous factors in determining the effect of alloplast on bony regeneration was 

presented. 

Wound healing is a complex process that involves repair of damaged structures 

and tissues. These elements in the rat craniotomy defect include epithelial tissue, 

connective tissue, osseous tissue, vascular and nerve structures. The reason for the non

healing of critical siz_e defects is the distance these tissues have to travel from the healing 

margin. Healing is a function of repair tissues bridging the intervening space, and these 

tissues need nourishment which is provided by the vasculature. This process involves a 

balance of cytokine release, neovascularization and matrix formation. In areas of reduced 

oxygen tension healing tissues can not survive. In the early stages of healing there is a 

· release of cytokines and a growth of endothelial tissues, but unless there is .some initial 

matrix the healing wound will collapse (Becket al. 1993). This was seeri in ~hese 

craniotomy defects where there was support of the tissues by the alloplast beads a :p1atrix 

was established and healing progressed. In many of the control and TGF -P 1 specimens 
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the tissues collapsed and fibrous connective tissue was prevalent. 

The alloplast beads appear to not only provide a matrix for healing, but to provide 

support for the membrane serving to make space and exclude connective tissue. This 

space making allows adequate time for bone growth to occur (Schmitt et al. 1997). Bone 

is a slow growing tissue that takes time to organize and remodel into lamellar structures. 

These lamellar patterns were more evident in the specimens with the alloplast beads. 

Furthermore the density of the bone and percent fill of the defect was greater both visually 

and radiographically. 

In addition to the matrix forming and space making characteristics of the alloplast 

was the way healing tissues seemed to be attracted to the beads. Fibroblasts and 

·osteoblasts were often seen closely adjacent to the beads which may imply an inherent 

biocompatible nature. There was no sign of inflammatory reaction 'to the beads at the time 

periods observed. It is suggested that studies of longer duration be performed with the 

beads to check for inflammation, or organ toxicity over time. 

It is interesting to speculate what purpose these beads might have in various 

clinical settings. Would they have some utility as an alloplast for repair of periodontal 

defects? Would they be useful for guided bone regeneration around implants? Would 

they be useful in orthopedic or general surgical procedures? Would they be more useful 

. combined with other bone repair materials, such as membranes, growth factors, resorbable 
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polymers or graft materials? These are questions that will have to be answered in 
. . 

additional studies, but the. physical characteristics and demonstrated healing potential can 

provide some direction now. 

These alloplast beads compare well with other alloplast materials currently being 

used in periodontics (Schmitt et al. 1997). They are similar in size (approximately 500 

micrometers), they have demonstrated spac.e. maJ4ng and osteoconductive abilities and are 

shown in this study to be biocompatible with healing tissues. There is no evidence that 

these beads are osteoinductive by themselves, but if it is shown that they can act as a 

carrier for growth factors that are osteoinductive this may be an added benefit. This 

experiment could be done. by labeling growth factors placing them with the beads and 

implanting them in various tissues such as muscle, bone, or skin. 

The physical characteristics of the beads are such that if too many beads are used 

there is inadequate space for bone to grow. In some of the defects where beads were 

bunched up in a group there was less bone density evident. The bone looked best 

histologically when there was just one to two layers of the beads, allowing for bone matrix 

ingrowth, and bridging of bone networks. The beads themselves are not as· hard as bone 

and it would seem to be a disadvantage to have too many of them in the defect. This may 

also be a disadvantage when placed adjacent to implants if they make the osseointegration 

less strong or the implant less stable. To have the titanium implant surface adjacent to 
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bone would likely be better than having it adjacent to the alloplast beads. An interesting 

observation, however, was that some of the beads appeared under fluorescent microscopy 

to be calcifying themselves. There was in many specimens a bright stained fluorescent ring 

around the beads, and in other specimens the bead seemed to be obscured by newly 

labeled bone growth (Fig. 18d). There is no evidence at twelve weeks of resorption or 

dissolution of the beads, and tp.e beads are too large to be phagocytized. The beads do 

not break down by hydrolysis or any other known biological mechanfsm. For these 

reasons it is likely that the beads will stay in place for the life of the individual. 

It is possible that a better role for, the beads may be in repair of large maxillofacial 

or skeletal defects as ·a filler. These alloplast beads are light weight, readily available, low 

cost and can be manufactured in any size and with a positive, a negative or a neutral 

charge. These along with the'previously mentioned advantages may prove useful in repair 

and healing alone or in combination with other bone repair materials in larger defects such 

as craniotomies·, mandibulectomies, sinus lift procedures, and various orthopedic defects. 

It is surely difficult to obtain sufficient autogenous bone, and expensiv~ to obtain large 

quantities of allograft materials. Other alloplasts and polymers may also be difficult to 

obtain or costly. Advantages and healing characteristics will need to be carefully studied 

and compared to determine if these· alloplast beads are. indicated for· these procedures. 

One indication for the beads may be as a filler in a resorbable polymer matrix along with a 
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combination of wound healing proteins. 

The densitometric analysis of this project utilized the percentage of bone filling the 

8 mm craniotomy. Densitometric analysis was accomplished by using digital imaging 

techniques to measure and quantify alveolar bone.. This procedure is well established 

(Hildebolt, Vannfer et al. 1990; Verdonschot 1991; Shrout, Hildebolt et al. 1993; Allen 

1996; Jean 1996). Digital densitometric measurements employ the gray scale values 

assigned to a pixel in digitized images. ImagePC, a shareware image processing software 

developed from NIH and available through the Scion Corp. (www.scioncorp.com) is 

capable of making all required manipulations, calculations, and measurements, including 

area (in millimeters or pixels) and mean density. 

Studies using the CSD model routinely use histomorphometric means to analyze 

the percent fill of the defect, and other methods described. earlier. With 

histomoi'phoinetry, however, only percent fill across the defect on a t~in histological 

section, is obtained. It is not possible on a 4emineralized section to tell what percent of 

the collagen matrix was mineralized. With these radiographic techniques, it is possible to 

determine percent fill. and density across the entire defect. However, if the bone 

restorative material (BRM), is radiopaque there is no way to separate bone density from 

the density of the BRM. In a study by Doll et, al. using the CSD model in Long-Evans 

rats, densitometry comparisons could not be used because of the radiopaque properties of 
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one of their test materials ( cor~line hydroxyapatite) (Doll, Towle et al. 1990). Previous 

studies that used radiographic techniques to evaluate bone fill in the CSD model used area 

measurements to get a percent fill simply by computerized planimetric analysis (Beck, 

Amento et al. 1993; Busch, Solheim et al. 1996; McKinney and Hollinger 1996). This 

technique provides useful numbers to compare, but more accurate measurements are 

possible using threshold and density slice techniques. The threshold function allows the 

operator to select specific objects of interest and eliminate background based on gray scale 

levels. Onc·e a threshold is determined, the pixels representing the object of interest (dense 

bone in this case), can be made binary. This process sets all pixels with a threshold to 

black and all background pixels to white. The number of pixel elements of int~rest can be 

varied using a look up table (LUT). The LUT is a computer mapping function where all 

pixels have a specific gray value (Dove 1992). These values can be changed for any pixel 

value from 0 to 255 on a sliding s~ale which changes:· all other pixels in relation to it. 

Density slice· is a method of coloring pixels at a given level and then measuring them. 

This allows better discrimination of density levels. Color is useful in making more 

accurate measurements because the human eye can detect no more than 28-32 individual 

shades ()f gray while it can detect thousaJ?-ds of shades of color (Dove 1992). Once the 

background level is determined, the area and mean density of the given pixels can be 

measured. By using a calibrated step wedge of a known density, the minimum sensitivity 
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of this technique, including processing variability' is easily determined and removed from 

the radiograph as background.. This gives.~ mor~.·correct calculation of the new bone 

formation within the CSD. 

In this study representative radiographic specimens were analyzed at a standard 

threshold (194 on a scale from 0-255). This threshold was then applied to all specimens 

equally for.comparison. Measuring the ar~a of the given pixels at a certain gray level is an 

easier and more accurate method than arbitrarily outlining the "white" pixels and 

determining a percent, as is done in most planimetric programs. Furthermore, various 

gray level values can be compared statistically using the threshold approach. This 

approach also makes more sense than simply measuring the percent of fill across a defect 

at any given histological slice. This is particularly true when variability in staining and 

histological interpretation is considered. Problems with densitometric techniques in 

general include the difficulty in determining what density can be realistically called "bone". 

Shades of gray could be the result of layers of collagen, connective tissue, graft material, 

membrane or various stages of mineral deposition. For this reason, it is useful to compare 

results with histological, SEM and vital staining techniques to correlate the results. For 

example, vital staining can confirm mineralization due to incorporation of tetracycline in 

bone hydroxyapatite, and histology can differentiate collagen froin bone. Furthermore, 

variations in specimen thickness were controlled by calibration with known values such as 
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normal bone and an aluminum step wedge. For example average measurements on a 

scale of 0-255 with ~he ImagePC software were conducted as follows: calvarial bone 

adjacent to defects i.s 20S-210, 2) calvarial bone in an unoperated c~lvarium is 203-208, 

3) thick bone adjacent to suture lines is 219-223, 4) a 1mm aluminum step wedge (SW) 

is 215-220, 4) a 2mm SW is 242-247, 5) a 3mm SW is 249-251, and 6) blank film areas 

adjacent to calvru;ia measures the same as.unexposed film at 45-55 on this scale. Use of 

these values and the control CSD corrected for density of connective tissue, alloplast and 

membranes. With this knowledge of density values and standardization of the software 

radiographic densitometry using a threshold appears to be a useful method of comparing 

osseous healing in a CSD model. 

Using these densitometric results, the bone fill within the defect and the mean bone 

density within the defect were determined. This technique compares favorably with results 

of other studies. Fowler looked at percent bone fill at 12 weeks in the CSD model in 

Sprague-Dawley rats, and found 52-67% bone fill in animals treated with rat 

demineralized bone powder and pluronic polyols and 32-42% fill in controls (Fowler 

1995). Other investigators looked at various doses of TGF -P 1 (0, 0.4, 4, and 40 J.lg) in a 

CSD model in rabbits (McKinney and Hollinger 1996). They used a carrier of 3% 

carboxymethyl cellulose between Gelfilm membranes, and compared results to a defect 

. treated with rabbit demineralized bone matrix (DBM). In their study, multiple linear 
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regression analysis indicated that radiopacity was time- independent and dose dependant 

only at 4 weeks, with the 4 and 40 J.lg groups less radiopaque than the group treated with 

DBM. Their results indicated 30-70% radiopacity compared to mature bone. Their 

histomorphometry data was similar and revealed that the DBM + 40 J.lg TGF -~ 1 

promoted the greatest quantity of new bone (McKinney and Hollinger 1996). 

An unexpected observation reported in the McKinney and Hollinger (McKinney 

and Hollinger 1996) paiJ.er was approximately sora less bone formation than a previously 

reported study by Kleinschmidt et,. al. in 1993 (Kleinschmidt,_Hollinger et al. 1993). The 

only differences in protocol was the use of Gelfilm collage!l membranes. Mclqnney and 

Hollinger (McKinney and Hollinger 1996) suggested eliminating Gelfilm due to possible 

retardant properties in the local environment, to include possible binding of exogenous 

growth factors, or interference with cell receptors. They also reported multinucleated 
/ . . 

giant cells and macrophages associated with the Gelfilm (McKinney and Hollinger 1996). 

There was no sign of giant cells, macrophages or PMN s in any of our specimens. In 

addition, our rationale for using the Gelfilm included 1) surgical hemostasis, 2) isolation of 

. the cranial defect from the underlying dura and the overlying periosteum, 3) low cost, 4) 

ease of use, and 5) approval for human use. The human use issue is important to clinical 

relevancy. Other membranes considered included ePTFE, and poly lactic acid copolymers 

approved for human use, but prohibitively expensive, and Millipore filters (ethyl cellulose) 
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which are not currently approved for use in humans. 

Fluorescent microscopy was accomplished by injecting tetracycline HCL 

intraperitoneally at the time of surgery and at each suc.ceeding 14 day period. Proper 

dosages for this procedure were investigated by Milch et, al. where they injected 0.1 to 50 

mg per kg of tetracycline intraperitoneally in 140gm Sprague-Dawley rats (Milch, Rall et 

al. 1957). These investigators stated that in rats weighing 150 gm., unequivocal bone 

fluorescence could be detected within 30 seconds. of an injection of 50 mg/kg of 

tetracycline. This was confirmed in the present study which demonstrated a tetracycline 

band representing the injection at the time of surgery. Milch et, al. also remarked that this 

fluorescence disappeared from all tissues except bone within 6 hours after a single 

injection, while in bone it persisted throughout the 10-week study period and could be 

detected when even small doses (0.3 mg/kg) were administered (Milch, Rall et al. 1957). 

In 1969 Frost suggested dosage of 20 mg/kg· as optimal for tetracycline.labeling (Frost 

1969). Tam and Anderson suggested a dose range of 3 to 24 mg/kg of oxytetracycline for 

Sprague-Dawley rats. They stated that this dose had no effect on bone apposition rate in 

their study. They made the assumption that the rate of deposition of bone, as measured 

by tetracycline labeling, is dependent on the rate of matrix synthesis, but not on the 

amount of mineral deposited per mm of bone, this seemed to be confirmed by their study. 

They also discussed the finding that the measured value of bone apposition depends on the 
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dose interval (Tam and Anderson 1980). 

As to dose interval, Tam and Anderson (Tam and Anderson 1980) observed that at 

longer intervals (>96 hours), the rates fall significantly from rates measured at 24, 48, and 

72 hours. They stated that if two or more groups of precursor cells are activated in a bone 

formation site, periods of osteoblastic inactivity will occur. These longer intervals will 

include periods of cellular inactivity (Tam and Anderson 1980). Variations and 

temporary periods of shutdown in appositional growth .in local areas of bone formation 

help to explain these findings (Frost 1969). 

Measuring bone apposition rates in the femur of Sprague-Dawley rats Tam and co

workers recorded mean values from 0.039-0.053 J.un/h or l.3 Jlm/d (Tam, HarrisQn et al. 

1978). In a different study Tam and Anderson recorded.mean values from 0.038-0.040 

Jlm/h in the same model (Tam and Anderson 1980). These values are less than the mean 

BFR indicated in this study of 3-7 ~m/day. This may be explained by more rapid or more 

diffuse wound healing in calvaria than long bones, by effects of BRMs or by variability in 

measurement techniques. Work by Frost indicates that bone formation rate is independent 

of the location of bone samples in the skeleton, and may be under the influence of general 

mechanisms of bone formation (Frost 1969). Although results of this study are different 

than previously reported results this can be explained by any combination of technique or 

study variables~ Tam and co-workers explained that in their study, mean values may vary 



79 

by a factor of 5 within any bone segm~nt. They attributed this to the degree of 

obliqueness of the cuts through the oxytetracycline bands at various sites. They used 
' ' • I 

injection intervals of only 48 hours and used oxytetracycline while TCH was used at 14 

day intervals in this sfudy as previously described. 

Tam and co-workers also saw a decrease in apposition rate with time. They 

explained that this nonlinear apposition rate would contribute to the variation in apposition 

rates at any given time (Tam, Harrison et al. 1978). This decrease in apposition rate is 

also evident in this study. The measured distances follow a trend of decreasing intervals 

which is consist~nt with a more rapid BFR, which was particularly true in the DVSb 

groups in this study. 

In a continuing series of studies, Milch and coworkers observed a general 

distribution of fluorescence only in regions characterized by new-bone proliferation, and in 

regions of excellent blood supply (Milch, Rall et al. 1958). This was found to be true in 

our analysis, where staining was more clearly demarcated at the edges of the defect next 

to the diploe marrow. In control specimens, the edges next to the defect were the only 

places that appositional lines of fluorescing tetracycline was seen. 

The mechanism of bone labeling by tetracycline involves fixation of calcium ions 

by chelating attachments, to peptide elements in the bone (Milch, Rall et al. 1957; Pinholt 

and Jo Kwon 1990). The molecules of the label delay the movement and clustering of 
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ions during nucleation, and thus interfere with their entry and attachment to the 

hydroxyapatite crystal (Saxen and Kaitila 1972). Tetracycline affects deposition of bone 

minerals, but not the proliferation or activities of osteoblasts (Saxen and Kaitila 1972). 

This binding appears to be characteristic of the 4-ri~ged napthacenecarboxamide nucleus 

of tetracyclit~e itself and is not altered by substitutions of a chlorine atom in the 7 position 

or a hydroxyl group in the 5 position (oxytetracycline and chlortetracycline respectively) 

(Milch, Rall et al. 1957). 

Reported affects of tetracycline on bone formation include: 1) structural changes 

in enamel matrix (Nylen, Omnell et al. 1972); 2) inhibition of proline uptake by bone 

cultures (Kaitila, Wartivarra et al. 1970); 3) formation of tetracycline-calcium complexes 

(Saxen and Kaitjla 1972); 4) inhibition of protein synthesis (Saxen and Kaitila 1972); and 

5) inhibition of enzymes essential for bone growth (Demers, Fraser et al. 1968; Saxen and 

Kaitila 1972). Various affects of tetracycline in the wound healing environment may 

include inhibition or selection of microorganisms, inhibition of the activity of some 

mammalian matrix metalloproteinases such as collagenase, and interference with various 

bone healing mechanisms in general (Ingman, Sorsa et al. 1993; Ciancio 1996). Positive 

affects of tetracycline have also been reported. Locally applied tetracycline has been 

demonstrated to enhance bone repair in dental extraction sites and has been mixed with 

bone graft material with positive results (Mabry, Yukna et al. 1985). Drury and Yukna 
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demonstrated 5 times greater new bone formation with freeze dried bone allograft 

(FDBA) rehydrated in a tetracycline-containing solution in baboon alveolar bone defects 

than in controls (Drury and Yukna 1991). 

In 1966 Frost first described the "basic multicellular unit" (BMU) in bone 

remodeling. He described remodeling as a process which turns over lamellar bone; 

without causing large changes in quantity,· geometry or size, but continuing throughout 

life. Modeling signifies bone resorptive and formative processes which are associated 

primarily with growth. Remodeling occurs with an initial stimulus (activation), causing 

local mesenchymal cells to begin producing batches of new daughter cells, osteoblasts and 

osteoclasts. A batch of osteoclasts first appear and resorb approximately 0.05 mm of bone, 

then a batch of osteoblasts appear and form new bone, replacing what had been previously 

removed. This sequence takes- a period of time known as a remodeling period or sigma 

(a). A sigma in humans is four months and in rabbits and dogs is approximately two 

months (Frost 1969). Frost recommends a preconditioning p~riod for experimental 

animals of one sigma prior to bone remodeling experiments. This is because caging 

animals tends to alter their remodeling rates, and it takes one sigma for a typical steady

state to occur (Frost 1969). This information may be a good recommendation for 

subsequent-studies utilizing the CSD model. A two month sigma in rats may explain some 

of the unusual tetracycline banding patterns seen in some of the twelve week specimens. 
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Why was there a delay in the bone fill in the TGF -P 1 groups? Looking at the 

histologic specimens at low power the specimens without beads appear fragmented and 

collapsed. This is probably due to the space maintaining effects of the beads. The 

equivocal results ofDVSb with or without TGF-P1 seems to indicate that perhaps the 

growth factor is not contributing much to the repair of the defect at the time periods 

measured. Perhaps larger doses or time-release doses would have an improved effect. It 

may be speculated that the beads or th~ Gelfilm membrane may bind or inhibit the effect of 

the growth factor. This is fertile ground for future studies, where optimal doses and 

delivery methods could be determined. 

In a study that looked at doses of TGF -P 1, McKinney and Hollinger indicate that 

in the rabbit model, demineralized bone powder and 40 f..lg of TGF -P 1 promoted more 

bone formation at 4 weeks than lower doses (0, 0.4,and 4.0 f..lg) of TGF -P 1, but at 8 

weeks the results were equivalent. · This quantity ( 40 f..lg), is cost prohibitive and any dose 

may have unwanted mitogenic effects. 

Studi~s involving various combinations of BRMs to include resorbabJe and 

nonresorbable membranes, alloplasts, allografts; and auto grafts are also being 

investigated. . A family of protein initiators that may provide an excellent avenue of 

research is the bone morphogenetic proteins (BMPs ); These members of the TGF -P 

superfamily have shown excellent potential and may be useful in regeneration of defects 
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(Ripamonti and Reddi 1994). Other options may include mixing the beads with spun cells 

to obtain the effects of the patients growth factors or other cellular components such as 

cytokines or enzymes. 

Additional questions that arise from this study involve the optimal size (since 

nearly any size of bead may be manufactured), and the electrostatic charge on the beads. 

All.oplasts such as hydroxyapatite and tricalcium phosphate are manufactured in the size 

range of300-500 micrometers for use in periodontal defects (Zaner and Yukna 1983). In 

a study comparing particle size of DFDBA in diffusion chambers in monkeys Shapoff and 

co-workers concluded that small particles ofFpBA (100-300 Jlm) enhanced osteogenesis 

compared to large (1 000-2000 Jlm) particles (Shapoff, Bowers et al. 1980). The size of 

DVSb used in this study was 500 Jlm which is a typical size for alloplasts. 

The electrostatic 'charge of the DVSb is neutral, but it may pick up a charge in 

shipping or in the packing materials. The manufacturer (Hayes Separations, Inc. Banderas 

Texas, USA) indicates that if a negative charge is desired this could be added. Results of 

studies ll:Sing negatively charged Sephadex beads indicate that this may be useful in 

stimulating bone growth in cranial defects in rabbits (Lyle, Simmons et al. 1996). 
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General trends:. 

Bone fill at 6 weeks demonstrated no significant difference among the .test groups. 

At 12 weeks, the test groups all had statistically greater bone fill (p_:s0.05) than the 

controls. At 12 weeks the percent fill ~ong the groups was statistically greater for the 

DVSb groups than for the control (p<0.05) but not significantly greater than the other 

groups. 

Mean grey values were consistently greater at six and twelve weeks than at three weeks 

and this was statistically significant for all but the TGF -P 1 group. 

New bone formation was assessed by fluorescent microscopy. Yell ow tetracycline 

bands were evident in all specimens evaluated, and was often seen next to alloplast beads 

in the appropriate groups. In addition this evidence of mineralization correlated well with 

histological evidence of bone formation next to the alloplast beads. The calculated bone 

formation rate was consistent within a range of three to seven micrometers per day for all 

of the groups. There is no clear evidence that the BFR was greater for any of the 

treatment groups, although, this did appear to be true for the six week groups. 

Alloplast beads were evident in all of the histological sections for the appropriate 

treatment groups. In the thin. paraffin sections many of the beads appeared to be 

fractured. In the thicker plastic embedded sections the smooth round surface of the beads 

was demonstrated.· With H&E, Masson's trichrome and with one-step stain for thick 



sections, new bone could be seen in many of the defects. Bone material could be seen 

closely adjacent to the beads in many of the sections. No evidence of inflammation, or 

giant cell formation could be seen in any of the specimens. 

85 

From the gross evaluation, histomorphometry, densitometry and fluorescent 

microscopy, the general trend was more bone formation and greater mineralization in the · 

specimens with beads. In many of the specimens with membranes alone, the Gelfilm 

membranes appeared collapsed, and sometimes new bone formation was seen above or 

below the membrane. · 



V. SUMMARY 

The purpose of this research was to c.ompare new bone fopnation in critical size 

defect(CSD) test groups employing 3 bone restorative materials (BRMs) and a control. 

Methods of analysis include using digital radio-morphometric analysis of bone density, 

vital staining microscopy with tetracycline as a marker, histomorphometry and scanning 

electron microscopy. One hundred twenty adult male rats were divided into 4 groups to 

test a new bone repair material, DVSb, using an 8 mm CSD model. In all animals the 

, CSD was enclosed within two Gelfilm membranes to isolate the graft from the dura and 

periosteum. The four treatment groups were measured at three time periods. Group 1, 

no material was placed in the defect, (negative control). Group 2, the defect was filled 

with DVSb alloplast graft material placed between the two membranes. Group 3, the 
/ 

defect was filled with DVSb containing rhTGF-~1 (1J.tg) placed between the membranes, 

and Group 4, the defect with rhTGF-~1 (1J.tg) placed between the membranes. At least 

ten animals from each of the groups were sacrificed at three, six and twelve weeks post 

surgery. Each s-ample (approximately one-half the calvaria) was decalcified and evaluated 

histologically to determine the amount of bone fill across the coronal plane. 

A block section of calvaria including the defect was radiographed with a soft x-ray. 
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Processed films were digitized with a Polaroid slide scanner creating a digital image with a 

256 level gray scale and 8 micron pixels. .A standardized 9mm circular region of interest. 

(ROI) was placed on each digital image, the mean gray level (GL) density and the percent 

bone fill within the ROI was determined. 

For analysis by fluorescent microscopy, two randomly selected calvaria specimen 

from each animal group was embedded in methyl-methacrylate. The specimens were 

sectioned for viewing under fluorescent microscopy and evaluated for the presence of the 

vital stain, tetracycline injected at the time of surgery and every 14 days. Unstained 

specimens were measured to determine the bone formation rate. 

Photographs were taken of the surgical procedures and the analysis procedures to 

include histologic, radiographic and vital stained sections. Statistical analysis was 

performed on radiographic percent fill, radiographic mean density, and bone formation 

rate. One-way analysis ofvariance (ANOVA) was applied followed by the Student

Newman-Keuls Method to compare results· obtained from the data. 

From the obtained results, the following conclusions can be drawn: 

i. The DVSb appears to have improved.wound healing, probably by inhibiting collapse 

of the membrane and acting as a nidus for qsteoconduction. ·This __ was in evidence 

radiographically and histologically. 



88 

2. Percent fill as determined radiographically is generally greater for the treatment 

groups utilizing DVSb with or without TGF -P-1 at six and twelve weeks. Bone fill at 6 

weeks demonstrated no significant difference between the test groups, but was greater 

than any of the three week groups. At 12 weeks the percent fill among the groups was 

statistically greater for the DVSb groups than .for the control (p<0.05) but not significantly 
, , -

greater than the other groups. 

3. Bone density as· measured by mean .grey values was consistently greater at six and 

- ·-
twelve weeks than at three weeks which was .statistically significant for a11 but the TGF -P 1 

group. 

4. The calculated bone formation rate was consistent withiJ?. a rap.ge of three to seven 

micrometers per day for all of the groups. 

5. Histological evidence of new bone formation is evident in all of the treatment groups, 

and appears in greater quantity in the treatment groups utilizing DVSb. Vital cellular bone 

appears in close proximity to the DVSb and there is no evidence of inflaminatory 

polymorphonuclear leukocyte, macrophage, or multinucleated giant cell infiltration. There 

may be a number of clinical uses for these bone restorative materials, which will require 

further investigation. 



VI. REFERENCES OF LITERATURE CITED 

Allen K. Analytical methodology in quantitative digital subtraction radiography: analyses of the 

aluminum reference wedge. J Periodonto/1996; 67(12):1317-1321. 

Amar S, Chung K. Clinical implications of cellular biologic advances in periodontal regeneration. 

Curr Opin Periodonto/1994; 128:128-140. 

Arnaud E, Morieux C, Sybier M, deVemejoul M. Potentiation of transforming growth factor (TGF- ~1) 

by natural coral_ and fibrin in a rabbit cranioplasty model CalcifTissue Int 1994; 54: 493-498. 

Bays R. Current concepts in bone grafting. StLouis, C.V. Mosby (1983); 409. 

Beck L . Rapid publication. TGF -~-1 induced bone closure of skull defects. J of Bone & Min Res 1991; 

6(11):1257-1265. 

Beck L, Amento E, Xu Y, Deguzman L, Lee W, Nguyen T, Gillett N. TGF-~-1 induces bone closure of 

skull defects: Temporal dynamics ufbone formation in defects exposed to rhTGF-~-1. J Bone Min Res 

1993; 8(6):753-761. 

Bennett N, Schultz G. Growth factors and wound healing Part II. Role in normal and chronic wound 

healing. Am J Surg 1993; 166: 7 4-81. 

Bennett N, Schultz G. Growth factors and wound healing: biochemical properties of growth factors and 

their receptors. Am J Surg 1993; 165: 728-737. 

89 



90 

Blanquaert F, Saffar F, Colombier M, Carpentier G, Barritault D, Caruelle J. Heparin-like molecules 

induce the repair of skull defects. Bone 1995; 17(6):499-506. 

Blazsek I. Innate chaos: I. The origin and genesis of complex morphologies and homeotic regulation. 

Biomed Pharmacother 1992; 45: 219-235. 

Bourque A, Krull I. Stabilization of reactive species within polystyrene divinyl benzene polymer networks. 

Anal Chem 1993; 65:2983-2989. 

Brunsvold M, Mellonig J. Bone grafts and periodontal regeneration. Periodonto/2000 1993; 1: 80-91. 

Busch 0, Solheim E, Bang G, Tomes K. Guided tissue regeneration ad local delivery of insulin like 

growth factqr I by bioerodible polyorthoester membranes in rat calvarial defects. Int J Oral Maxillofac 

Implants 1996; 11: 498-505. 

Chai Y, Slavkin H. Biology of bone induction and its clinical applications. Oral Maxillofac Surg clin 

NorthAm 1994; 4: 739-751. 

Ciancio S. Medications as risk factors for periodontal disease. J Periodonto/1996; 67: 1055-1059. 

Cohen K, Diegelmann R, Lindblad W. Wound healing. biochemical & clinical aspects (1992); 362-383. 

Dahlin C, Alberius P, Anders L. Osteopromotion for cranioplasty. J Neurosurg 1991; 74: 487-491. 

Demers P, Fraser D, Goldbloom R. Effects of tetracycline on skeletal growth and dentition. 

Can Med Assoc J 1968; 99: 849-854. 

. . ' 

Doll B, Towle H, Hollinger J; Reddi A, Mellonig.J. The osteogenic potential·oftwo composite graft 

systems using osteogenin. J Periodonto/1990; 61: 745-750. 

Dove S. Digital iinaging in dentistry. Newsletter of the Am A cad Oral Maxillofac Radio/ Ne~s~etter 

1992; 19: 3-10. 



Drury G, Yukna R. Histologic evaluation of combining tetracycline and allogeneic freeze-dried bone on 

bone regeneration in experimental defects in Baboons. J Periodontoll991; 62: 652-658. 

Fowler E. The evaluation of the effects ofpluronic polyols on the regeneration of bone in rat calvaria. 

Masters thesis, Oral Biology; Medical College of Georgia (1995). 

91 

Frame J. A convenient animal model for testing bone substitute materials. J Oral Surg 1980; 3 8: 176-182. 

Frost H. Tetracycline-based histological analysis ofbone remodeling. Calc Tiss Res 1969; 3: 211-237. 

Furusawa T, Mizunuma K. Osteoconductive properties and efficacy ofresorbable bioactive glass as a 

bone-grafting material. Implant Dent 1997; 6: 93-101. 

Garrett S. Periodontal Regeneration. J Periodontol1993; AAP position paper. 

Hammerle C, Schmid J, Lang N, Olah A. Temporal dynamics of healing in rabbit cranial defects using 

guided bone regeneration. J Oral Maxillofac Surg 1995; 53: 167-174. 

Hancock E. Proceedings of the World Workshop in Clinical Periodontics, Princeton, New Jersey, 

American Academy of Periodontology (1989); X-40. 

Hardesty R, Marsh J. Embryologic aspects ofbone grafts, WB Saunders Co (1992); 60-69. 

Hardwick R, Hayes B, Flynn C. Devices for dentoalveolar regeneration, an up-to-date literature review. 

J Periodontol1995; 66: 495-505. 

Hildebolt C, Batlett T, Brunsden B, Rente N, Gravier M, Walkup R, Shrout M, Vannier M. 

Bitewing-based alveolar bone densitometry: digital imaging resolution requirements. 

Dentomaxillofac Radiol1994; 23: 129-134. 

Hildebolt C, Vannier M, Pilgram T, Shrout M. Quantitative evaluation of digital dental radiograph 

imaging systems. Oral Surg Oral Med Oral Patholl990; 70: 661-668. 



Robar P, Schreiber J, McCarthy J, Thomas P. The role of the dura in cranial bone regeneration in the 

immature animal. Plast ~?-econstr Surg 1993~ 92: 405-410. 

Hollinger J, Kleinschmidt J. The critical size defect as an experimental m.odel to test bone repair 

materials. 

J Craniofac Surg 1990; 1(1): 60-68. 

Hollinger J, Mark D, Goco P, Quigley N, Desverreaux R, Bach D. A comparison of four particulate 

bone derivatives. Clin Orthop 1991; 267: 255-263. 

Ingman T, Sorsa T, Suomalainen K, Halinen S, Lindy 0, Lauhio A, Saari H, Konttinen Y,Golub L. 

Tetracycline inhibition and the cellular source of collagenase in ·gingival crevicular fluid in different 

periodontal diseases. A review article. J Periodonto/1993; 64: 82-88. 

Jean A . Digital image ratio: a new radiographic method for quantifying changes in. alveolar bone. Part 1 

Theory and methodology. J Perodontal Res 1996; 31(3): 161-167. 

Jenkins W. The Bristol veterinary handbook, Veterinary Learning Systems Co Inc (1982); 190-193. 

Joyce M, Bolander M. Role oftransforming growth factor-B, WB Saunders Co (1992); 99-112. 

Kaitila I, Wartivarra J, Laitinen 0, Saxen L. The inhibitory effect of tetracycline on osteogenesis. 

J Embryo/ Exp Morpho/1910; 23: 185-211. 

Kawai T, Mieki A, Ohno Y, Umemura M, Kataoka H, Kurita S, Koie M, Jinde T, Hegaw J,Urist M. 

Osteoinductive activity of composites of bone morphogenetic protein and pure titanium. Clin 

Orthopeadics Related Res 1993; 290: 296-305. 

Kawanabe K, Yamamuro T, Nakamura T,Kotani S. Effects of injecting massive amount ofbioactive 

ceramics in mice. J ofBiomed Mat Res 1991; 25: 117-128. 

92 



Kleinschmidt J, Hollinger J. Animal models in bone research, WB Saunders C~ (1992); 133-146 .. 

Kleinschmidt J, Hollinger J, Quigley N, Marden L. A multiphase system implant for regenerating 

calvaria Plast Reconstr Surg 1993; 91: 581-588. 

Lian J, Stein G. The developmental stages of osteoblast growth and differentiation exhibit selective 

responses of genes to growth factors {TGFB1) and hormones (vitamin D and Glucocorticoids). J Oral 

Implanto/1993; XIX(2): 95-105. · 

Linde A, Thoren C, Dahlin C, Sandberg E. Creation of new bone by an osteopromotive membrane 

technique( An experimental stUdy in rats). J of Oral Maxillofac Surg 1993; 51: 892-897. 

Lundgren D, Nyman S, Mathisen T, Isaksson S, Klinge B. Guided bone regeneration of cranial defects, 

using biodegradable barriers: an experimental pilot study in the rabbit J ofCranio Max Fac Surg 1992; 

20: 257-260. 

93 

Lyle G, Simmons D, Phillips L, Robson M. Negatively charged.beads and transforming growth factor

~~ stimulate bone repair in rabbits. Wound Rep Reg 1996; 4: 368-73. 

Mabry T, Yukna R, Sepe W. Freeze-dried bone allografts combined with tetracycline in the treatment of 

juvenile periodontitis. J Periodontol1985; 56: 74-81. 

McKinney L, Hollinger J. A bone regeneration study: Transforming growth factor-~-1 and its delivery. 

J Craniofac Surg 1996; 7(1): 36-45. 

Mellonig J . Freeze-dried bone allograft in periodontal reconstructive surgery [Review]. Dent Clin North 

Am 1991; 35: 505-520. 

Mellonig J, Bowers G. Regenerating bone inclinical periodontics [Review]. JADA 1990; 121: 497-502. 

Milch R, Rall D, Tobie J. Bone localization of the tetracyclines. J Nat Ca Inst 1957; 19(1): 87-91. 



Milch R, Rall D,Tobie J. Fluorescence of tetracycline antibiotics in bone. J Bone Joint Surg 1958; 

40-A(4): 897-910. 

Moskow B, Tannenbaum P, Bloom A. Visualization of the human periodontium using serial thin section 

contact radiography. J Periodonto/1985; 56(4): 223-233. 

Mundy G. Local factors in bone remodeling. Rec Progress in Hormone Res 1989; 45: 507-531. 

94 

Nylen M, Omnell K, Lofgren C. An electron microscope study of the tetracycline-induced enamel defects 

in rat incisor enamel. Scand J Dent Res 1972; 80: 384-409. 

Oursler M. Osteoclast synthesis and secretion and activation of latent transforming growth factor-beta 

J Bone Min Res 1994; 94: 443-452. 

Pinholt E, Jo Kwon P. Triple bone labeling of canine mandibles. Oral Surg Oral Med Oral Patho/1990; 

70: 401-405. 

Richarson L, Zioncheck T, Amento E, Deguzman L, Lee W, Xu Y, Beck L. Characterization of 

radioiodinated recombinant human TGF-P binding to bone matrix within rabbit skull defects. 

J Bone Min Res 1993; 8 (11): 1407-1414. 

Ripamonti U. Calvarial reconstruction in baboons with porous hydroxyapatite. J Craniofac Surg 1992; 

3(3):159-159. 

Ripamonti U, Reddi A. Periodontal regeneration: potential role of bone morphogenetic proteins. 

J Periodontal Res 1994; 29: 225-235. 

r· 

Roberts A, Sporn M. Transforming growth factor type P : Rapid induction of fibrosis and angiogenesis 

in vivo and stimulation of collagen formation in vitro. Proc Nat/ Acad Sci 1986; 83: 4167-4171. 



95 

Sato K, Urist M. Induced regeneration of calvaria by bone morphogenetic protein (BMP) in dogs. 

Clin Orthoped Rei Res 1985; 197: 301-311. 

Saxen L, Kaitila I. The effect and mode of action of tetracycline on bone development in vitro. 

Adv Exp Med Bio/1912; 27: 205-218. 

Schmitz J, Hollinger J. The critical size defect as an experimental model.for craniomandibulofacial 

nununions. Clin Orthop 1986; 205: 299-308. 

Schmitz J, Schwartz Z, Hollinger J, Boyan B. Characterization of Rat Calvarial Nonunion Defects. 

Acta Anat 1990; 138: 185-192. 

Seitz T, Noonan K, Hench L, Noonan N. Effect offibronectin on the adhesion of an established cell line 

to a surface reactive material. J Biomed Mater Res 1982; 16: 195-207. 

ShapoffG, Bowers G, Levy B, Mellonig J, Yukna R. The effect of particle size on the osteogenic activity 

of composite grafts of allogeneic freeze-dried bone and autogenous marrow. J Periodonto/1980; 

51(11):625-630. 

Shrout M, Hilde bolt C, V annier M. Effects of Region of Interest (ROI) Size on Gray Scale Frequency 

Distributions for Alveolar Bone. Oral Surg Oral Med Oral Path 1993; 75(5): 638-644 . 

. Shull M, Ormbbsby I, Kier A. Targeted disruption of mouse T{JFP 1 gene results in multifocal , 

inflammatory disease. Nature 1992; 359: 693. 

Singh G, 0' Neal R, Brennan W, Strorig S, Homer i, VanDyke T. Surgical treatment of induced peri-

implantitis ih the micro pig: Clinical and histological analysis. J Perioddnto/1993; 64: 984-989. 

Snyders R, Eppley B, Krukowski M, Delfmo J. Enhancement of repair in experimental calvarial borie 

defects using calcium sulfate and dextran beads. J Oral Maxillofac Surg 1993; 51: 517-524 .. 



Steenfos H. Growth factors and wound healing. Scand J Plast Reconstr Hand Surg 1994; 28": 95-105. 

Swailam S. Calvarial versus iliac crest bone autograft (experimental study). MS Thesis, Oral Surgery, 

Cairo University Faculty of Dental Medicine. (1993);. 42-72. 

Takagi K, Urist M. The reaction of the dura to bone morphogenetic protein (BMP) in repair of skull 

defects. Ann Surg 1982; 196: 100-112. 

Tam C, Anderson W. Tetracycline labeling ofbone in vivo. CalcifTissue Int 1980; 30: 121-125. 

Tam C, Harrison J, Reed R, Cruickshank B. Bone apposition rate as an index of bone metabolism. 

Metabolism 1978; 27(2): 143-150. 

Verdonschot E. Applicability of an image analysis system in alveolar bone loss measurement.· 

J Clin Periodontol1991; 18(1): 30-36. 

96 

Welinder B, Linde A. Use of polymeric reversed-phase columns for the characterization of polypeptides 

extracted from human pancreata.l. Effect ofthe mobile phase. Journal Chromatog 1991; 542(1): 65-81. 

Yang C, Slavkin H. Biology ofbone induction and its clinical applications. Oral Maxillofac Surg Clin 

NorthAm 1994; 7:739-753. 

Yukna R. Svnthetic grafts and regeneration. Chicago, Quintessence Publishing Company Inc. 

(1991); 103-112. 

Zaner D, Yukna R. Particle size of periodontal bone grafting materials. J Periodontol1983; 55(7):406-

409. 




