
THE EFFECTS OF A BIPHASIC 

HYDROXYAPATiTE/TRICALCIUM PHOSPHATE ALLOPLAST 

ON OSSEOUS REP AIR IN THE RAT (Rattus norvegicus) 

CALVARIUM 

By 

Kurt B. Fleckenstein, D.D.S 
MAJ, U.S. Army Dental Corps 

Submitted to the Faculty of the School of Graduate Studies of the Medical 

College of Georgia in partial fulfillment of the Requirements of the Degree 

of Master of Science in Oral Biology 

April 

2003 



THE EFFECTS OF A BIPHASIC 

HYDROXYAP ATITE/TRICALCIUM PHOSPHATE ALLOPLAST 

ON OSSEOUS REP AIR IN THE RAT (Rattus norvegicus) 

CALVARIUM 

This thesis is submitted by Kurt B. Fleckenstein and has been examined and 

approved by an appointed committee of the School of Graduate Studies of the Medical 

College of Georgia. 

The signatures which appear below verify the fact that all required changes have 

been incorporated and that the thesis has received final approval with reference to 

content, form and accuracy of presentation. 

This thesis is therefore in partial fulfillment of the requirements for the degree of 

Master of Science in Oral Biology. 

Department Chairperson 



ACKNOWLEDGEMENTS 

I would like to take this opportunity to thank individuals who were instrumental 

in helping me through this project. First of all, I would like to thank my family. To my 

wife Susan, and my sons Adam and Ethan, thank you for the patience and understanding 

during these last three years. There were times when I thought you might have forgotten 

my name. I love you. 

To my advisory committee, Drs. Billman, Buxton, Singh, Cuenin, and Swiec, 

thank you for all of your support, mentoring, and guidance as I worked through this 

project. Your individual expertise and input played· a large role in the development of 

this study. I would also like to thank Drs. Cuenin and Swiec for their outstanding clinical 

mentorship, helping me to develop a sound foundation in the field of Periodontics. 

. ;,, , ' 

To the staff of Clinical In:vestigation~, particularly Mr. Cauley, Mr. Runner, and 

Ms. Brewer, for your tireless effort and support during the surgical and data collection 

phases of my study. 

To my other Periodontic mentors, Drs. Hokett and Peacock, thanks for 

challenging me, both clini¢ally and didactically. Your insights have truly helped me in 

my transition from general dentist to periodontist. l only hope that one day I can reach 

your level of ~urgical expertise. 

1 



To the staff of the Histology section of the Department of Pathology, Dwight D. 

Eisenhower Army Medical Center, and Dr. Hellstein, thanks for your expertise in the 

preparation of my histological samples. 

To Scott Matzenbacher and Bryan Kalish, thanks for guiding me through the 

multiple steps in the densitometry and histomorphometry. Bryan, thanks for being my 

surgical assistant and keeping humor in the OR .... NSM! 

To Dr. Jennifer Waller, thank you for the statistical guidance you provided me 

throughout the course of this study. 

To my assistant, Ms. !della McCray, thank you for all of your patience in 

scheduling (and rescheduling) appointments. around my ever-changing schedule. You 

made my transition into surgical Periodontics smooth and easy. I will be lost without 

you. 

ii 



TABLE OF CONTENTS 

Page 

ACKN"OWLEDGEMENTS ................................................................................. i 

LIST OF FIGURES ............................................................................................ iv 

IN"TRODUCTION ............................................................................................... 1 

A. Statement of the Problem ................................................................... l 

B. Review ofRelated Literature ............................................................. 4 

C. Aims of the Study .............................................................................. 9 

MATERIALS AND METHODS ........................................................................ lO 

RESULTS ........................................................................................................... 22 

DISCUSSION ..................................................................................................... 26 

SUMMARY ........................................................................................................ 34 

REFERENCES OF LITERATURE CITED ....................................................... 35 

iii 



LIST OF FIGURES 

Figure Page 

1 Rat being prepped for surgery .................................................................. 13 
2 Initial incision ............................ ~ ............................................................. 13 
3 Periosteum reflected. exposing sagittal suture of skull ............................ 14 
4 Eight (8) mm trephine bur used to create critical-sized defect ................ 14 
5 Critical-Sized Defect (CSD) .................................................................... 14 
6 Critical-sized defect with ectodural membrane inplace .......................... 16 
7 Representative photos of the four graft materials placed in the CSD ...... 17 
8 Second membrane placed ectocranially ................................................... 18 
9 Beginning closure ofperiosteum_ ............................................................. 18 
10 Closure complete ................ · ............................................... : ..................... 18 
11 Representative histologic samples of experimental groups .................... 22 
12 Numerical data obtained from histomorphometric analysis .................... 24 
13 Numerical data obtained from densitometric analysis ............................. 25 
14 Scanning electron microscope images ofmacroporous disc_and 

microporous disc surfaces (x200) ........ :~ ...................................... : ............ 29 
15 Histological section showing intimate contact between Skelite TM 

and new host b·one .................................................................................... 29 
16 Skelite™ particles surrounded by fibrous connective tissue ................... 30 
17 New bone growth occurring on dura side of bottom membrane ............ .30 
18 Pores within macroporous scaffold evident radiographically ............... 1 .. .32 
19 Control sample showing membrane collapse-in center of defect ............ 32 

lV 



INTRODUCTION 

A. Statement of the Problem 

Periodontitis can be defined as inflammation of the gingival tissues together with a 

measurable loss of the attachment of the periodontal ligament and bony support (Genco, 

1990). Chronic (formerly referred to as Adult) periodontitis exists in approximately 30% of 

the United States population, occurring on an average of three to four teeth per affected 

individual (Oliver, 1998). The ultimate periodontal treatment goal is regeneration of the 

supporting structures, including alveolar bone, previously lost as a result of the disease. 

Tissue macrophages, activated by bacteria within the periodontal pocket, produce 

arachidonic acid metabolites known as prostaglandins (PGs). These compounds are mediators 

of pathologic bone resorption, especially in the case ofPGE2 (Page, 1993). The first step in 

treating areas of resorption, which ultimately lead to an alveolar bony defect, is termination of 

disease activity by elimination of pathogenic microflora from the defect (Garrett, 1996). 

However, the bony defect is still present and will continue to be a focal point for bacterial 

growth until it is eliminated or regenerated, along with the connective tissue and epithelial 

attachment. 

Bone growth is an essential element in periodontal regeneration. Following 

placement of a bone graft material, bone growth occurs by three recognized processes: 

osteogenesis, osteoinduction, and osteoconduction. Osteogenesis occurs by viable bone 

forming cells being transplanted with the graft. The graft itself is the source of new bone 
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forming cells. Osteoinduction occurs if the graft actively stimulates or induces new host 

bone formation. This process involves growth factor proteins inducing osteogenic progenitor 

cells.to migrate to the site of bone formation and produce new osteoblasts to form new bone. 

If the graft simply acts as a template for development of new bone, the resulting bone 

production is referred to as osteoconduction (Caruso, 1999). 

A variety of bone grafting materials are available today, each falling into one of four 

general categories: autograft (autogenous bone), allograft, xenograft, and alloplast. An 

autograft, by definition, is tissue transferred from one position to another within the same 

individual (Brunsvold, 1993). For example, a three-wall periodontal defect in a patient may 

be filled with bone from that person's external oblique ridge or maxillary tuberosity. An 

allograft, by definition, is a graft between genetically dissimilar members of the same 

species. An osseous allograft is bone transferred from another human. An example would 

be demineralized free~e-dried bone (DFDBA), which is thought to be osteoinductive, by the 

release of bone morphogenic proteins following the demineralization process (Urist, 1965). 

A xenograft, by definition, is a heterograft, a graft. taken from a donor of another species. 

Osseous xenografts are materials derived from animal sources, such as Bio-Oss ™ 

(Osteohealth Co., Shirley NY), a product composed of bovine bone. An alloplast, by 

definition, is a synthetic gr~ft or inert foreign body implanted into tissue. Osseous alloplasts 

serve as a scaffold for bone formation (Becker and Becker, 1993). An example is Skelite™ 

(Millenium Biologix Inc., Kingston, Ontario, Canada), a biphasic hydroxyapatite/tricalcium 

phosphate {Ca3(P04)2}, which is advertised as a biocompatible, resorbable material. This 

particular.product can be produced in a macroporous or microporous scaffold, and a granular 

form. 
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As early as 1976, Melcher suggested that the cell type that repopulates the root 

surface following periodontal surgery will determine the type of attachment to the root 

surface. From this theory, the concept of guided tissue regeneration (GTR) evolved, 

promoting use of membranes that would allow a selective cell population of the root surface 

to regenerate the periodontium. Since the initial report of using a Millipore™ filter as a 

barrier in human subjects, the most commonly used membrane has been composed of 

expanded polytetrafluoroethylene (ePTFE) (Nyman, et al., 1982). The question of whether 

the combination of bone graft and ePTFE membrane in the treatment of an intraosseous 

defect is better than the use of a membrane alone is still unclear. Controlled clinical trials 

frequently failed to show any significant difference between the two (Garrett, 1996). 
·,, 

The critical-sized defect (CSD) model is frequently used as a method for evaluating 

bone healing (Hollinger and Kleinschmidt, 1990). A. CSD c~ be defined· as the smallest 

diameter intr~osseous wound that will not h,eal spontaneously, which in rat calvaria has been 

determined to be eight mm (Schmitz and Hollinger, 1986). Without intervention, the defect 

will fill with a fibrous ·connectivetissuerather than with bone (Frame, 1980). It is theorized 

that the limited regenerative capacity of a calvarial defect is due to poor blood supply and a 

relative deficiency in bone marrow (Prolo et al., 1982). The CSD in rat calvaria is well 

suited for placement of particulate materials and, due to its thin nature, readily 

accommodates high-resolution radiography in the evaluation of bony healing in response to 

graft materials (Schmitz and Hollinger, 1986). This study will investigate the influence of 

three different morphological configurations of a biphasic hydroxyapatite/tricalcium 

phosphate alloplast vehicle in eliciting bone repair in a critical-sized defect created in rat 

calvarium. 



B. Review of the Literature 

1. Bone Formation · 

Morphologically, bone can be divided into two types: cancellous and cortical. 
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Both contain identical cell types and intercellular or ground substance, but differ in the 

arrangement of components and ratio of marrow. Cortical bone consists of organized 

lamellae which may be circular, circumferential, or interstitial. The circular lamellae, which 

run parallel to the long axis of the bone, surround Haversian canals that serve as tunnels for 

small blood vessels, and encircle osteocytes in lacunae. The osteocytes are mature 

osteoblasts thatbecome entrapped in the mineralized bone matrix. The Haversian canals 

receive their blood supply. either from the periosteum or the bone marrow through 

Volkmann's canals, which are oriented perpendicular to the long axis of the bone. 

Circumferential lamellae (external or internal) run parallel to the periosteal or endosteal bone 

surfaces. The interstitial lamellae are remnants of old Haversian systems that have not 

undergone the remodeling process. 

Cancellous bone consists of trabeculae that are covered by an endosteum, composed 

of a thin layer of osteoprogenitor cells and occasionally, osteoclasts. The trabeculae vary in 

shape and size and consist of osteocytes in lacunae and irregulary arranged lamellae. There 

is no distinct Haversian system (Hallmon et al., 1996). 

Osteogenesis, or the development of bone, occurs for the most part by three 

processes: intramembranous, endochondral, and appositional ossification. Intramembranous 

ossification occurs by capillary ingrowth into embryonic connective tissue, followed by 

differentiation of mesenchymal cells into osteogenic cells that secrete collagen and minerals 
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to produce woven bone, which is later remodeled into lamellar bone. ·The facial skeleton and 

the majority of the mandible form by this process. Endochondral ossification, which occurs 

in long bone development and the condyle of the mandible, involves mesenchymal cells 

developing into chondroblasts that secrete a cartilage matrix. As this cartilage model 

increases in size, these cells become embedded in the central core and become chondrocytes. 

Ultimately, through compression, hypertrophy, and calcification, these cells die. Blood 

vessels and osteoprogenitor cells invade the calcified cartilage region, eventually giving rise 

to osteoblasts. The osteoblasts_ then proceed to deposit bone oti this calcified area (Collin-

Osbody, 1994). The formation of periosteal bone and bone remodeling depend on the 

process of appositional bone formation, in which-osteoblasts align on an existing bone 

surface and begin to synthesize osteoid and form lamellar bone (Buckwalter et al., 1995). 

2. Tricalcium Phosphate { Ca3(P04)2} 

Ceramic alloplasts composed o~ tricalcium phosphate (TCP) have been used 

extensively for bone grafting procedures. It is well documented that ceramics are 

biocompatible and have a chemical and physical resemblance to bone mineral, but it should 

be noted that TCP is not a natural component of bone mineral (Han and Carranza, 1984). 

Animal studies have shown that TCP is compatible with host tissues and elicits no adverse 

reactions (Bhaskar et al., 1971; Levin et al., 1974; Nery et al., 1975). Bone cells tolerate the 

presence of these materials, and it is believed that these materials enhance bone deposition 

(Langstaff, et al., 1999) .. 

However, there have been conflicting results ip. the literature concerning the 

' ~ 

osteoconductive potential of tricalcium phosphate~. TCP implanted into the pala~al 
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connective tissue of miniature pigs failed to show any histologic evidence of bone formation 

adjacent to the graft (Naaman Bou-Abboud et al., 1994). In a series of human case studies 

using TCP to treat periodontal defects, one group of investigators failed to show any 

histologic evidence of osteogenesis up to 18 months after placement (Stahl and Froum, 1986; 

Froum and Stahl, 1987). In contrast, a case study of four TCP treated periodontal defects in 

one patient showed bone and osteoid formation around the grafted particles at 12 months. It 

was concluded in this study that TCP might serve as a nidus for new bone formation in the 

intrabony periodontal defect (Bowers et al., 1986): Similarly, five biopsies were collected 

from four patients with intrabony defects treated with TCP during reentry surgery 16 to 40 

months after implantation. Histologically, less mature samples showed the graft material 

surrounded by a highly fibrous, hi~ly cellular, and poorly vascularized connective tissue, 

while more mature samples showed TCP granules embedded in an acellular fibrous material 
.. 

which underwent mineralization. The authors concluded that the TCP has osteogenic 

potential and is subject to degradation,. but oyer longer periods of time than examined in 

previous studies (S~ffar, ~t. al., 1990). 

3. Hydroxyapatite (HA) 

Commercial hydroxyapatite (HA) is another ceramic alloplast that has been used 

in the past for treatment of osseous periodontal defects. HA is non-resorbable and also has a 

close crystal and chemical resemblance to bone mineral, with a calcium/phosphate 

ratio of 1.7, the same as bone (Hallmon et al., 1996). ~uman histologic studies on the use of 

HA in the treatment of periodontal osseous defects have shown that the material becomes 

encapsulated by fibrous connective tissue, with no indications of osteoconduction (Froum et 
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al., 1982; Moskow and Lubarr, 1983). However, evidence ofbone formation within the 

pores of porous hydroxyapatite has been documented by several investigators (Kenney et al., 

1986; Stahl and Froum, 1987; Carranza et al., 1987). 

4. Demineralized Freeze-Dried Bone Allograft (DFDBA) 

Senn (1889) first presented the concept of "bone induction" using demineralized 

bone in an attempt to repair bony defects in patients with chronic osteomyelitis. He 

decalcified bone implants in hydrochloric acid for antiseptic purposes, and noted rapid 

substitution of demineralized tissue by ossification . The osteoinductive properties of 

DFDBA were clearly demonstrated by Urist" (1965), who noted that after treatment of bone 

with 0.65 Nhydrochloric acid and implantation into soft tissue, perivascular mesenchymal 

cells were induced to ultimately differentiate into bone. The osteoinductive phenomenon of 

DFDBA is a cascade of events similar to endochondral bone formation. Three days after 

subcutaneous implantation of demineralized, bone, mesenchymal cell proliferation occurs, 

followed by differentiation of chondroblasts by five days and ·cartilage formation by day 

seven. Vascular invasion and calcification of cartilage begin by. day nine, and bone 

formation starts at day 10 to 11 (Reddi et al., 1987). However, it has also b.een ar~ed that 

DFDBA has no osteoinductive activity, referring to the material as "dead bone" (Becker et 

al., 1995). The healing of rat calvarium utilizing demineralized bone has been successfully 

demonstrated (Glowacki, et al., 1981). 

5. Particle Size and Vascular Invasion 

Particle size is an important characteristic of any bone graft material, especially in 
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periodontal regenerative therapy. A smaller particle may be preferred in order to allow more 

. rapid resorption, greater SUrface area and increased oste~genesis "(Shapoff et al., 1980). 

However, particles too small will not leave sufficient space between particles to allow proper 

neoangiogenesis to occur within the graft, a necessary step in osteogenesis. A m_inimum pore 

size of 100 J..Lm is required to allow proper vascularization and bone fo:lmation. The optimal 

particle size for alloplastic materials has been determined to be· 300-500 J..Lm, a range that 

would provide adequate interparticular space for vascular invasion to occur (Zaner and 

Yukna, 1984). The importance of vascular invasion cannot be overlooked. The proximity of 

vascular endothelial cells to developing and mature osteoblasts and osteoclasts, along with 

endothelial cell production of known bone-regulating substances such as fibroblast growth 

factor (FGF) and interleukin-1 (IL-l) has been well established. FGF has been show to elicit 

bone nodule formation associated with osteoblast-like cells in bone marrow cultures. IL-l is 

a marked stimulator of osteoclastic bone-resorptive activity, along with inhibiting osteoblast

mediated bone formation. Therefore, vascular endothelial cells may contribute to both bone

formative and bone-resorptive processes (Collin-Osdoby, 1994). 

6. Skelite TM 

Skelite™ is a biphasic HA/silicon stabilized TCP alloplast. It has been reported. that 

this material not only serves as a substrate for bone mineralization by osteoblasts, but is also 

resorbed by osteoclasts. Scanning electron microscopy of thin films of this material exposed 

to osteoclastic culture in vitro showed areas of resorption that corresponded to the size and 

shape of the ruffled border produced by osteoclasts. When these films were exposed to 

osteoblast cultures, a collagen sheet was deposited on the surface of the film, followed by 



subsequent mineralization. Likewise, cylindrical implants placed in defects created in rat 

femurs showed in vivo histological evidence of the osteoconductive properties of this 

material (Langstaff et al., 2001). 

C. Aims of this Study 

The specific aims of this study include the following: 

1. To quantify bone growth by histomorphometric differences among three. · 

morphologically dissimilar configurations of a hydroxyapatite/tricalciurtl phosphate 

alloplast. 

2. To contrast defect fill by densitometric differences among these configurations. 
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3. To evaluate rate of bone growth by fluorescent microscopic differences among these 

configurations. 

4. To compare these three alloplast configurations to DFDBA, a product known to 

positively increase new bone growth. 

D. Research Hypothesis 

This study was designed to test the hypothesis that a HA/TCP particle with a 

macroporous structure would elicit more new bone formation than a microporous or 

nonporous particle. 



MATERIALS AND METHODS 

This study was conducted· under an approved protocol and animal care was delivered 

in accordance with guidelines established by the Institutional Animal Care and Use 

Committee, Dwight David Eisenhower Army Medical Center (DDEAMC) at Fort Gordon, 

Georgia (protocol number DDEAMC 01-18) and the Medical College of Georgia in 

Augusta, Georgia. 

B. Animal Population 

Fifty-five adult male, Harland Sprague-Dawley rats (Rattus norvegicus), 

approximately 92-105 days old, weighing between 325 and 375 grams were divided 

randomly into five groups of 11 rats each. The animals were housed on a 12-hour light and 

dark cycle. Food (Roqent Blocks, Harlan T.eklad, Indianapolis, IN) and water were provided 

ad libitum. Bedding was changed at least twice weekly. Each: rat was randomly assigned to 

an experimental or control group based on a blind drawing. The experimental groups were as 

follows:· 

1. Skelite™ 7.0 x 1.0 min macroporous disc 

2. SkeliteTM 7.0 x 1.0 min microporous disc 

3. Skelite™ granules (300-500 J.Lm} · 

4. Positive control-DFDBA (250-71 0 J.Lm) 

5. Negative control-unfilled defect 

10 
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A standard amount of each experimental graft material was used to fill the CSD 

(approximately 30 mg ofDFDBA, 98 mg of Skelite™ granules). For ease of handling, the 

tricalcium phosphate and DFDBA were hydrated with saline prior to use. 

C. Surgical Procedure 

Following a 7-day quarantine, the animals were anesthetized intraperitoneally with a 

combination ofKetamine KCL, 100 mg/ml (65mglkg) and 1.75 ml ofXylazine HCL 20 

mg/ml (7mg/kg) and sustained with 0.25 to 0.50% isofluorane with 1liter/minute oxygen as 

needed for appropriate anesthesia. The anesthetized rat had sterile eye lubricant ointment 

placed in each eye to protect it during shaving and the surgical procedure. The rats were 

shaved and prepared for surgery in 8n aseptic animal operatory (Figure 1 ), and all surgeries 

were performed with aseptic techniques. 

The animals were placed in a rodent stereotactic device (Stoelting Company, Wood 

Dale, IL ), draped, and anesthesia maintained with isofluorane, using a scavenging system. 

An anesthesia nose cone was fitted to the stereotactic device and attached to the rat. Volatile 

anesthesia was administered and adjusted to maintain an appropriate anesthetic plane. A 3 

em midline incision was made through the skin along the sagittal suture of the skull (Figure 

2). The soft tissue and periosteum were elevated and reflected (Figure 3). Under constant 

saline irrigation, an 8 mm craniotomy was created:{Schmitz ~nd Hollinger, 1986) with a 

dental handpiece at slow speed using a sterilized 8 mm diamond grit trephine bur 

(Continental Diamond Tool Corporation, New Haven, IN) and copious saline irrigation 
. . . 

(Figure 4,5). Care was taken to leave the dura intact. The edges 

of the bony defect were smoothed as needed using a #2 round bur ~ith saline irrigation. 
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Figure 1. Rat being prepped for surgery. 

Figure 2. Initial incision. 
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Figure 3. Periosteum reflected, exposing sagittal suture of skull. 

Figure 4. Eight (8) mm trephine bur used to create critical-sized defect. 

Figure 5. Critical-Sized Defect (CSD). 
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A sterile, precut 9 mm Fluoropore ™ PTFE membrane (Millipore Corporation, Bedford, 

MA), with a pore size of0.5 J..Lm, was placed into the CSD to prevent contact between the 

dura and the graft materials (Figure 6). This membrane was slightly larger than the defect to 

isolate the material and ensure all bony margins are protected. Defects were filled with the 

appropriate material (Figure 7), and a second sterile, precut 9 mm Fluoropore ™ PTFE 

membrane was placed over the defect (Figure 8). 

Periosteum was sutured over the membrane ~ith t~ee to four 4-0 Vicryl™ sutures 

and the overlying epidermis was closed with interrupted and horizontal mattress 4-0 Vicryl™ 

sutures (Figure 9). Following the surgical procedures, the attending veterinarian or 

veterinary staff observed the rats for pain or distress. Buprenorphine (0.5mg/kg) was 

administered subcutaneously (SC) to each rat immediately following the surgery and for 

three days after by the Laboratory Animal Support Staff (LASS). The LASS continued to 

monitor the animals and administer additional analgesics as needed. Three animals out of 

each group were injected with tetracycline hydrochloride (20 mg/kg SC) at the time of 

surgery, and every two weeks after to produce labeling of new bone formation. 

One animal was lost as a result of trauma, not related to the surgical procedure. The 

remaining rats were sacrificed by carbon dioxide asphyxiation at 10 weeks post-surgery. The 

portion of the cranium containing the defect was removed and cleaned of soft tissue. The 

calavarium were then separated into two groups. Fourteen (three from each group minus the 

one animal lost) were fixed in 70% ethanol (Fischer Chemicals, Fair Lawn, NJ) and the 

remaining 40 (eight from each group) were fixed in 30% formalin solution (Fischer 

Chemicals~ Fair Lawn, NJ) until ready for evaluation. 
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Figure 6. CSD with ectodural membrane in place. 
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DFDBA Skelite TM Granules 

Microporous Disc Macroporous Disc 

Figure 7. Representative photos of the four graft materials placed in the CSD. 
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Figure 8. Second membrane placed ectocranially. 

Figure 9. Beginning closure of periosteum. 

Figure 10. Closure complete. 
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D. Radiographic Densitometry 

The calvaria were radiographed with a soft x-ray analysis technique using a Faxitron 

Series 43807N X-Ray Syst_~m (Faxitron X-Ray Corp., Wheeling, IL) to provide details of the 

mineralized tissue sections.. The external surface of the calvaria was placed in direct contact 

with the radiographic film (Kodak Diagnostic Film, Ektascan B, Eastmen Kodak Co., 

Rochester, New York) and with the emulsion side down. Radiographs were taken of all 

calvarium for 12 seconds using 35 kVp and 2 rnA to insure uniformity. Films were 

processed in a Kodak RP X-omat Processor. The exposed films were digitized by a 
. . 

computer scanner (Nikon Electronic'Jmaging~ Nikon Inc., Melville; NY) and analyzed using 

Scion Image® Image Analysis for Windows program Beta 4.0.2 software package (Scion 

Corp., Frederick, Maryland). The images were converted to 256 gray levels (GL). The 

percent fill within the region of interest (ROI) .was calculated by using the threshold function 

to measure defect fill. The thresho~d was set at 128 GL. Using the Scion Image® 

application, an 8-mm ROI was created around the 8-mm CSD. Using the 128 GL tPt"eshold, 

the radiopaque tissue was marked as defect fill and the area measured (AF). The total area of 

the ROI was n(4i =AT. Once identified, the area of the radiopaque tissue was calculated 

using the formula AT/ AF * 100 =%fill (Matzenbacher, 2002). 

E. Histomorphometry 

This analysis was performed to quantify bone fill present in the defects. The 40 

calvarium specimens fixed in formalin were sectioned sagitally to yield two samples· of 

approximately equal size per specimen. The samples were placed in a 1: 1 solution of 

Sodium Citrate and Formic Acid (50.0 g Sodium Citrate+ 250 ml distilled water: 125 ml 
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Formic Acid+ 125 ml distilled water) for 72-84 hours. The demineralized samples were 

then placed in cassettes, embedded in paraffin wax, sectioned at 3 J.Lm in thickness on a 2030 

Biocut Microtome (Lecia, Reichert-Jung, Nussloch, Germany), and stained with hematoxylin 

and eosin (H & E). Histologic slides were scanned using the Simple PCI (Compix Inc., 

Imaging Systems, Cranberry Township, P A) to create a montage of each specimen using a 

Photometries Coolsnap Fx Camera (Roper Scientific Inc., Tucson, AZ) attached to a Nikon 

Diaphot 300 inverted microscope (Southern Micro Instruments, Atlanta, GA) at four power. 

ROis were outlined and calculated in square millimeters. Data obtained included: the area of 

new bone formation (AN) between the membranes and the total area of the defect (AD) if the 

membranes maintained the shape of the calvaria. The percentage of new bone formation was 

calculated as AN I AD* 100. (Matzenbacher, 2002) (Figure 11). 

F. Fluorescent Microscopy 

As previously stated, three rats from each experimental group were injected with 

tetracycline hydrochloride (20 mg/kg SC) at the time of surgery and at every two weeks to 

allow labeling of new bone formation. The unstained sections were examined and 

photographed under incident ultraviolet light with appropriate filters for the yellow-green 

fluorescence of tetracycline. Evaluation of the tetracycline fluorescent markers was done to 

determine appositional bone growth. 

G. Scanning Electron. Microscopy (SEM) 

SEM images of all experimental materials were obtained using a JSM-6400 V 

scanning microscope (JEOL USA, Inc., Peabody, MA). These images were used to verify 
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particle and pore sizes of these materials. 

H. Statistical Analysis of the Data 

The histomorphometric and radiographic densitometric analysis distribution of data 

was determined using the Kruskal-Wallis One-Way Analysis ofVariance (ANOVA) on 

Ranks for normality of the median. If a significant difference between groups was observed, 

Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method for the 

histomorphometric data and Dunn's Method for densitometric data) test was used to compare 

all pairs of treatments. Statistical significance was defined as p<0.05. 



Control 

\.. 

DFDBA 

Macroporous Disc 

Microporous Disc 

Skelite ™ Granules 

Figure 11. Representative histologic samples of experimental groups stained with 
hematoxylin and eosin and used for histomorphometric analysis. 
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RESULTS 

This study on the effects of a hydroxyapatite/tricalcium phosphate alloplast with 

critical-sized defect (CSD) used an in vivo animal model. A defect incapable of spontaneous 

bony healing was created in the rat calvaria. Healing of this defect was evaluated by three 

different methods: 1 ). histomorphometric analysis utilizing demineralized sections stained 

with H&E stain to determine the amount of new bone formation, 2). densitometric analysis to 

determine differences in radiographic appearance, and 3). fluorescent microscopy, to show 

appositional bone growth. A total of 55 rats were randomly and evenly divided amongst five 

experimental groups. The groups were: 

1. Skelite™ macroporous disc 

2. Skelite ™ microporous disc 

3. Skelite™ granules 

4. Positive control-DFDBA 

5. Negative control-unfilled defect 

A. Histomorphometric Analysis 

Forty specimens were evaluated with demineralized H+E stained sections. The 

amount of new bone formation was determined. A Kruskal-Wallis One Way Analysis of 

Variance (ANOV A) on Ranks, showed statistically significant differences in the median 

values amongst the experimental and control groups (p<0.0001). To isolate the group(s) 
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that differ(s) from the others, a Student-Newman-Keuls Method of multiple comparison 

procedures was conducted. Results showed that all of the groups statistically differed from 
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. the others (p<O.OS), with the exception of the macroporous disc group and the control group 

which did not differ statistically from each other. The demineralized freeze dried bone 

allograft (DFDBA) group histologically showed consistently more new bone formation 

versus other groups, with a median of 47.0% new bone formation. The Skelite™ granule 

group showed the least amount of histological evidence of new bone formation, with a 

median of 6.9%. The macroporous group outperformed both the microporous and the 

granule group, at 19.7% (Figure 12). 

B. Densitometric Analysis 

54 specimens were radiographed with a soft x-ray technique to allow comparisons of 

defect radiographic densities after a 10-weekhealing.period. A Kruskal-Wallis One Way 

Analysis of Variance (ANOV A) on Ranks, showed statistically significant differences in the 

median values amongst the experimental an~ control groups (p<0.001). To compare the 

experimental groups versus the control group,· a Dunn's Method was utilized. Results 

showed that all groups differed statistically from the control (78.5% defect fill), with the 

exception of the macroporous group (91.4%) (p<O.OS) (Figure 13). 

C. Fluorescent Microscopy 

The employed technique did not provide reproducible results, and therefore no data 

for statistical analysis was obtained from this part of the investigation. Improved or alternate 

techniques should be evaluated. 
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Figure 12. Numerical data obtained from histomorphometric analysis. The macroporous 
group showed statistically more new bone formation than the other two Skelite ™ groups 
(p<0.05). 
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DISCUSSION 

The field of periodontics is flooded with a variety of materials targeted as bone 

replacement grafts. However, the search for the optimal graft material continues. 

Autogenous bone has often been viewed as the "gold standard" against which other materials 

have been compared. However, autogenous bone may not be readily available in the surgical 

site, requiring a second site for harvesting. Tricalcium phosphate (TCP) is an alloplastic 

material that has been touted to elicit bone formation, but with mixed results. While some 

investigators have found the material to be osteoconductive (Bowers et al., 1986), others 

have found that the material becomes encapsulated with connective tissue, with no 

osteoconductive properties (Stahl and Froum, 1986). 

The reason this HA/TCP material was utilized in this study was due to previous 

research by the U.S. Army Periodontic Residency on the bone resorbing cell, the osteoclast. 

Eisin (2000) cultured porcine osteoclasts and evaluated their activity by quantifying the 

amount of calcium phosphate substrate that was resorbed from the HA/TCP coated slides on 

which the cells were cultured. The ideal graft material must be resorbable to allow for host 

bone growth. In other words the graft must be 'osteoconductive' at the very least, and then 

be susceptible to host osteoclast resorption to allow for host bone replacement in the 'space'. 

It was with this end in mind this material was used, as it potentially possessed both 

osteoconductive bone forming properties and the ability to be resorbed. 

The purpose of this study was to investigate the influence of three different 
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morphological configurations of a biphasic HA/TCP alloplast vehicle in eliciting bone repair 

in a critical-sized defect created in rat calvarium. It was hypothesized that a HA/TCP particle 

with a macroporous structure would elicit more new bone formation than a microporous or 

nonporous particle. Fifty-five male Sprague-Dawley rats were used in this project. One 

animal was lost as a result of trauma, not related to the surgical procedure. The remaining 

animals were euthanized at ten weeks and the calvaria processed as described previously for 

histomorphometric, densitometric, and fluorescent microscopic evaluation. 

Results from the histomorphometric analysis showed that the macroporous Skelite ™ 

scaffold elicited statistically (p<0.05) more new bone formation (19.7%) compared to both 

the microporous group (8.53%) and the granule group (6.89%). It is speculated that the 

difference between the two disc groups is a function of differences in pore sizes within the 

materials. Scanning electron microscopy (SEM) revealed a pore size ranging from 150 to 

500 J.lm for the macroporous group, while the "microporous" group seemed to be composed 

of a solid mass, with no detectable pores (Figure 14). It is theorized that the larger pore size 

in the macroporous group allowed more vascular invasion, and subsequently more bone 

formation within the material. The majority of the new bone formation in the other two 

groups seemed to originate from the edges of the defect, representing appositional type 

growth, versus the nidus of bone formation that occurred in the macroporous group. 

There was histological evidence of bone in intimate contact with the grafted material 

(Figure 15), suggesting that this material may be osteoconductive. However, most of the 

material in all Skelite TM groups was encapsulated with fibrous connective issue, which 

corresponds to previous work done with this model using TCP (Fowler et al., 2002) (Figure 

·16). Research has shown that osteoblastic tissue responses are directly related to pore 
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dimensions. Pore diameters between 15 and 50 J.Lm induce fibrovascular growth, while those 

between 50 and 150 J.lm stimulate osteoid fo.rmation. Moreover, pore diameters ranging from 

150 to 500 J.lm, the same range as ·the macroporous scaffold, lead directly to mineralized 

bone (Green et al., 2002). 

As expected, defects grafted with human DFDBA resulted in significantly more new 

bone formation (47.0%) than any of the other experimental groups. DFDBA has been 

successfully shown to elicit varying amounts of bone formation in past research done at this 

facility (Turonis, 2000; Matzenbacher, 2002), and therefore was used as a positive control for 

this study. This material is thought to be osteoinductive by the release of bone morphogenic 

protein (BMP), causing the differentiation of mesenchymal cells into osteoblasts (Urist, 

1965). However, the osteoinductive nature of this material has been scrutinized in the past 

(Becker et al., 1995). This study clearly showed the osteogenic potential ofDFDBA, with a 

median of 47.0% new bone formation. 
,. 

I~' 

Statistical analysis of the densitometry data revealed similar defect fill for all groups 

(91.4% to 98.0%), with the exception ofthe control (78.5%). When compared to the control, 

all other experimental groups differed significantly (p<0.05), with the exception of the 

macroporous Skelite TM group. However, data obtained from the densitometric. analysis 

should be interpreted carefully. Quantitative data obtained from this analysis does not 

directly correspond to new bone formation within the defect. First, there is the potential for 

bone formation on the side ofthe membrane opposite the defect (Figure 17). The soft x-ray 

technique used in this study cannot distinguish between this bone and bone formed between 

the membranes. Second, Skelite TM is a very radiopaque materi;;~.l, and due to its limited 

resorption over the ten-week course of this study, the densitometric values for the Skelite TM 



Figure 14. Scanning electron microscope images of macro porous disc (left) and 
microporous disc (right) surfaces (x200). 

Figure 15. Histological section showing intimate contact (black arrow) between Skelite rM 

and new host bone. 
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Figure 16. Skelite rM particles ( *) surrounded by fibrous connective tissue (FC). 

Figure 17. New bone growth (yellow arrow) occurring on dura side of ectodural membrane 
(black arrow). 



31 

groups were all relatively large. Failure to show a statistically significant difference between 

the control and macroporous Skelite ™ group may be a function of the increased radiolucent 

areas within the macroporous scaffold as a result of increase in pore size (Figure 18). 

The negative control in this study was an unfilled defect with a Fluoropore™ 

membrane on each side of the defect, eliminating the influence of the osteoprogenitor cells 

present in the periosteum and the dura. Both of these layers contain mesenchymal cells 

capable of influencing bone production (Turonis, 2000). However, without the presence of 

graft materials, the membranes tended to collapse into the defect, decreasing the area for 

potential new bone growth within the defect (Figure 19). 

In a similar CSD study, it was concluded that the presence of a bone graft served as a 

"space-holder", keeping the membranes separated throughout the defect (Dahlin, et al., 

1991). Another animal study investigated the use of demineralized bone powder (DBP) in an 

onlay graft model in rabbits. An Aquaplast (Aquaplast Corp., Wyckoff, NJ) mold was placed 

on the frontal bone and DBP placed underneath, while the controls were left empty. Results 

showed that bone formation duplicated the mold in the experimental group, while the control 

groups showed no bone formation, illustrating not only the osteogenic potential ofDBP, but 

also the importance of creating space to allow bone formation to occur (Concannon et al., 

1995). 

Histologically and radiographically, it appeared qualitatively that little to no 

resorption of the Skelite TM had occurred over the 1 0-week experimental period. Similar 

results were reported by Handschel et al. (2002), who examined the use of TCJ> in non

critical sized defects in Wistar rats. They found no degradatio~ of the TCP over a six-month 

period, with the implant being surrounded by a thin fibrous layer without the presence of 



Figure 18. Pores within macroporous scaffold evident radiographically. 

Figure 19. Control sample showing membrane (identified by orange arrows) collapse in 
center of defect (outlined by box in top photo). 
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osteoblasts and features of regular mineralization. Froum and Stahl (1987) found similar 

results using TCP in the treatment of intrabony periodontal defects in humans, reporting. little 

resorption of the TCP particles over an 18-month period and no histological evidence of 

osteogenesis, cementogenesis, or new connective tissue attachment. However, Saffar et al. 

(1990) found that TCP used in periodontal bony defects took as long as 40 months to be 
. ·. . '. 

resorbed and replaced with bone. 

Recent research has investigated the. use ofbiphasic HA/TCP materials as a carrier 

for cell growth factors, to include recombinant human (rh) BMP. One study investigated the 

use ofbiphasic calcium phosphate ceramic pellets, with different ratios ofHA to TCP, placed 

under the pericranium in Wistar rats. Pel~e,ts impregnated with rhBMP-2 exhibited new bone 

formation in a dose-dependent manner, while control pellets without BMP where 

encapsulated with fibrous connective tissue (Alam et al., 2001 ). Another study examined the 

effects of TCP in combination with rhBMP-2 placed in femoral condyle defects created in 

rabbits. Similar to the above study, TCP loaded with rhBMP-2 histologically showed more 

osteoid surface than the control without BMP (Laffargue et al., 1999). It is therefore 

considered of further interest to investigate the effects of Skelite TM along with BMP on the 

process of osteogenesis. 



SUMMARY 

This study investigated the effects of a biphasic hydroxyapatite (HA)/tricalcium 

phosphate (TCP) alloplast (Skelite ™) on osseous repair in the rat calvarium. Three different 

morphological configurations of this material were used to .fill eight mm critical-sized defects 

created along the sagittal suture of the calvarium. Defects left empty served as a negative 

control, while defects filled with demineralized freeze-dried bone allograft (DFDBA) served 

as a positive control. Animals were sacrificed 10 weeks after surgery, and the extent of new 

bone formation was evaluated through histomorphometric, densitometric, and fluorescent 

microscopic evaluation (as previously describeq). From the data obtained, the following 

conclusions can be drawn: 

1. Skelite ™ is well tolerated by host tissues and elicits no adverse reactions. 

2. Skelite™ is a slow resorbing material, with some histologic evidence of 

osteoconducti ve potential. 

3. The macroporous scaffold of Skelite ™ elicits more new bone formation than 

granular or non-porous configurations. 

4. Skelite™ maybe a suitable carrier for growth factors, such as BMP, which when 

combined with biphasic calcium phosphate ceramics, have shown increased bone 

formation compared to the carrier alone. 
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