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INTRODUCTION

A. Statement of the Problem

Periodontal diseases are characterized by mild to severe loss of the supporting
structures of the teeth. A major goal of periodontal therapy is the regeneration of the
supporting alveolar bone lost due to periodontal disease. Regenerative procedures
currently in use include osseous grafts (autografts; allografts; alloplasts); or exclusionary
membranes (guided tissue regeneration) (Mellonig and Bowers 1990; Mellonig 1991;
Brunsvold and Mellonig 1993). Bone growth is essential to the process of periodontal
regeneration. Bone growth occurs by three known processes: (a) Osteogenesis- where
bone forming cells (osteoblasts) form new bone that is retained in viable.autogeneous bone
grafts. (b) Osteoinduction- where growth factor proteins induce osteogenic progenitor cells
to migrate to the site of bone formation, and produce new osteoblasts that will form new
bone (Chai and Slavkin 1994). (c) Osteoconduction- where a graft or alloplast (an implant
of an inert material), (AAP Glossary) will provide a matrix for bone growth (Frame 1980).
Zhang and others have shown that the new bone induction produced by ·
demineralized bone matrix (DBM) in heterotopic sites follows the endochondral bone
formation pathway (Ray and Hollqway 1957; Urist 1965; Glowacki and Mulliken 1985;
Zhang (b), Powers et al. 1997).
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However, when implanted within periodontal osseous defects (intramembraneous defects)
there is no current histological evidence that this occurs. Evidence does exist however, to
suggest that the osteoinductive potential varies as you move up the phylogenic tree, with
the lower-order animals possessing a greater ability to stimulate or respond in a robustly
osteoinductive manner than higher order animals (primates) (Chesmel, Branger et al.
1998). At this time, the exact mechanism by which new bone growth occurs has not beeh
determined. Studies, which help to determine the mechanisms by which b_one regenerates,
should help the clinician to achieve more predictable regenerative results. In severe cases of
periodontal disease, the amount of graftable host bone (autograft) material is often
inadequate to regenerate the extensive bone defects withoµt significant morbidity. Many
allograft materials (graft material from members of the same species, e.g. human cadavers)
are available in larger quantities and have been used in place of autografts to attempt to
regenerate alveolar bone.
Many different types of bone graft materials have been used in the attempt to
regenerate bone with varied clinical results. Decalcified Freeze Dried Bone Allograft
(DFDBA) is one of the more current graft materials in clinical use at this time.
Demineralization of the allograft theoretically exposes bone growth stimulating proteins,
whi~h may be present on the remaining allograft matrix. It has been proposed that a
speci_fic level of residual calcium in the DFDBA matrix is necessary to stimulate
osteoblasts to form bone (Zhang (a), Powers et al. 1997). Min Zhang and coworkers have
shown that the level of residual calcium in the DFDBA matrix should be 2% for optimal
oseteoinductive potential in male athymic mice (Zhang (a), Powers et al. 1997; Zhang (1?),
Powers et al. 1997).
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One way to test. these alloplasts and other bone restorative materials (BRMs)
employs a critical size defect (CSD) model in the craniomandibulofacial region, where
combinations ~f grafts and co-facto.rs 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).
Membranes have been used in regeneration procedures to provide a physical barrier
to the ~apidly migrating epithelial and connective tissue cells, while allowing for the
osteogenic precursor cells under the membrane to migrate and proliferate producing bone.
This separation allows the slower-migrating mesenchymal cells from the
surrounding bone and bone marrow, having osteogenic potential, to repopulate the defect
selectively (Melcher 1976; Caton, Polson et al. 1986). A common component of current
· research in bone growth is space maintenance to inhibit fibrous tissue in-growth, 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.
This study uses the critical size defect model with PTFE membranes and human
allograft to evaluate the wound healing response to small changes in the percent calcium
within the rat calvarium. If the percentage of calcium within a human allograft were
demonstrated to significantly enhance wound healing, then the way human allografts are
processed may need further investigation.
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B. Review of Related Literature
1. Bone Formation
Morphologically, bone is referred to as either cortical or cancellous. Cortical bone
is the dense compact bone of flat bones and the external dense surface of long bones.
Cancellous bone is the spongy or trabecular bone between the cortical surfaces of flat 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 portions consist of calcium phosphate in the form of hydroxyapatite.
Microscopically, the osteon (haversian canal and associated vessels) of cortical bone is
surrounde~ by concentric lamellae of bone. The cancellous bone consists. of hematopoietic
interspaces between bony trabeculae or spicules (Francis 1998).
Developmentally, bone formation may involve either membranous, endochondral,
or appositional ossification (Buckwalter, Glimcher et al. 1995). Membranous bones
include the skull, the facial skeleton, the mandible (besides the condyle) and the clavicle.
The laying down of undifferentiated mesenchymal cells initiates intramembraneous
formation of bone. These cells secrete an organic matrix that may contain blood vessels,
fibroblasts, and osteoprogenitor cells that differentiate into osteoblasts and deposit organic
bone matrix. (Buckwalter, Glimcher et al. 1995). As ossification centers develop,
o·steoblasts are found within collagen bundles. Then calcium salts are deposited in the
intercellular spaces and within the adjacent osteoid at which time the organic bone matrix
· begins to mineralize (Francis 1998). With endochondral ossification, however,
undifferentiated mesenchymal cells secrete a cartilaginous matrix and differentiate into
chondrocytes. The cranial base of the skull and the bones of the axial skeleton are preceded
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by hyaline cartilage, which differentiates from mesenchyme early in embryonic life. It has
been speculated that differential concentrations of BMPs, angiogenic, or antiangiogenic
factors may modulate these mesenchymal cells through a chondrogenic rather than an
osteogenic pathway (Hollinger, Buck et al. 1999). The chondrocytes enlarge, vascular buds
invade the cartilage, and invading cells resorb the central portion of the cartilage. This
cartilaginous anlage is then invaded·by blood vessels that contain osteoprogenitor and
mononuclear precursors that stimulate chondrolysis and osteoid formation (Hollinger, Buck
et al. 1999). The formation ofperiosteal bone and bone modeling and remodeling depend
on the process of appositional bone formation, in which osteoblasts begin to align on an
existing bone surface. These cells begin to synthesize osteoid and form lamellar bone
(Buckwalter, Glimcher et al. 1995).

2. Role of Vascular Invasion

Vascular invasion is also a prerequisite for bone formation. (Foidart and Reddi
1980; Reddi an~ i<.ue~er 1981) In the matrix-dependent bone induction model,
angiogenesis is correlated with cartilage breakdown and concomitant bone formation.
Recent studies have demonstrated that osteogenin (BMP3), BMP 4, and TGF-~ bind to
type 4 collagen which is found within the vascular basement membrane (Paralkar,
Nandedkar et al. 1990; Paralkar, Weeks et al. 1992). BMP-7 has also been localized by
immunohistochemical methods in basement membranes of human embryos, suggesting
that BMPs are stored in basement membranes (Paralkar, Nandedkar et al. 1990; Vukicevic,
Luyten et al. 1990). It is therefore possible that type 4 collagen and other matrix
components around the endothelial cells of the invading capillaries may bind these
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proteins, and present them locally in an immobilized form to responding mesenchymal and ·
osteoprogenitor cells to initiate angiogenesis and osteogenesis (Paralkar, Nandedkar et al.
1990; Reddi 1992). In view of this affinity of the BMPs and TGF-~ molecules for type
4 collagen, it has been proposed that the biological actions of membe~s of the BMP family
are regulated by a co111:plex interaction with extracellular matrix comp~nents. Type 4
collagen may function then as a delivery system for proteins that stimulate osteogenesis
(Paralkar, Nandedkar et al. 1990; Reddi 1992; Vukicevic, Paralkar et al. 1993; Ripamonti
and Reddi 1994). Basement membrane components have been shown to play a significant
role in vitro in the formation of cytoplasmic processes resembling the osteocyte network in
bone. Studies have shown that the osteoblastic cell lines recognized components of
basement membranes (laminin and type 4 collagen) and endothelial cells in vitro secrete a
potent osteoblast-like mitogen that may stimulate osteogenesis (Guenther, Fleisch et al.
19~6; Vukicevic, Luyten et al. 1990; Ripamonti and Reddi 1994). Thus, it may be
surmised, that basement membrane components of blood vessels must also play a crucial
role in osteogenesis in vivo. It is theoretically possible that the BMPs released from the
DFDBA matrix (in conjunction with growth hormones) may stimulate osteogenesis in
conjunction with angiogenesis. The osteoinductive potential ofDFDBA has been shown to
stimulate the endochondral bone formation pathway. Through this pathway the blood
vessels and associated perivascular osteoprogenitor cells invade the.calcified cartilage
region, coalesce to form capillaries, and establish an environment suitable for the
differentiation of the stroma into osteoblasts. The osteoblasts proceed to deposit bone on
the calcified cartilage. A tight collaboration apparently exists between the eroding
chondroclasts and invading capillary endothelial cells (osteoclasts are found at the tips of
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the sprouting capillaries) (Streeten and Brandi 1990; Lewinson and Silbermann 1992;
Collin-Osdoby 1994). This vascular network may serve as a scaffold for bone-forming
osteoblasts (Caplan, Syftestad et al. 1983; Drushel, Pechak et al. 1985) and may enable the
degraded bone components to be passed from the site of resorption via polarized
osteoclasts to directly apposed endothelial cells which through the process of transcytosis
could deliver them into the bloodstream.

· 3. Calvarfal Defects
Calvarial defects of adult mammals have a limited potential for regeneration.
Osteogenesis may be impaired by the intrusion within the defect of nonosteogenic tissues
during healing, which inhibits centripetal bone deposition from the margins of the defect
(Petit and Ripamonti 1994). The biologic inertness of the skull is due to its poor blood
supply. It has been shown that the human skull has no primary nutrient artery. The middle
-meningeal artery is the main artery, however, much of the cranial blood supply is due to
accessory arterioles from the dura and periosteum and arteries within muscle attachments.
This is not necessarily true of experimental animals in which the calvaria may have an
increased regenerative capacity (Schmitz and Hollinger 1986).
The calvarial wound model has many similarities to the maxillofacial region in
humans. Morphologically and embryologically, the calvarium develops from a membrane
precursor and resembles the membranous bones of the face. Anatomically, the calvaria
consist of two cortical plates with regions of intervening cancellous bone similar to the
mandible. Physiologically, the cortical bone in the calvaria resembles an atrophic mandible
(Francis 1998).
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A number of animal models have been evaluated to investigate nonunion defects in
bone. The rat and the rabbit are the predominant animal models of choice. In a protocol
established by Schmitz and Hollinger in 1986,. it was determined that the osteoinductive
potential varies as you move up the phylogenic tree, with the lower-order animals
possessing a greater ability to stimulate or respond in a robustly osteoinductive manner
than higher order animals (primates) (Chesmel, Branger et al. 1998). I have chosen the rat
model, designed to study the non-spontaneous repair of bone because of previously
successful studies, (a surgical defect of 8 mm in a Sprague-Dawley rat will not
spontaneously repair With bone), and its previous use in this laboratory (Schmitz, Schwartz
et al. 1990; Francis 1998).

4. Role of BMPs
The ability of bone to induce new cartilage and bone formation when implanted ·
ectopically into an animal has been known for some time, and this capacity has been
subsequently demonstrated to reside in an extractable protein component of the bone
matrix (Urist 1965; Urist, Lietze et al. 1982). It results from the action of the BMPs, which
according to Wozney et. al (1995) are a. set of related differentiation factors (Wozney
1995). There have been 15 or more BMPs and their molecular clones reported in the
literature (Wozney 1999). Some of these BMPs are available in human recombinant form.
Of these, eight (BMP-2 through BMP-9), are related to one another. Also due to their
amino acid sequences, BMP-2 through BlYIP-9 are classified as belonging to the TGF-~
super family (Lee 1997). As part of the TGF-~ super family,'the BMPs are related to other
proteins critical to differentiation and developmental processes during embryonic
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development. In addition to their role in embryonic development, BMP-2 through BMP-8
have also been shown to induce cartilage and bone formation in the post-fetal model (Lee
1997). BMP-2 stimulates the differentiation events, has minimal if any effects on
proliferation, and stimulates and enhances expression of alkaline phosphatase, osteocalcin,
and bone nodule formation (Oates and Cochran 1996). Most of the BMPs including BMP2, BMP-4, BMP-5, BMP-6, and BMP-7 can induce the complete sequence of endochondral
ossification and with large enough amounts may influence the direct bone formation
pathway (intramembraneous bone) (Wozney, Rosen et al. 1988; Wang, Rosen et al. 1990).
(Fig. 1)

5. Membranes
Calvarial defects have a limited potential for regeneration (Petit and Ripamonti
1994). The possibility exists for the surrounding non-osseous tissues to become
incorporated into the de~ects and thus, inhibit osteogenesis.Linde et. al. (1991) related
bone neogenesis to membrane qualities such as stiffness, porosity, and length of the healing
period. They demonstrated bone growth ecto-cranially in rats after making critical size
defects in the cranium, and suturing the membranes in place. Using bioabsorbable
membrane domes proved less successful in that they did not maintain their shape and thus
did not provide space for bone formation (Linde, Thoren et al. 1993). Dahlin et. al 1991
used ePTFE membranes and intra-membranous bone-chip implantation and showed
improvement of bone regeneration with subperiosteal ectocranial and endocranial
membranes. PTFE membranes have been used to isolate graft materials, maintain space,

Figure 1. Overview of the biologic role ofBMPs
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and to inhibit potential osteogenesis from surrounding non-osseous tissues in previous
studies. The underlying dura has been shown to influence bone production via proliferation
of perivascular mesenchymal-type cells (pericytes) of the dura mater. Under the influence
ofBMP, dural pericytes differentiate into chondroid and woven bone. The osteoprogenitor
cells within the overlying periosteum also have the ability to influence bone production
(Dahlin, Alberius et al. 1991; Alberius, Dahlin et al. 1992; Linde, Alberius et al. 1993;
Linde, Thoren et al. 1993; Petit and Ripamonti 1994; Lyle, Simmons et al. 1996; Zellin,
Redner et al. 1996). The Millipore PTFE membrane (pore size 0.5µm; Millipore
Corporation, Bedford, Mass.) was used to isolate .the rat calvarial defects. It has been: used
in calvarial defects to isolate test materials in previous studies (Lyle, Simmons et al. 1996).

C. Aims of the Current Study
The aim of the current study was to calculate the optimal concentration of calcium
in demineralized freeze-dried bone allograft for osteoinduction in a CSD model, using the
rat. The riull hypothesis is that the differing concentrations of calcium in demineralized
freeze-dried bone allograft (DFDBA) will have no effect on osseous growth and repair
·compared to similarly prepared untreated controls. This was determined utilizing
histomorphometry, contact radiography/densitometry, fluorescent microscopy, and
histological microscopy of newly formed bone in an 8 mm critical-size defect in rat
calvaria.

MATERIALS AND METHODS

1. Types of Experiments Performed
This study, on the effects res~dual.calcium levels of bone allografts within Critical-Sized
Defects, involved the use of an in vivo animal model. A non-spontaneously healing defect
was created in the rat calvaria (Fig. 2). Healing was evaluated by histomorphometry,
radiographically, by digital analysis, fluorescent microscopy, and by histology. Analysis
was made to determine if there was a specific residual calcium level within DFDBA that
was beneficial in healing a CSD at twelve weeks.

2. Methods and Techniques Used
In order to determine the effects of differing amounts of residual calcium in the
CSD a non-spontaneously healing, 8 mm craniotomy was performed on each animal.

a. Animal Population
This research proposal has been approved by the Institutional Care and Animal
Use Committee, Dwight David Eisenhower Army Medical Center, Fort Gordon, Georgia
and was approved on 08 January 1998, (protocol number: DDEAMC 98-09). The animal
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Figure 2. Surgical Procedures
a. Preparation ofsurgical site
b. Non-spontaneously healing 8 mm CSD
c. Placement of ectodural Millipore PTFE membrane
d. Placement of allograft material over Millipore membrane

b.

c.

d.
(.;.)
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population consisted of 60 adult male, Harlan Sprague-Dawley rats (Rattus 1!,0rvegicus),
approximately 92-105 days old and ranging in weight from 325-375 grams.
(HarlanTeklad Rodent Blocks) and water were provided ad libitum. Bedding was changed
at least twice·weekly. All animals were quarantined for at least 7 days prior to beginning
the experimental protocol.

b. Surgical Procedure
Surgical procedures were performed under sterile conditions. Instruments were
\

autoclaved, bead sterilized, or chemical cross-contaminated. As only one dental handpiece
, system was available, it was cleansed with 70% ethanol between uses. The rats were
anesthetized with a 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), given IM. Animals were
maintained on isoflurane 0.25%-0.5% with 1-1/miµ oxygen. A stereotaxic device with an
anesthesia nose cone was used to administer the volatile anesthetic and stabilize the rat.
The anesthetized rats had sterile lubricant eye ointment placed in their eyes to protect them
during shaving and surgical preparation. The skin overlying the calvarium was shaved with
a number 40 blade and the surgical site cleaned with Nolvasan scrub and sterile water. An
autoclaved 3-in. stockinet was rolled over the prepped rat using an aseptic technique, and
the head exteriorized by cutting a hole in the stockinet and pulling the head through. A
midline incision was made from the middle of the nasal bones to the posterior nuchal line.
Full thickness flaps were reflected laterally. An 8 mm craniotomy was made utilizing a·
dental handpiece at slow speed with a sterilized 8 mm trephine bur and copious saline
irrigation. Care was taken to avoid the underlying dura. A Millipore membrane {PTFE pore
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size 0.50µm, Millipore Corporation, Bedford, Mass) was placed ectodurally. The treatment
ma~erials appropriate to each study group were carefully placed into the defect with a
standard dental amalgam carrier. The defect was covered on the ectocranial sided by
another membrane extending 2 to 3 mm beyond the defect on the surface of the calvarium.
The· periosteum was repositioned and sutured with a 4-0 continuous sling suture. The
overlying skin was then repositioned with interrupted 4-0 Dexon sutures. Following the
surgical procedures the animals were monitored for any signs of pain or distress. No
analgesics were deemed necessary throughout the project.

c. Control and Experimental Groups
The one control and four experimental groups consisted of at least ten SpragueDawley rats per group (total of 60 animals). At twelve weeks post surgery, groups I
through V were sacrificed. The graft material used for the experimental groups was
graciously donated by LifeNet Tissue Bank (LifeNet Transplant Services; Virginia Beach,
Virginia). The particle size of the graft material ranged from 250-71 0µm. Dr. Todd Burns
verified the percent residual calcium from our facility using an Atomic Adsorption
.Spectrometer (located at the Medical College of Georgia) in a previous study. Seven vials
of graft material from each group were mix~d together to eliminate the variability of donor
age. The dry weight of the implant material was calculated for each group. An analytic
balance was used to measure the weight of the graft material after 24 hours of dry heat. An
average weight of the graft material was obtained from 4 specimens from each group
(Table 1).
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Table I: EXPERIMENTAL DESIGN
Gr~up L_ SurgicaJ Cprttrol (rio tjla~erial-pfaced). Surgical _

def~ct(8mni} was created in the 1it calvadum,. Millipore
me111branes inserted- ectodurally :~n:d ecfocranially. ·the
wound·was closed from inside otitinlayers.
· '12 week ·sacrifice, 12 rats ·

Gtolip II. Procedure as described- above. Approx. 30mg of
1%-residual calcium DFDBA.piaced into the defect.
12 week sa•crifice, f2,nits_
.

.

.

.

_Gr;oup Ill. Procedure as desct_ib~·d:above. Approx~ :30ing-.of ·

2% re'sidual calcium DFDBAplaced: into -~he qefect. ·
· 12 week sacrifice,, 12 ·rats
Group IV. Procedure as ·described above .. Approx.J'Q· mg of:

3-6%-residual calciumDF'DBA placed intothe.defect.
12 week sacrifice; 12 --rats ·
·
Gfoup V. Procedu~e as described-.above.App_rox.

65mg of

23_% residual ~alchim FDBA placed info the defec,t
· 12 week-sa~rifice,_:12.rat,s
·
·

·
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d. Vital Stains
Tetracycline hydrochloride (TCH) was injected intra-peritoneally to allow labeling
of new bone formation. Tetracycline's form complexes with calcium ions at the surfaces of·
ne~ly formed apatite crystals and have a much higher affinity to bind with calcium on the
surface of newly formed crystals than on old crystals (Urist and Ibsen 1963; Ibsen and Urist
1964). This substance is incorporated as osteoid mineralizes,_probably by chelating calcium
in the apatite crystal. These complexes fluoresce yellowish-green and show a distinctive
UV absorption pattern at 353-535 nm (Hoerman 1975). Twenty-mg/kg body weight of
TCH dissolved in 1 ml saline was used. TCN was injected intra-peritoneally each 14th day
beginning at the time of surgery and up to the 90-day sacrifice time point. A total of six
TCN intra-peritoneal injections were given. Utilizing several time periods allows for
evaluation of the rate of bone apposition. A high-pressure mercury lamp, using a BG12
exciting filter, and a K530 barrier filter (Nikon, Japan) was used to show the TCN as
alternating rhythmic sharp lines. Fluorescence photographs were taken immediately after
embedding and prepared as described below with sensitive print film (Kodacolor Kodak
Gold, ISO 400/27). Additional images were captured with the Spot camera (Diagnostic
Instruments, Inc.)

e. Specimen Harvesting
At twelve weeks post-surgery the a~mals were euthanized and decapitated. The
entire head was fixed for a minimum of 24 hours covered with 70% ethanol. Next, the skin
and overlying tissue was excised. The top of the cranium was removed and again fixed for
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at least 24 hours by covering the specimen with 70% ethanol. The entire calvarium was
evaluated by contact radiography as described below. After which, the specimens were
sectioned sagittally to yield two samples per specimen, each sample being of approximately
equal size. One sample was demineralized and evaluated histologically and the second
sample was embedded undemineralized for subsequent evaluation by· fluorescence and
histomorphometrics. After sectioning, all remaining samples were stored by covering them
with 70% ethyl alcohol, until needed for further study.
Undemineralized specimens were dehydrated, epoxy embedded, sectioned, ground
to a thickness of approximately 100 microns, and submitted unstained for fluorescence
microscopy as follows:

Dehydration: The specimens were stored in 70% ethanol at -l 7°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 in methyl-methacrylate. Blocks were first
placed for 30 minutes in -7° C to minimize adverse affects of the 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.

Sectioning: 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 mm). Each section had a thickness of 200 ± 50 micrometers (µm).
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Grinding: The sectioned slices were ground to a final thickness of 100 ± 50 µm. To
remove _surface debris, the sections were jiggled for 20 seconds in 30% ethanol, and then
washed with distilled water.

Examination: The sections were mounted unstained with a drop of Vectashield mounting
medium (Vector Laboratories, Inc. Burlingame, CA) on an ordinary gla·ss slide, and
examined under

UV, light microscopy.

f. Contact Radiography/Densitometry
In this study, the top of the calvaria surrounding the 8 mm defect.was radiographed
using a mammography X-ray unit set at 22kv, and 200 msec with a MO filter. The unit had
to be discharged for 3 cycles for every radiograph taken. The external surface of the
calvaria was placed in direct contact with the radiographic film (Kodak Diagnostic Film,
Ektascan B, Eastman Kodak Co., Rochester, New York) 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. Filnis were processed, emulsion side up, in a Kodak RP Xomat Processor. Images were digitized by computer scanning, on a Polaroid Sprint Scan
35 scanner, Model CS2700, (Polaroid Corporation) and a Nikon Cool Scan LS 2000
scanner, then the percent bone fill within the defect was evaluated utilizing the NIH
software package, ImagePC, (National Institute of Health, Bethesda, MD).
Individual calvaria radiographs were cut from the 8-inch by 10-inch film sheets and
mounted in standard 35mm photographic slide mounts. Each radiograph was digitized at a
resolution of 1024 x 1024 dpi.
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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 ImagePC
software package (Scion Corp, Fredrick, MD/ National Institute of Health, Bethesda, MD).
The percent fill within the ROI was calculated by using the threshold function to measure
the gray levels of the material within the defect. Radiopaque tissue was differentiated from
other tissue· and 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 radiopaque tissue was calculated
and divided by the area of the 9-mm circle.

g. Histology of Demineralized Specimens
Each sample (approximately one-half the calvaria) was decalcified and
evaluated histologically to determine the amount of fill across the coronal plane. Samples
were placed in a :demineralizing solution Ci 00 ml/I Formic acid and 100 ml/I
Formaldehyde) for 48 hours until the sample was soft (non-mineralized), as determined by
ensuring the sample did 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, 5-6µm sections were cut from each sample and
representative sections were stained with Heniatoxylin and Eosin. Paraffin embedded
samples were stored and kept by EAMC Histology Department.

21
h. Undemineralized Specimens

After the specimens were fixed and bisected, one-half each sample was embedded
in methyl-methacrylate by the following sequential method: 2 days in 70% ethanol; 2 days
in 95% ethanol; 2 days in 100% ethanol (changing the solution once during the initial 24
hour period); 4 days in xylene (changing the solution after the second day); 3 days in
methyl-methacrylate solution I (MMA I) at room temperature; 2 days in methylmethacrylate solution II (MMA II) at room temperature; 2 days in methyl-methacrylate
solution III (MMA III) at ro(?m t~mperature; then polymerized at 30- 32 ° C.. The volumes
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;
(c) MMA III = 150 ml methyl methacryl_ate + 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.
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(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.

(h)

Two to four days in MMA III at room temperature.

(i)

Polymerize the solution and sample in step h at 30 - 32 ° C.

2. Fluorescent microscopy ofun-demineralized specimens
After embedding, representative samples were sectioned sagittally with an Isomet
low-speed saw (Buehler Ltd, Lake Bluff, IL) using a 0.2 mm thick diamond-wafering
blade. The resultant sections were approximately 200 ± 50 µm thick. These samples were
then ground to approximately 100 ± 50 µm in thickness and polished with cloth discs and
diamond paste (Buehler Automet 2 polisher, Lake Bluff, IL). Sections were then mounted
on a glass slide using Vectashieldmounting medium (Vector Laboratories, Inc.). This
mounting medium is a stable viscous liquid, which prevents photo bleaching of the
specimen by a proprietary formula. The unstained sections were examined and
photographed under incident ultraviolet light with appropriate filters for the yellow-green
fluorescence of tetracycline (wavelength of 365-380 nm). Evaluation of the tetracycline
fluorescent markers was utilized to determine appositional bone growth. A representative
TCN section from each group was digitally captured using the Spot Camera (Diagnostic
Instruments, Inc.) attached to a computer with a capture board and software (NIH
ImagePC). An i~age of a micrometer grid was captured at the same magnification (100 X)
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as the specimens and the software calibrated to this grid. The rate of appositional growth
was then determined for each specimen using the Image Pro-Plus software (Media
Cybernetics, Silver Springs, MD).
Bone formation rate (BFR) is the mean width of new bone formed per day,
calculated by dividing the distance betwee~ two opposing points from the middle of two
consecutive tetracycline bands by the number of days elapsed between them.
· Measurements of the fluorescing label are made in micrometers using the calibrated
software. Measurements were made from the densest part of each band rather than the
edge, which is irregular and more difficult to define. Five measurements from each sample
were recorde4 and an average obtained. The average bone formation rate was then
calculated in micrometers per day.

i. Histomorphometry of undemineralized specimens
Embedded slides were stained using a Modified Masson's Trichrome stain. This
stain is used to distinguish mineralized from unmineralized tissue. Mineralized tissue will
stain blue and unmineralized tissue will stain red or pink depending on the type of tissue.
The Modified Masson's stain consists ofWeigert's Iron Hematoxylin, a Ponceau-fuchsin
working solution, a Phosphomolybdic acid working solution, and an Aniline Blue working
solution.
1. Synopsis of Staining Technique

(a)

Weigert's hematoxylin for 20 min.

(b)

Rinse in distilled water for 5 min.

(c)

Ponceau-fuchsin working solution for 5 min.
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(d)

Rinse in distilled water.

(e)

5% Phosphomolybdic acid for 5 min.

(f)

Rinse in distilled water.

(g)

Aniline blue working solution for 5 min.

(h)

Rinse in enough 1% acetic acid to remove excess dye.

2. Dehydrate·
Dip several times in each of the following solns:
(a)

70% ethanol

(b)

80% ethanol

(c)

95% ethanol (2 changes)

(d)

Absolute ethanol (2 changes)

(e)

Xylene (3 changes), allow to sit at least 15 min.

Place a cover slip with peimount.
Place weights on the cover slips and let dry. [Marion S. Hudson, Dept. Pathology,
Medical College of Georgia]
The sections were then captured with a Sony color video camera (Sony, Japan)
attached to a Zeiss microscope (125X) and a computer with a capture board and Image ProPlus (Media Cybernetics, Silver Spring, MD) software. Each 9-mm "region of interest"
(ROI) had to be captured in 1/5 or 1/4 sections due to the·limitations of the 2X lens. Each
1/5 section was then analyzed for percent area of membranes, bone, demineralized bone (or
FDBA), and connective tissue. The sections were then combined to give the percent total
area of the membranes, bone, demineralized bone (or FDBA), and connective tissue for
each 9-mm ROI.
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3. Data Obtained
a. Histom~rphometric Evaluation
Each 9-mm ROI was captured in 1/5 or 1/4 sections and then recombined to give the
percent total area ofth~ membranes, bone, demineralized bone (or FDBA), and connective
tissue within the defect (Fig. 3 - Fig.5)
.f

b. Densitometry
All calvaria were radiographed using a mammography x-ray unit set at 22 kv, at 200 msec
with a MO filter. The X-ray film was trimmed to fit a 35mm standard photographic slide
mount. Representative specimens from all 5 groups are shown in Figure 6. Each slide was
digitized as described previously. A standard ROI which encompassed the 8-mm surgical
defect was ~nalyzed for each specimen. The data collected was the mean area 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
One representative sample from each group was selected, illuminated at a wavelength
between 365-380 run, and viewed at a magnification of 100 X. Photographs were taken,
and the images captured for analysis~ The captured images demonstrated fluorescent bands,
which were measured with NIH ImagePC software (Scion Corp, Fredrick, MD / National
Institute of Health, Bethesda, MD). The bone formation rate was reported in micrometers
per day.

Figure 3. Undecalcified Modified Masson 's Trichrorne histology of the CSD
(1/4 view)
a. Photomicrograph ofth°e Control group, Magnification 125X
=>Green arrow points to new bone formation
=>Black arrow shows ectocranial Millipore membrane
b. Photomicrograph of the 1%DFDBA group, Magnification 125X
=>Green arrow points to amalgamation ofDBP and new bone
=>Black arrow shows DBP
(DBP) decalcified bone particle
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Figure 3.
a.

b.

Figure 4. Undecalcified Modified Masson 's Trichrome histology of the CSD
(1/4 view)
(a+ b) Photomicrographs of 2%DFDBA and 3-6%DFDBA, Magnification
125X
=>Green arrows points to an amalgamation ofDBP and new bone
=>Black arrows show DBPs.
(DBP) decalcified bone particle
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Figure 4.
a.

Figure 5. Undecalcified Modified Masson 's Trichrome histology of the CSD
(1/4 view)
Photomicrograph of the FDBA group, Magnification 125X
=>Green arrow points to new bone formation surrounding Millipore
membrane
=>Black arrow shows FDBP with no evidence of new bone
formation.
(FDBP) freeze-dried bone particle
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Figure 5.

Densitometric view of all 5 treatment groups ·J024 x; I 024 dpi
Representative sections from each of the 5 treatment groups.
=>Arrow indicates partial reformation ofsagittal suture - Co"!7,trol

Figure 6.
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d. Histology

After the calvaria were sectioned, half of each specimen was demineralized, and
then embedded in paraffin. These samples were section~d at a thickness of 5-6 µm, and
then were stained with Hematoxylin and Eosin. These were viewed microscopically at a
magnification of 31.25 X to 250 X.

4. Analysis· and Interpretation of Data

a. Photography

Photographic slides and prints were made during various phases of this project.
Randomly selected specimens, that represented the various groups and sets, were selected.
ASA 64 film· was utilized for fluorescent microscopy. ASA 64 film was selected for slides
ofhematoxylin and eosin samples. These photographic representations of the specimens
were not used in quantitative analysis. They did provide q~alitative examples_ during the
analysis of the project's results.

b .. Statistical Analysis

One-way analysis of variance (ANOVA) was applied to determine ifthere were any
significant differences in the observation made (i.e. connective tissue, bone fill, etc.) among
the groups tested. The Student Newman-Keuls test was then utilized to compare the groups.
A "p" value of0.05 was considered as being statistically significant (SAS Version 6.12,
SAS Institute Cary, NC). The values presented are the mean± the standard error of the
mean.

RESULTS

This study on the effects of residual calcium levels of bone allografts within
Critical-Sized Defects involved the use of an in vivo animal model. A non-spontaneously
healing defect was created in the rat cal~aria. Healing was evaluated qualitatively using
H+E stained decalcified paraffin sections, quantitatively by plastic embedded
undemineralized sections stained with modified Masson's stain, radiographically by
densitometric analysis, and ·by fluorescent microscopy. An analysis was made to determine
if there was a specific residual calcium level within DFDBA that would be beneficial in
healing a CSD at twelve weeks. A total of 60 rats distributed within 5 separate
experimental groups were employed. The osseous specimens were harvested at 12 weeks.
Final analysis is. based on_~0 of the 60 rats.

A. Histology and Histomorphometry

Histology: H+E stained decalcified paraffin sections: In both the control and
experimental specimens there is evidence of new bone formation both within and outside
the membrane. The bone appears to be vital due to the presence of osteocytes within their
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Figure 7. Decalcified H +E histology of th,e Critical Sized Defect - Control group
a. Central area of*e defect, Magnification- 3-1.25X
A Low power overview of the 8 mm-defect showing the bone edges and the
regenerated bone on the dural and periosteal side of the membranes (green
arrows). The center of the defect consists primarily of CT.
b. New Vital Bone, Magnification 125X
Higher magnification of the central area of the defect showing a large bone
island and bone on both sides of the membrane.
c. New vital bone with osteoblasts, Magnification 250X
Higher magnification of the vital bone island (VB) shown in in Fig. 7c
showing osteiod bone surrounded by lamellar bone (LM). Arrow shows
osteoblast in new haversian system
d. Connective tissue, Magnification 250X
Higher magnificatlon of central portion of control defect showing
abundance of CT with no bone formation (yellow arrow)
(VB) vital bone; (M) membrane; (CT) connective tissue; (LM) lamellar bone; (OB) osteiod bone
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Figure 8. Decalcified H+E histology of the Critical Sized Defect- I% DFDBA
a. Central area of the defect, Magnification 31.25X
The Center of the defect showing DBP (black arrow) surrounded by
CT (yellow arrows), the edges consist ofsolid bone with amalgamation
ofDBP and new bone (green arrow). Bone linking is not as evident as
. with 2% DFDBA (Fig. 9a).
b. Bone remodeling, Magnification 125X
,
Higher magnification of the central area of the defect showing vital
bone (VB) with cutting cones(*) indicative of bone remodeling adjacent
to theDBP. ,
c. Incorporation ofDBP and new bone, Magnification 250X
Higher magnification of cutting cones (*) and resting lines of
Retzius (green arrow) within vital bone (VB) indicates remodeling of
the regenerated bone. A DBP with an empty lacunae is also seen. (black
arrow)
(VB) vital bone; (CT) connective tissue; (DBP) decalcifled bone particle
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Figure 9. Decalcified H+E histology of the Critical Sized Defect - 2% DFDBA
a. Center of CSD, Magnification 3 l .25X
Center of defect showing an amalgamation of the DBP and the new vital
bone that is forming a linked bridge over the CSD. New haversain canals
which indicate maturation (green arrow) and the linking of new vital bone
and DBP can be appreciated (black arrows).
b. Center of defect, Magnification 125X
Higher magnification shows bone linking with minimal CT compared to
the 1% DFDBA seen in Fig. 8b.
c. Amalgamation ofDBP and new bone, Magnification 250X
High magnification shows the amalgamation of the DBP into the honey ma
trix. New haversian systems (*) and the resting lines ofRetzius can be seen
(green arrow). Clear demarcations ofDBP and vital bone cannot be
discerned. Compare to Fig. Be with the 1 % DFDBA and Fig. 11 c with the
FDBAgroup ..
(VB) vital bone; (CT) connective tissue; (DBP) decalcified bone particle

Figure 9a.

b.

w

.,I:,.

-

-

·.,

.

.

Figure 10. Decalcified H+E'histology of the Critical Sized Defect_- 3-6%DFDBA
a. Central area of the defect, Magnification 31.25X
The center of the defect shows an abundance of CT compared to the 2%
DFDBA group. Minimal haversian systems are seen indicating lack of
complete maturation.
b. Minimal new bone, Magnification 125X
Higher magnification ofFig. 10 a reveals minimal bone linking even though
new vital bone formation is evident (VB).
c. Incorporation of new bon~ and DBP, Magnification 250X
Higher magnification shows less amalgamation between the DBP and vital
bone compared to the 2% DFDBA. Clear demarcations between the DBP and
the honey matrix can be seen (green arrow). Compare with Fig. 9c as seen
with 2% DFDBA.
(VB) vital bone,· (CT} connective tissue; (DBP) decalcified bone particle
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Figure 11. Decalcified H+E histology of the Critical Sized Defect-FDBA
a. Central area of the CSD, Magnification 31. 2 5X
Center of defect shows unresorbed FDBP surrounded by an
abundance of CT. Minimal new bone formation is evident within the
CSD.
b. Freestanding FDBP, Magnification 125X
Higher magnification ofFig. 11 a reveals freestanding FDBP with
no bone linldng visible. Compare to 2% DFDBA (Fig. 9b).
c. Incomplete amalgamation FDBP and new bone, Magnification 250X
Remarkably central areas of VB and FDBP are occasionally seen
incorporated into the honey matrix. However, there is incomplete
incorporation as seen by a distinct demarcation ofFDBP and new
bone (green.arrow) and the lacunae within this matrix are devoid of
osteocytes (black arrow).
(VB) vital bone; (CT) connective tissue,· (FDBP) freeze-dried bone particle
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respective lacunae (Figures 7 - 11 ). The preponderance of bone varies from specimen to
specimen. The control group shows bone regeneration at the peripheral edge and on the
dural and periosteal side of the membranes. This bone appears to be vital and osteoblasts
can be seen in new haversian canals (Fig. 7c). However, the center of the defect still
consists primarily of CT (Fig. 7d). In the experimental groups remnants of bone particles
either surrounded by connective tissue or incorporated within the bony matrix are observed
(Fig. 8a, Fig. 9a). The selected photomicrographs of the 1% and 2% DFDBA groups
indicate only a minimal amount of 'freestanding' residual bone particles remaining. Most
of the bone particles appear to have been incorporated into the mass of newly forming bone
and it appears that this new bone is almost completely filling the CSD. The 1% DFDBA
group reveals CT at the center of the defect while the edge consists of solid bone with an
amalgamation ofDBP and the new bone (Fig. 8a). Bone linking is not as evident as with
the 2% DFDBA group seen in Fig. 9a. The 2% DFDBA group shows an amalgamation of
the DBP and the new vital bone in the center of the defect. This forms a linked bridge over
the CSD. Clear demarcations of the DBPs and vital bone cannot be discerned. Compare the
photomicrographs of 2% DFDBA in Fig. 9c to the 1% DFDBA group in Fig. 8c and with
the FDBA group in Fig. 11 c. Resting lines of Retzius can be clearly seen with the 1%
DFDBA (Fig. 8c) and 2% DFDBA (Fig. 9c) groups. This can be correlated with new bone
formation as seen with the fluorescent photomicrographs (Figs. 19 - 21 ). The 3-6%
DFDBA and the·FDBA group photomicrographs reveal many more 'freestanding' residual
bone particles with the FDBA group having much less new bony matrix,compared to the
other experimental groups. The 3-6% DFDBA group shows an abundance of CT in the
center of the defect (Fig. 1Ob). Minimal haversian systems are seen indicating incomplete
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maturation and clear demarcations between the DBP and the bony matrix (Fig. 10c). The
,:

FDBA group after 12 weeks showed unresorbed FDBP surrounded by an abundance of CT
in the center of the defect (Fig. 1 la). There was minimal new bone even though areas of
VB and FDBP were seen incorporated into the bony matrix (Fig. 1 lb). A distinct
demarcation of the VB and FDBP along with lacunae devoid of osteocytes can be seen in
Fig. 11 c. At higher magnification new bone formation is evident in all five-treatment
groups. However, the FDBA group has significantly less new bone formation (Figure 11 ).
Cells consistent with the description of osteoblasts can be visualized with all treatment
groups. Vascular sinusoids (cutting cones) are clearly evident throughout new and old bone
(Figures 8 and 9).

Histomorphometry: One-half the calvaria was embedded in plastic then stained
with a Modified Masson' s Trichrome stain. This stain was used to distinguish mineralized
from unmineralized tissue. Mineralized tissue will stain blue and unmineralized tissue will
stain red or pink depending on the type of tissue. Representative sections of the entire
defect can be seen in Figures 12-14. In the center of the defects the amount of new bone
can be appreciated in all groups~ However, the Control (Fig. 12), and the 1% DFDBA (data
not shown) and 2% DFDBA (Fig. 13) groups appear to have more new bone compared to .
the 3-6% and FDBA. The area of CT, DMB/FDB was calculated from the
photomicrographs and the percent composition each represented in the CSD surrounding
the membranes, and bone was calculated using the Image Pro Plus (Media Cybernetics,
Silver Spring, MD) software. The dark blue/black areas consist of mineralized bone and an
amalgamation of bone particles and new bone. The black/gray areas were consistent with

Figure 12. Undecalcified Modified Masson 's Trichrome histology of the CSD
Control group, Magnification l 2.50X
=>Arrows point to new bone formation in the center of the defect and
along the Millipore membrane.

Figure 12.
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Figure 13. Undecalcified Modified Masson 's Trichrome histology of the CSD
2%DFDBA group, Magnification 12.50X
=>Arrows indicate amalgamation ofDBP and new bone
.

.

Figure 13.
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Figure 14. Undecalcified Modified Masson 's Trichrome histology of the CSD
FDBA group, Magnification 12.50X
=>Arrow indicates FDBP with no new bone formation
(FDBP) freeze-dried bone particle

Figure 14.
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the Millipore membranes and the light pink/pink areas were consistent with DBPs and
nonmineralized tissues such as CT and bone marrow (Figures 3 -5). The area fraction (Aa)
of regenerated bone within the defect was statistically compared among the various groups
(the Aa represents a fraction of the total area). The results indicate that there was no
statistical difference between the Aa of the 1% DFDBA, 3-6% DFDBA, and the Control
group. Whereas there was statistically significant (p0.05) more vital bone fill with the 2%
DFDBA compared to all other groups (Figures 16 and 17).

B. Densitometric Analysis
Figures 6 and 15 show representative radiographs of each of the five groups. A
greater amount of bone fill is visually evident within the CSDs of the 2% DFDBA group.
The bone appears more dense and compact within this group. To determine the percent
bone fill of the defect the NIH Image PC software program (Scion Corp, Fredrick, MD /
National Institute of Health, Bethesda, MD) was used. The density threshold was set to a
value of 128 (scale 0-255). This value visually appeared to be representative of new bone.
The same number was applied to all specimens. A 9mm ROI was created around the 8mm
CSD to ensure that the entire defect was incorporated for the densitometric calculations.
The bone within this area was then.highlighted using a density threshold of 128 as a guide
as described in the methods and materials section. The total area in the ROI was
AT=n(4.5)2. At the given threshold of 128, the area of the most radioden~e tissue was
measured (AB). The percent fill of the radiodense tissue was then determined with the
formula %Fill= AB/AT*IO0 (Figure 18). This procedure is similar to the technique used.in
the undecalcified modified Masson's stained sections. There was no significant difference

Figure 15. Densitometric view of all 5 treatment groups 1024 X 1024 dpi
Representative sections from each of the 5 treatment groups. ·
=>Arrow indicates a more uniform mass of new bone with the 2%DFDBA

Control

1% DFDBA

3-6% DFDBA

2% DFDBA

FDBA

-""'
w

Figure 16. Mean percent total area of CSD including Millipore
membranes, bone, DMBone/FDB, & CT
The Control, the 1% DFDBA, 2% DFDBA, and the 3-6% DFDBA
groups have statistically significant more new bone compared to
the FDBA group (p ~ 0.05).
The 2% DFDBA group has statistically significant more percent
bone fill compared to all other groups (p ~ 0.05).
note: The height of the bar indicates the mean and the bracket indicates plus or
minus Standard Error of the Mean (SEM)

Figure 17. Mea.n percent_total area of bone
The area fraction (Aa) of regenerated bone within the defects
was statistically compared among the various groups.
The dashed line indicates no statistical difference (p =:: 0. 05) in the
Aa between the 1% DFDBA, 3-6% DFDBA, and the Control
group. Whereas the 2% DFDBA group showed statistically more
vital bone compared to all other groups p < 0. 05 (*).
note:The height ofthe bar graph indicates the mean and the(*) indicates
statistical significance. ·
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Figure 16.

Histomorphometry
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Histomorphometry

Figure 18. Percent fill of the Critical Sized Defect
Densitometrically there was no statistical difference in the % Fill
between any of the experimental groups (black bar). However,
there was a statistical difference between the experimental groups
and the control p<O. 05 (*).
·
(**) The blue column (fdba) was also included to indicate % Fill, however, this
percentage is eschewed due to the highly mineralized nature ofFDBA.
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Figure 18.

Densitometry
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Table II. DENSITOMETRIC AND HISTOMORPHOMETRIC ANALYSIS

DENSITOMETRIC ANALYSIS (the degree offill of the bone defect)
GROUP

n

%FILL a

P ::S 0.05

±SEM
2%DFDBA

6

74.62 ± 6.9

· No

FDBA

6

No

1%DFDBA

6

3-6%DFDBA

6

Control

6

± 9.8
53.04 ± 11
45.01 ± 6.5
21.42 ± 4.5
61.41

No
No·
Yes

Percent fill refers to the mean of the fractional amount of the total original defect
area that is radiopaque. Complete filling would be 100%. SEM refers to the standard
error of the mean.
·

a

HISTOMORPHOMETRIC ANALYSIS (the percent qrea ofbonefiil within the
defect)
P ::S 0.05

6.

% FILL a
±SEM
72.50 ± 2.9

3-6%DFDBA

6

56.33

No

Control

6

1%DFDBA

6

FDBA

6

± 4.59
54.25 ± 3.22
53.97 ± 3.55
30.55 ± 3.9

GROUP

n

2%DFDBA

Yes
No
No
Yes

Percent fill refers to the mean total amount of bone seen in the defect. Complete
filling would be 100%. SEM refers to the standard error of the mean.

Figure 19. TCN labeling of new bone - Control and 1 % DFDBA groups
a. Representative photomicrograph from the Control group, Magnification 100 X
=>Arrow indicates new bone formation near edge of defect (only 4
· rings visible)
·
b. J % DFDBA particle at center ofdefect, Magnification 1 00X
=>Arrow points· to 2nd adminstration of TCNat 14 day time point
(4 rings visable)
(VB) vital bone; (DBP) decalcified bone particle

47

Figure 19.
a.

b.

Figure 20. TCN labeling ofnew bone - 2% DFDBA and 3-6 % DFDBA groups
a. 2% DFDBA particle at center of defect (6 rings visible), Magnification 100X
=>Arrow shows 4th administration ofTCN at 42 day time point.
b. 3 - 6% DFDBA particle at center of defect (6 rings visible), Magnification 100X
=>Arrow show 6th and final administration ofTCN after 60 day time
point.
(DBP) decalcifled bone particle

48

Figure 20.
a.

b.

Figure 21. TCN labeling of new bone - FDBA group
FDB particle shows minimal new bone formation
=>Arrow indicates 2 TCN rings.
(FDBP) freeze-dried bone particle
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Figure 21.
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in the % Fill between any of the experimental groups. However, all experimental groups
were statistically different from the control (n=30, p<0.05) (Table II).

C. Fluorescent Microscopy

For analysis by fluorescent microscopy, one calvaria specimen from the
undemineralized sections was selected from each group. The specimens were sectioned for
viewing under fluorescent microscopy and evaluated for the presence of the vital stain
(tetracycline) which was injected at the time of surgery and every 14 days thereafter.
Generally, the healing bone within the center of the CSDs appeared to be
amorphous and not distinct under fluorescent microscopy for all groups. Figures 19 - 21
show selected views of the tetracycline staining around individual bone particles for the
experimental groups (taken at th~ center of the defects) and at the edge of the calvaria in the
control group. Comparison of these views taken from the experimental groups reveal that
vital staining within the 2 % DFDBA and the 3-6%DFDBA groups new bone formation
was labeled at all six time point~. This indicates that bone was actively being formed
around these bone particles, and within these groups, over the whole experimental time
frame. The views of the 1%, FDBA, and the control groups indicate that labeled new bone
can be seen at possibly three or four time points, but not over the wh9le experimental time
frame.
The rate of bone formation (BFR) was relatively constant over all five treatment
groups. The BFR was calculated to range from 2.85 to 4.20 µm per day in all groups (Table
III). The data obtained was consistent with previous studies. This· data demonstrates· that the
allograft materials stimulate new bone formation at a rate that is similar to host bone.
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Table III. BONE FORMATION RATE

a Refers

GROUP

12 WEEKS

Control

2.87 µmid

1%DFDBA

2.85 µmid

2%DFDBA

2.85 µmid

3-6%DFDBA

3.10 µmid

FDBA

4.20 µmid

a

to the average rate of bone formation in the control and experimental groups as
a function of time.

DISCUSSION

Many different types of bone graft material have been used in the attempt to
regenerate bone with varied clinical results. Decalcified Freeze Dried Bone Allograft
(DFDBA) is one of the more current graft materials in clinical use at this time.
Demineralization of the allograft theoretically exposes bone growth stimulating proteins,
. which may be present on the remaining allograft matrix. It has been proposed that a
specific level of residual calcium in the DFDBA matrix is necessary to stimulate
osteoblasts to form bone (Zhang (a), Powers et al. 1997). Zhang andcoworkers (1997) have
shown that the level of residual calcium in the DFDBA matrix should be 2% for optimal
oseteoinductive potential in male athymic mice (Zhang (a), Powers et al. 1997; Zhang (b),
Powers et al. 1997) .
. The purpose of this study was to determine if there is an optimal residual calcium
level in commercially prepared allografts which would heal a CSD using the Rattus

norvegicus model. Sixty male Harland Sprague-Dawley.rats were used in this project. Six
anim~ls died during surgery due to possible anesthetic complications, surgical stress, or
possible hypovolemia. The remaining animals were euthanized at twelve weeks and the
calvaria processed as previously·described for histomorphometry, densitometry,
fluorescence, and H+E histology. During the preparation for histomorphometry 12 of the
specimens were lost due to processing errors. 30 of the original 60 animals were used in the
final analysis of this project.
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One-way ANOVA was applied to determine if there were any differences in the
percent of bone. The Student Newman-Keuls test was utilized to compare results obtained
from the ANOVA. A "p" value of 0.05 was considered as being statistically significant.
In the CSD animal model established by Schmitz and Hollinger in 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 calvarial wound model was used because it has many
similarities to the maxillofacia} region in humans. This model has also been proven to be
successful in past wound healing studies (where a surgical defect of 8mm diameter in a
Sprague-Dawley rat will not spontaneously repair with bone), and through its previous use
in this laboratory (Schmitz, Schwartz et al. 1990; Francis 1998). An 8 mm diameter defect
in the rat calvaria is ideal for this investigation, since it meets the Schmitz and Hollinger
criteria that "any experimental bony wound should, therefore, be large enough to preclude
spontaneous healing. In this situation, the osteogenic potential of an implant or graft may
be interpreted unequivocally. Results of bone wound healing in this research protocol were
evaluated at 12 weeks. The principle investigator performed the surgical phases of this
project as well as the data collection.
The histomorphometric analysis of this protocol utilized one-half of the animal's
,-

calvarium. The specimens were embedded in epoxy, sagittally sectioned to approximately
100 µm, and stained with Modified Masson's Trichrome stain. The Modified ¥asson's
Trichrome stained the mineralized collagen blue (mineralized bone), the demineralized
collagen (demineralized bone) and connective tissue red, and the nuclei of cells blue. This
enabled the percent of the area occupied by each component of the CSD across the defect
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to be calculated. Each specimen was measured with a standard mm ruler to 9mm. This
ensured that the entire defect would be included within the AOL The sections were then
analyzed using the Image Pro software. Results indicate that the percent bone fill across the
8mm defect was statistically greater (p0.05) for the 2% DFDBA as compared to the other
groups.(Fig. 17). Intriguingly the 1% DFDBA, 3-6% DFDBA, and Control groups had
comparably similar amounts of bone fill. However, the FDBA had statistically significant
less bone fill (p0.05). The mineralized nature of the FDBA 1:Ilay have impeded the
remodeling process, as Urist and others have pointed out, by limiting the exposure of the
underlying BMPS ({!rist and Strates 19?0). In a study by Glowacki et al. (1981) the·
mineralized bone powder used was completely resorbed by 3 weeks, without bony repair of
the cranial defects, whereas the DBP was not resorbed but became amalgamated within the
new bone. It was concluded that DBP predictably produced healing of cranial defects
(Glowacki, Altobelli et al. 1981). In this study although the FDBA did not resorb.after 12
weeks, however, there was less bony fill of the cranial defect compared to the DFDBA
groups. The DFDBA groups did show statistically greater amounts of bone fill and had
become amalgamated within the new bone.
What is so special about the 2% DFDBA that allows this greater percent of bone
fill? Zhang(a) et al. (1997) have shown that ground bone, demineralized to a 2% residual
calcium level, was optimal for the induction of new bone (Zhang (a), Powers et al. 1997).
This approximate residual level of calcium may stimulate the remineralization process to
proceed unimpeded. T:he residual levels of calcium inay be optimal for osteoclast
resorption, which would then stimulate the surrounding osteoblasts to align on the existing
bone particle surface. However, it has been shown that the appearance of osteoblasts
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precedes the appearance of osteoclasts in DBM-induced osteogenesis (Bagi and Miller
1991). This would be consistent with the BMPs, within the DBM, to cause a phenotypic
change of local mesenchymal cells into osteoblasts, which would then have the potential to
regulate the production of osteoclasts. Realistically, it is probably the combination of these
and as yet other unknown interactions. The formation of cranial bone would then proceed
by appositional bone formation through bone modeling and remodeling. It must be
emphasized however, that the residual calcium levels are only one piece of the puzzle. The
demineralization process, the molecular and structural characteristics of the bone graft, the
interactions of endogenous and exogenous growth proteins, the morphology of the
surrounding defect, the immunogenic response, etc., all play a factor in vivo.
The densitometric analysis of this project utilized the percentage of bone filling the
8 mm craniotomy. Densitometric analysis is accomplished by using digital imaging
techniques to measure and quantify alveolar bone. Densitometry and its techniques to
measure bone density and area of bone fill has been described in many previous studies
(Allen and Hausmann 1996; Jean, Epelboin et al. 1996; Francis 1998). Digital
densitometric measurements employ the gray scale values assigned to a pixel in digitized
images. Imag~PC, a shareware image processing software developed from NIH and
available through the Scion Corp. was used to make the required measurements. The
calvaria specimens were radiographed using a mammography instrument that had been
calibrated to allow for proper exposure. Each radiograph was then cropped to fit in a 35mm
slide mount and then digitized. Analysis was performed to calc~late the percentage of
.

.

radiodense area within the AOL The difficulty with taking radiographs ofDFDBA and
FDBA is that the bone particles are radiopaque and therefore it makes it hard to
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discriminate calvarial bone from bone particles and new bone. Various other shades of gray
could be the result of layers of collagen, connective tissue, graft material, membrane, or
various stages ofhydroxyapatite deposition. For this reason, it is useful to compare results
. with histological and vital staining techniques to correlate the results. The results indicate
that there was only statistical difference between the experimental groups and the Control.
There was no statistical difference between the experimental groups themselves, even
though the 2% DFDBA had a greater mean percent bone fill (Fig. 18). The FDBA had
increased radiodensity due its 23% mineralization and thus, also had a high mean percent
bone fill. However, this is misleading because the actual amount of new bone is minimal.
In a study by Doll et al. (1990) using the CSQ_model in Long-Evans rats, they could not
use densitometry comparisons because of the radiopaque properties of one of their test
materials (coralline hydroxyapatite) (Doll, Towle et al. 1990). Due to the radiopaque
properties of bone, the accuracy of densitometric analysis is questionable. Therefore, most
of the cop.clusions about the efficacy of the treatments are derived from histomorphometric
data.
Fluorescent microscopy was accomplished by injecting tetracycline HCl intra
peritoneally at the time of surgery and at each succeeding 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 intra peritoneally in 140 gm Sprague-Dawley rats (Milch, Rall et al.
1958; Francis 1998). Tetracycline hydrochloride (TCH) was injected intra peritoneally to
allow labeling of new bone formation. Tetracycline's form complexes with calcium ions at
the surfaces of newly formed apatite crystals and have a much higher affinity to bind with .
calcium on the surface of newly formed crystals than on old crystals (Urist and Ibsen 1963;

57
Ibsen and Urist 1964). TCH is incorporated as osteoid mineralizes, probably by chelating
calcium in the apatite crystal. These complexes fluoresce yellowish-green and show a
distinctive UV absorption pattern at 353-535 nm (Hoerman 1975). The res~lts of the
fluorescent microscopy show that the rate of bone formation across all 5 groups was
similar. Comparison of these photomicrographs taken from the experimental groups reveals
that vital staining within the 2% DFDBA and 3-6% DFDBA groups had labeled new bone
formation at all six time points. This indicated that bone was actively being formed around
these p~rticles over the entire experimental time period of 12 weeks. The photomicrographs
of the 1% DFDBA, FDBA, and the Control groups 'indicate that labeled new bone can be
seen at possibly three or four time points, but not over the entire experimental time frame.
The vital staining of the FDBA produced only 2 or 3 TCN bands, which produced a higher
mean BFR. It may be surmised then, that the measured distance between each banding may
not reflect the 14-day interval and that new bone formation may have occurred at different
time periods. Throughout all the representative fluorescent slides the TCN banding
appeared diffuse. The diffuse labeling is most likely due to large amount of "woven" or
immature bone within these groups. This indicates there was minimal mineralization,
which occurred within the 12-week time period. Whether or not more newly organized
havers_ian systems with mineralized tissue would have occurred with a longer experimental
time period is unknown. I would speculate that over a year time frame the woven bone seen
in these groups would mature and become mineralized. Even though there were only
isolated areas of TCN banding in these 3 groups, this was not indicative of the total amount
of bone fill because there is no statistical difference in the amount of bone fill between the
1% DFDBA, 3-6% DFDBA, and Control groups histomorphometrically. However, the
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fluorescent labeling on the FDBA test group showed significantly less amount of bone .
formation around individual particles possibly d~e to the lack of exposure of the underlying
BMPs. 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, Wartiovaara et al. 1970); 3) Formation of tetracycline-calcium complexes (Saxen
and Kaitila 1972); 4) Inhibition of protein synthesis (Saxen and Kaitila 1972); 5) Inhibition
of enzymes essential for bone growth (Demers, Fraser et al. 1968; Saxen and Kaitila 1972;
Francis 1998). Various affects of tetracycline in the wound-healing environment may
include inhibition o~ selection of microorganisms~ inhibition of the activity of some
mammalian matrix metalloproteinases such as collagenase, and interference with various
bone healing mechanisms in general. Positive effects of tetracycline have also been
reported. Locally applied tetracycline has been demonstrated to enhance bone repair in
dental extraction sites and when mixed with bone graft material with positive results. AlAli obtained the greatest bone infiltration with Doxycycline pellets/Tricalcium pho~phate
in surgically induced periodontal defects in beagle dogs (Al-Ali, Bissada et al. 1989). ·
Mabry et, al.. obtained the greatest osseous regeneration after one year with TCN/FDBA
and Tricalcium phosphate/Hydroxyapatite/FDBA/TCN in Localized Juvenile Periodontitis
defects (Mabry, Yulma et al. 1985). Pepelassi found greater reductions in horizontal depth
and vertical fill with Plaster of Paris/Doxycycline in the treatment of class II and III
furcations (Pepelassi, Bissada et al. 1991 ).
Measuring bone apposition rates in the femur of Sprague-Dawley rats, Tam and coworkers recorded mean values from 0.039-0.053 µm/h or 1.3 µmid (Tam, Harrison et al.
1978). In a different study Tam and Anderson recorded mean values from 0.038-0.040
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µm/h in the same model (Tam and Anderson 1980; Francis 1998). These values are less
than the mean BFR indicated in this study of2-4 µm/day. This may be explained by more
rapid or more diffuse wound healing in calvaria than long bones, by the effects of BRMs,
or by the variability in measurement techniques. Sharawy et al. ( 1996) have shown that
demineralized cranial bone powder may be more osteogeneic than demineralized bone
powder from long bones, and thus they have speculated that cranial bones may have more
growth factors that must include a powerful angiogenic component (Sharawy, El- Shazly et
al. 1996). This may account for the rapid BFR in this study.
The graft material used in this project was DFDBA and FDBA taken from human
cadavers by LifeNet. Zhang (a) et al. have shown that the osteoinductive potential of
ground demineralized borie varied rel~tive to the particle size such that DBM particles
ranging from 500 to 710 microns provided for the highest level of calcium deposition
(increase of 8.1 weight percent calcium) after 4 weeks of implantation in muscle pouches
of an athymic mouse, whereas explanted particles less than 250 microns showed the lowest
level of calcium deposition (increase of only 2.8weight percent calcium) (Zhang (a),
Powers et al. 1997). In a study comparing particle size ofDFDBA in diffusion chambers in
monkeys Shapoff and co~workers concluded that small particles ofFDBA (100-300 µm)
enhanced osteogenesis compared to large (1000-2000 µm) particles. This study used graft
material from with a particle size of 250-71 0µm.
The graft material is techniquely considered a xenograft since it was placed into a
rat. This may have had a negative impact on the total amount of bone fill. Previous studies
have shown that xenogeneic bone grafts may be less osteogenic than comparable allogeneic
or autogeneous preparations (Urist and Dowell 1967; Sampath and Reddi 1983; Marinak,
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Mellonig et al. 1989). In a previous discussion with Dr. Mellonig (Director of the
Postdoctoral Program in Periodontics at The University of Texas Health Science Center,
San Antonio, Texas) it was suggested that I would probab~y. see a 30% decrease in the
amount of bone formation due t<? the use of a xenograft. This may or may not be consistent
with this study, but histomorphometrically this would account for not having 80 to 90
percent bone fill. However, other studies have shown that there is some homology in boneinductive proteins from human, monkey, bovine, and rat extracellular bone matrices
(Sampath and Reddi 1981; Sampath and Reddi 1983). Positive results in rats have also
been reported with xenogeneic decalcified bone of pig (Thielemann, Veihelmann et al.
1978; Thielemann, Schmidt et al. 1982). In a study by Hollinger et, al. (1990) the use of
antigen-extracted allogeneic (AA) bone in primates elicited an excellent response for new
bone production in the CSD (Hollinger and Kleinschmidt 1990). The use of xenogeneic
materials may become more widespread due to the limited amount of autogeneous and
allogeneic sources as well as the need for future genetically engineered materials.
The membranes used for this project were 0.5µm PTFE membranes from Millipore
Corp. (Bedford, Mass.) The membranes consisted of PTFE on one side and a polyethylene
backing on the other side. Our rationale for using the Millipore membrane included 1)
containment of the graft material, 2) use of a biocompatible material, 3) surgical
hemostasis, 4) isolation of the cranial defect from the underlying dura and the overlying
periosteum, 5) stiffness of the membrane, 6) its ability to be retained throughout the
experimental period, and 7) its low cost. One of the potential problems with using this
membrane was its plastic backing. This may have precluded the movement of
osteoprogenitor cells and nutrients into the wound that then may have prevented additional
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bone fill within the CSDs. It is also important to note that this Millipore membrane is not
approved for human use. However, the occlusive nature of this membrane may be
beneficial because it shows the increaseq potential of the graft and the surrounding calvaria
to produce bone. In a study by Lindhe et al. ( 1993) it was shown that it is possible to obtain
bone neogenesis by an osteopromotive membrane technique. They placed domes, 5 and 8
mm in diameter, that were made of expanded polytetrafluorethylene membrane with
·different degrees of stiffness and intemodal distances and found that the amount of bone
neogenesis was dependent on membrane qualities, such as stiffness and porosity, and the
length of the healing period. Using bioabsorbable membrane domes proved less successful
in that they did not maintain their shape and thus did not provide space for bone formation
(Linde, Alberius et al. 1993). Alberius et al. (1992) have also shown that there is· an
osteopromotive effect with just the use of membranes. They have made the suggestion that
.

.

the amount of graft material could then be reduced (Alberius, Dahlin et al. 1992).

General trends
Histomorphometrically, bone fill at 12 weeks in the 2% DFDBA group showed a
statistically significant difference in the percent area of bone fill compared to the Control
and other treatment groups. Among other treatment groups, except for the FDBA, there
was no statistical difference in the percent area of bone fill between each other or the
Control. The H+E and Modified.Masson's Trichrome stained sections showed a
conglomeration of new and mature bone. No evidence of inflammation, or giant cell
formation could be seen in any of the specimens.
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The rate of new bone formation was assessed by fluorescent microscopy. Yellow
tetracycline bands were evident in all specimens evaluated, and were often seen next to
individual bone particles from their respective groups. In addition, this evidence of
mineralization correlated well with histological evidence of bone formation next to the
allografts (Figures 8 and 9). The calculated bone formation rate was consistent within a
range of2 to 4 µm/day for all of the groups. There is no clear evidence that the BFR was
greater for any of the treatment groups.
From the gross evaluation, histomorphometry, densitometry and fluorescent
microscopy, the general trend was more bone formation and greater mineralization in the
· specimens with DBM compared to the FDBA. In the Control group containing
membranes alone, new bone formation was seen that was comparable to the DBM
specimens. Bone formation was also noted above and below the membranes.

SUMMARY

The aim of the current study was to calculate the optimal concentration of calcium
in demineralized freeze-dried bone allograft for osteoinduction in a CSD model, using the
rat. The null hypothesis is that the differing concentrations of calcium in DFDBA will have
no effect on osseous growth and repair compared to similarly prepared untreated controls.
This was determined utilizing histomorphometry, contact radiography/densitometry,
fluorescent microscopy, and demineralized histological microscopy of newly formed bone
in an 8 mm CSD in rat calvaria. The experimental population consisted of 60 adult ( 95 day
old) Sprague-Dawley outbred rats ranging in weight from 325-375 grams. The rats were
divided randomly into 5 groups of 12 rats each. The animals were housed on a 12-hour
light and dark cycle. Food (Harlan Teklad Rodent Blocks) and water were provided ad

libitum. All animals were stabilized and isolated for 7 days prior to beginning the protocol.
All surgical l?rocedures were performed with aseptic techniques.
In this study, a section from the top of the skull surrounding the 8 mm defect was
radiographed using a mammography x-ray unit set at 22kv, at 200msec with a MO filter.
The unit had to be discharged for 3 cycles for every radiograph taken. Processed films were
digitized by computer scanning, on a Polaroid Sprint Sea~ 35 scanner, model CS2700,
(Polaroid Corporation) or a Nikon Cool Scan LS 2000 scanner, then the percent bone fill
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within the defects was evaluated utilizing the NIH software package, ImagePC, (National
Institute of Health, Bethesda, MD). A standardized 9mm circular ROI was placed on each
digital image and the mean percent bone fill within the ROI was determined.
Histomorphometrically, one-half the calvarium was embedded in methyl methacrylate and sectioned s~gittally. The embedded slides were then stained using a
Modified Masson's trichrome stain. The sections were then captured with a Sony color
video camera (Sony, Japan) attached to a Zeiss microscope (125X) and a computer with a
capture board and Image Pro-Plus software (Media Cybernetics, Silver Spring, MD). Each
9-mm ROI had to be captured in 1/5 or 1/4 sections due to the limitations of the 2X lens.

The sections were then combined to give the percent total area of the membranes, bone,
demineralized bone (or FDBA), and connective tissue for each 9-mm ROI.
For analysis by fluorescent microscopy representative samples were embedded in
methyl methacrylate and sectioned sagittally. These unstained sections were then examined
and photographed under incident ultraviolet light with appropriate filters for the yellowgreen fluorescence of tetracycline (wavelength of 365-380 nm). Evaluation of the
tetracycline fluorescent markers was utilized to-determine appositional bone growth. A
representative TCN section from each group was digitally captured using the Spot Camera
(Diagnostic Instruments, Inc.) attached to a computer with a capture board and software
(NIH ImagePC). These specimens were then measured to determine the bone formation
rate.
Photographs were taken of the surgical procedures and the analysis procedures to
include histologic, radiographic and vital staine9 sections. Statistical analysis was
performed on the histomorphometric percent area of bone fill and radiographic percent fill.
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One-way 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:

DFDBA with 2% residual calcium appears to have an area of higher percent bone
fill compared to the other groups. This was in evidence radiographically and histologically.
Percent bone fill as determined radiographically is generally greater forthe treatment
groups·utilizing 2% DFDBA. However, at 12 weeks, there was only stat diffbetween the
test groups and the Control (p<0.05). There was no stat diffbetween the test groups
themselves.
The calculated bone formation rate was consistent within a range of 2 to 4 µm/day
for all of the groups.
Histological evidence of new bone formation is evident in all of the treatment
groups, and appears in greater quantity in the treatment groups utilizing 2% DFDBA. Vital
bone appears to have become amalgamated to the 2% DFDBA particles and there is no
evidence of inflammatory polymorphonuclear leukocyte, macrophage, or multinucleated
giant cell infiltration.
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