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INTRODUCTION 

STATEMENT OF THE PROBLEM 

External inflammatory root resorption is a potentially irreversible and/or 

irreparable process that ca~ occur as a result of trauma to t,he teeth. Various 

medicaments have been applied to J~e root surface or placed within the root canal 

in an attempt to arrest this process. The results have been unpredictable and teeth 

continue to be lost. It is important to continue the search for a non-toxic, 

biocompatible medicament which has the potential to predictably arrest this process. 

ROOT RESORPTION 

The most frequent complication after replantation of an avulsed tooth is 

external root resorption. Andreasen and Hjorting-Hansen (1966) reported that 88 

of 110 replanted teeth demonstrated either replacement resorption (dentoalveolar 

ankylosis) or inflammatory root resorption. Replacement resorption was usually seen 

·within the first year following replantation. Inflammatory root resorption occurred 

much sooner and was often visible radiographically in 3-4 weeks. Andreasen and 

Hjorting-Hansen (1966) also reported that resorption was significantly decreased if 

the tooth was replanted within 30 minutes. It ·is often difficult for a tooth to be 

1 
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replanted within this period of time because either the patient or his parents do not 

feel comfortable replanting the tooth into its socket. Additionally, they may not be 

able to get to a dentist quickly enough for professional treatment. Decreasing or 

arresting resorption is therefore an important concern to a dentist treating a 

traumatically avulsed tooth. Even if the tooth is not avulsed, trauma to a tooth can 

still cause external or internal resorption. 

Root resorption can be classified as either internal or external. External 

resorption can be divided into either inflammatory root resorption or replacement 

resorption (dentoalveolar ankylosis). A history of trauma is the most common cause 

of all of the different types of root resorption but they can occur through other 

mechanisms. 

Inflammatory root resorption occurs as a result of an infected pulp. Trauma 

may cause pulpal tissues to necrose and become secondarily infected. The toxic 

products from the necrotic and infected pulp presumably pass through the dentinal 

tubules and cause inflammation of the periodontal ligament. The resultant 

granuloma contains osteoclastic: cells which cause resorptive activity. This resorptive 

process may be mediated by prostaglandins or other mediators of inflammation 

(Stashenko 1990). Even if the infected pulp is removed and endodontic therapy is 

completed successfully, replacement resorption may still be the final result 

(Andersson 1988). This occurs because a portion of the periodontal ligament has 

undergone necrosis due to the inflammatory process. A key factor in successful 

healing is maintaining the vitality of the periodontal ligament. 
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Replacement resorption is initiated by the death of the periodontal ligament. 

In cases of minor trauma, cementum repair may take place and the periodontal 

ligament may regenerate. If the injured area is large, the periodontal ligament may 

not regenerate and the-root can be resorbed and replaced by bone as a .consequence 

of normal skeletal remodeling (Hamniarstrom et al. 1986a). This is common in cases 

of extended extraoral storage time of avulsed teeth in which a majority of the 

periodontal ligament has become necrotic (Andersson 1989). 

Internal resorption is also usually caused by trauma. Granulation tissu~ forms 

within the pulp chamber or the·root canal because of the injury. Clastic cells arise 

from undifferentiated cells causing resorptive defects on the inside of the pulp 

chamber or root canal (Wedenberg and Lindskog 1985). 

In review, inflammatory root resorption is caused by inflammation in the 

periodontal ligament which is usually due to pulp necrosis. Root resorption results 

from the release of specific chemical mediators of inflammation that promote the 

cellular events associated with resorption. ~eplacement resorption is seen in cases 

where the periodontal ligament becomes necrotic either from trauma or due to 

inflammation. The root then undergoes resorption and is replaced by bone as a 

normal physiologic consequence of bone remodeling. Internal root resorption is 

caused by the formation of granulation tissue within the puip and the differentiation 

of clastic cells. 
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Treatment of replacement resorption has met with little or no predictable 

success. However treatment of inflammatory resorption has achieved much better 

results. 

Many materials and techniques have been suggested to control root resorption 

of replanted teeth. Bjvorvatn and Masseler (1971) reported that immersion of an 

avulsed tooth for 5 minutes in 1% stannous fluoride resulted in significantly reduced 

root resorption in rat molars. They stated that the fluoride was incorporated into 

the hydroxyapatite of the root and fluorapatite was formed which was more resistant 

to resorption. They also reported that fluoride had a direct inhibitory effect on the 

highly specialized cells of resorption. Andreasen and Kersterson (1981) reported 

that inflammatory root resorption could be arrested by extirpating the pulp 7-10 days 

after replantation and placing calcium hydroxide (Ca(OH)2) -in the· root canal. 

Hammarstrom et al. (1986b) reviewed various techniques advocatedto decrease root 

resorption. These. techniques included treatment with acids, formalin, Ca(OH)2, 

decalcification of the root surface ·followed by enzymatic. deletion of glycoproteins, 

and treatment of the cementum collagen with .glutaraldehyde. · More recently, 

Andersson et al. (1989) reported a decreas~ in the occurrence of root resorption if 

antibiotics were adm~nistered systemically at t~e time of replantation. He also stated 

that use of an intracanalpaste containing corticosteroi4s or calcitonin could further 

decrease inflammatory root resorption. Recently, the hormone calcitonin has been 

proposed as an intracanal medicament to stop root resorption. · It has a direct 
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inhibitory effect on the clastic cells and may also have a positive osteogenic action 

(Pierce 1988). 

Currently, calcium hydroxide is the most widely used intracanal medicament 

to decrease or arrest inflammatory root resorption. The increased pH and presence 

of calcium ions have been advocated as important elements in the mechanisms of 

action (Tronstad et al. 1981, Hammarstrom et al. 1986b ). However, the placement 

of Ca(OH)2 in the root canal can also have some deleterious effects. Andreasen and 

Kristerson (1981). reported that, if it is placed in the root canal before the 

periodontal ligament has had sufficient time to initiate healing, it may actually 

increase inflammation and root resorption. They suggested waiting 2 weeks after 

replantation before placing Ca(OH)2 into the root canal. Hammarstrom et al. 

(1986b) reported that Ca(OH)2 stops resorption by increasing the local pH which 

caused death of the resorbing cells. They also reported that this increase in pH 

caused the death of the reparative cells. However, the local necrosis of the tissue 

was short-lived and did not last more than 24 hours. 

Repair of the root surface is dependent upon the differentiation and 

proliferation of fibroblast-like cells, i.e., pre-cementoblasts. These cells arise from . 

the periphery of the wound on the root and not from cells in the periodontal 

ligament (Lindskog et al. 1987). Disruption of this process by the increase in pH 

related to calcium hydroxide could delay repair. 

Current guidelines listed by the American Association of Endodontists 

recommend the following regimen for treatment of an avulsed tooth. Replant the 
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tooth as quickly as possible and apply a non-rigid splint for 7-10 days. Extirpate the 

pulp and place Ca(OH)2 7-10 days after replantation of the tooth. Periodically 

replace the Ca(OH)2 in the root canal every three months for six months to two 

years (Camp 1983). 

RESORPTION OF MINERALIZED TISSUES 

The exact mechanism of resorption of mineralized tissues is still unknown. 

Osteoclasts, which resorb bone, and dentinoclasts and cementoclasts, which resorb 

tooth structure, have been reported to be morphologically similar (Hammarstrom et 

al. 1986a). Any _resorption of tooth structure is considered a pathologic event but 

its mechanism of action is similar to that of norm~l physiologic bone resorption. 

Clastic cells have a characteristic microscopic appearance. They are usually 

large, multinucleated cells which are highly vacuolated when active and contain many 

mitochondria. Their membranes exhibit two highly specialized regions. One is a 

ruffled border formed by infoldings of the cell membrane which increases the surface 

area in contact with the mineralized tissue. The other is a clear, organelle-free zone 

of cytoplasm which encircles the ruffled border and anchors the cell to the 

mineralized tissue (Pierce 1988). Dentinoclasts _differ from osteoclasts in that they 

have fewer nuclei and the clear zone is smaller or may be absent (Hammarstrom et 

al. 1986a). 

There are presently two major theories of hard tissue resorption. The first 

is the creation of a low pH environment by the osteoclast which dissolves the mineral 
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component extracellubirly (Gothlin and Ericsson 1976). The second theory, which 

is gaining more a~ceptan~e, is that the bone is protected from resorption by a surface 
. . ' 

layer_ of osteoid (unmineralized bone matrix) and a continuous layer of osteoblasts. 

The first step in the resorptive process is the resorption of the osteoid by the 

osteoblasts. The release_ of the proteins from the osteoid or the resultant exposure 

of the bone mineral crystals is chemotactic for osteoclasts. The release of collagen 

and osteocalcin may also attract osteoclast precursors. The osteoclasts then attach 

to the bone surface in gaps in the osteoblastic layer. Mineral crystals are released 

into the clastic cell/mineralized tissue interface. These crystals are then engulfed by 

the clastic cell and dissolved intracellularly. It appears that the collagenous portion 

of the bone matrix must be removed prior to the mineral component being removed. 

The time between these two events is very short and may occur simultaneously 

(Bonucci 1980, Chambers and Fuller 1985, Pierce 1988). 

The non-mineralized tissues of dentin and cementum have been shown to be 

resistant to resorption (Hammarstrom and Lindskog 1985). Wedenberg and 

Lindskog ( 1987) found that macrophages did not show any spreading characteristics 

when seeded on predentin or demineralized dentin. The osteoclast and macrophage 

have been shown to have many similarities in vivo and in vitro. Due to their 

similarity the macrophage is used as a model to examine the initiation of bone 

resorption (Chambers 1981). If the clastic cells must be able to spread over the 

surface of the mineralized tissue. prior to resorption, but they cannot do so in osteoid 

covered tissue, this indicates the presence of a resorption inhibitor in the matrix 
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portion of dentin. When macrophages were seeded on collagen which was the same 

type as found in dentin, they were able to spread. This suggests that the resorption 

inhibitor contained in demineralized dentin is localized within the non-collagenous 

portion of the dentin matrix (Wedenberg and Lindskog 1987). 

Recent research by Giniger et al. (1991) has shown that a particular cell line 

of periodontal ligament cells produces an anti-resorptive factor. Conditioned media 

from cell cultures of these cells exhibited an inhibitory effect on parathyroid 

hormone (PTH)-stimulated bone resorption but no effect on interleukin-1 (IL-l) 

stimulated bone resorption. This indicates that an anti-resorptive factor may be 

present in the periodontal ligament and that PTH- and IL-l-stimulated bone 

resorption may occur by different mechanisms. 

It has been proposed that normal cementum may inhibit root resorption. 

When a tooth is avulsed, the cemen:tum is .often damaged. Resorption begins in 

these areas of ce~ental damage (Hammarstrom et al. 1986a). 

Root resorption may be a multifactorial process. Internal resorption may 

occur after the loss of predentin· and its resorption-inhibiting properties. 

Inflammatory root resorption may be aided by the loss of cementum and the 

exposure of dentinal tubules. This would allow toxic by-products from an infected 

pulp to cause inflammation in the periodontal ligament. This inflammatio:Q may 

cause bone resorption due to the release of chemical mediators such as arachidonic 

acid metabolites, i.e. IL-l or Prostaglandin E2 (PGE2). Inflammatory resorption may 

also occur by a different mechanism than other types of resorption such as PTH-
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stimulated resorption. Finally, replacement resorption occurs after death of the 

periodontal ligament. Viable cells in the periodontal ligament which inhibit bone 

resorption may be lost allowing replacement resorption to occur. Replacement 

resorption is similar to physiologic bone remodeling and is essentially the resorbing 

of the root of the tooth and replacing it with bone. 

Applying fluoride to the root of an avulsed tooth before replantation is 

theorized to have two functions. First, t4e substitution of fluoride into the 

. hydroxyapatite crystal makes it more resistant to acid dissolution (Bjorvatn and 

Massier 1971). Second, fluoride may directly inhibit osteoclasts and indirectly 

stimulate osteoblasts (Stashenko 1990, Taylor et al. 1990). 

Antibiotics may decrease inflammatory root resorption by eliminating 

microorganisms. Corticosteroids may work by inhibiting the production of the 

chemical mediators of inflammation (Andersson et al. 1989). 

Treating the root of an avulsed tooth with acid to demineralize the surface 

and expose .collagen, ·followed by treatment with glutaraldehyde to cause increased 

cross-linking of the cementa! collagen has been reported (Nevins et al. 1981). 
. . . 

Demineralizing the root surface and treating it with n-acetylcysteine to inhibit 

collagenase activity and collagen breakdown has also been tried (Sperling et al. 

1986). These methods are attempts to inhibit the resorption of the collagen within 

the matrix of the mineralized tissue which has been theorized to be the initial step 

in resorption. These methods may also prevent the release of inhibitory 

noncollagenous proteins associated with the collagen. 
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Finally, Ca(OH)2 potentially has a three-fold effect. First, by raising the pH, 

it ha_s a toxic effect not only on the clastic cells but also on reparative cells. Second, 

the release of calcium ions may activate the complement system and a calcium

dependent A TP-ase which has been associated with hard tissue formation. Third, 

calcium hydroxide has an antimicrobial action and can denature proteins within the 

root canal making them less toxic (Tronstad et al. 1981). Calcium hydroxide root 

canal dressings have been effective against inflammatory root resorption but not as 

effective against replacement resorption. 

Root resorption may occur by different mechanisms caused by various 

etiological factors. Ideally, any treatment to stop root resorption should be effective 

against all types of resorption. 

DIPHOSPHONATES 

HISTORY 

A new class of drugs has recently been reported to be effective in the 

treatment of osteoporosis (Watts et al. 1990) (Figure 1). Diphosphonates have been 

shown to be potent inhibitors of bone resorption and effective in the prevention of 

heterotopic calcifications. 

Diphosphonates have an interesting history. They were first synthesized by 

Von Beyer and Hoffman in 1897. Industry began using diphosophonates as water· 

softeners because of their calcium chelating properties and their ability to inhibit the 

formation of calcium carbonate. However, they received very little attention until 
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the early c 1960's. At that time, Procter and Gamble investigated their use in 

detergents. Concurrently, diphosphonates were being tested because of their ability 

to prevent dental calculus formation. -It w~s found that diphosphonates did inhibit 

calculus formation, but had no effect on the removal of calculus which had already 

formed (Downs et al. 1988). 

The properties of dipliosphonates indicated that they might possess a wide 

number of medical uses. One of the first clinical uses of diphosphonate occurred 

rather suddenly in March of 1968. A 16 month-old girl, afflicted with myositis 

ossificans progressiva, was critically ill due to calcifications occurring in the muscles 

controlling respiration. It was thought that diphosphonates might be effective in 

treating her condition. Approval from the Food and Drug Administration was 

obtained within 1 week to administer diphosphonates experimentally for the 

treatment of this young girl's condition. She was treated with diphosphonates and, 

within a week, showed remarkable improvement. With careful monitoring of dosage 

levels, she continued to do well and grew to a normal adult (Downs et al. 1988). 

Research has continued with diphosphonates and more medical uses have 

been discovered. Currently, diphosphonates are used in the treatment of 

osteoporosis, Paget's disease? prevention of heterotopic ossifications, used in 

conjunction with 99mtechnitium as bone scanning agents, and used in tartar control 

toothpastes to inhibit the formation of dental calculus. 
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STRUCTU·RE 

Diphosphonates structurally resemble pyrophosphate. The central atom in 

pyrophosphate is oxygen (P-0-P) but it is carbon in diphosphonates (P-C-P). 

Pyrophosphate inhibits crystallization of calcium phosphate from solution but, 

when administered orally or parenterally, it does not affect bone resorption because 

it is hydrolyzed quickly in vivo by local phosphatases. The local concentration of 

pyrophosphate is determined by activity of local phosphatases. 

The most important difference between pyrophosphate and diphosphonates 

is that diphosphonates are not hydrolyzed by local phosphatases; this property allows 

diphosphonates to be effective in inhibiting bone resorption. Moveover, 

diphosphonates are not metabolized in vivo·. ~ey are either deposited in calcified 

tissues or excreted unchanged in the ~rine ·(Russell and Fleisch ~975). 

The activity of different diphosphonates varies greatly ... Inhibition of bone 

resorptive effects can be enhanced by increasing the length of the aliphatic carbon 

backbone. An increase in activity is noted with up to 9 carbon atoms. Any increase 

in the length of. the carbon backbone beyond 9 carbons results in a decrease in the 

inhibition of bone resorption. Diphosphonates' affinity for bone, or more specifically 

for hydroxyapatite, can be increased by adding a hydroxyl group to· the central 

carbon. This allows the diphosphonate to form a tridentate rather than a bidentate 

bond with hydroxyapatite (Francis et al. 1975). 

Presently, research is directed mainly at the use of third generation 

diphosphonates. First generation diphosphonates were characterized by short alkyl 
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and halide· ·side chains. These first generation diphosphonates exhibited anti-

resorptive effects at a dose level of 0.1-10 mg Phosphorous(P)/kg. An example of 

a fir~t generation diphosphonate is Etidronate®, shown in Figure 1. 

Second generation diphosphonates were characterized by the addition of an 

amino terminal group. They exhibited greater anti-resorptive effects, seen at dose 

levels 0.01-1.0 mg P/kg. An example of a second generation diphosphonate is 

pamidronate shown in Figure 1. 

Third generation diphosphonates are synthesized with attached ring structures. 

Some of these diphosphonates show anti-resorptive effects at dose levels as low as 

0.001 mg P/kg. The third generation diphosphonate shown in Figure 1 has 

antiresorptive activity at doses as low as 0.0003 _mg P/kg (Sies.tema et al. 1989). 

By altering the side chains, the bone resorptive properties can be enhanced. 

There is no correlation between increased anti-resorptive activity and inhibition of 

mineralization (Fleisch 1989). Since the two properties are unrelated they must 

occur by different mechanisms.. It might then be feasible to synthesize a 

diphosphonate which would be a very potent bone resorption inhibitor but have no 

effect on the normal mineralization of bone. As research continues, more and 

more potent diphosphonates may be discovered (Fleisch 1989). 



FIGURE 1: Chemical structure of the different diphosphonates. This figure 
dem.onstrates the variations in chemical structure of the different generations of 
diphosphonates. 
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MECHANISM OF ACTION 

The exact mechanism of action of diphosphonates in inhibiting resorption is 

not clear. It is known that they act exclusively on calcified tissues. Due to their 

strong affinity for hydroxyapatite, they are cleared rapidly from the blood and 

deposited in bone. As bone is resorbed, the diphosphonate is then released either 

in free fonn or attached to small hydroxyapatite crystals. This causes an increase in 

the local concentration of -diphosphonate in sites of active bone resorption, slowing 

down or inhibiting the resorptive process. The binding of diphosphonates to 

hydroxyapatite and their re-release may explain the long term effects exhibited by 

disphosphonates even after the therapy is stopped (Russell and Fleisch 1975). 

In vitro, diphosphonates inhibit the precipitation of calcium phosphate from 

clear solutions even at very low concentrations. Diphosphonates block the 

transformation of amorphous calcium phosphate into hydroxyapatite, delay the 

aggregation of apatite crystals into larger clusters, and slow down the ·dissolution of 

hydroxyapatite cryst(lls (Fleisch 1989). · 

Diphosphonates bind to the surface of hydroxyapatite by chemisorption onto 

calcium. They then can act as crystal poisons for both growth and dissolution. It has 

been demonstrated in vivo that systemically administered diphosphonates bind 

directly at the surface of the bone whether or not the bone is covered with osteoid 

and/or bone cells (Downs et al. 1988): 

It was first thought that, due to diphosphonate's affinity for hydroxyapatite 

and its in vitro properties of preventing crystal growth and dissolution, its in vivo 
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effects would b~ the same. No correlation was found between inhibition of bone 

resorption in vivo and inhibition of crystal dissolution in vitro (Fleisch 1989). There 

have been many proposed mechanisms of action for diphosphonate. Tan et al. 

(1988) have shown that diphosphonates inhibit IL-l-mediated bone resorption in 

vitro. They suggested that the diphosphonate must be bound first to the bone before 

it can act as a cytotoxic agent against the enzyme-producing, bone-resorbing 

osteoclastic cells. At decreased concentrations,· diphosphonate may inhibit 

osteoclastic precursor cells from gaining access to mineralized bone matrix. Carano 

et al. (1990) found that diphosphonates decreased the ability of osteoclasts to bind 

to bone (an essential step in bone. resorption) by 30-40% in vitro. More importantly, 

the diphosphoilates were found to inhibit the ability of the osteoclast to create an 

acidic microenvironment at the osteoclast-bone attachment site. Diphosphonates 
\ 

accomplished this by blocking the hydrogen ion transport needed by osteoclasts to 

resorb calcified tissue. Lastly, diphosphonates decre.ased protein synthesis within the 

osteoclast. This suggested that diphosphonates may cause general inhibition of the 

osteoclast's cellular metabolism. Sato and Grasser (1990) used reflected light 

microscopy to show that diphosphonates affected the cytoskeleton of the osteoclast, 

reducing the surface. area of the cell. Rowe and Hausman (1976) used electron 

microscopy to show that diphosphonates inhibited the formation of a ruffled border 

but not of clear zones on the basal surfaces of the osteoclast. 

Other theories of the· mechanism of action of diphosphonates include 

decreased lysosomal enzyme activity, decreased synthesis of prostaglandins, and 
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decreased multiplication of bone macrophages. No correlation has been shown 

between any of these biologic effects and inhibition of bone resorption (Watts et al. 

1990). Many factors are involved in bone resorption and the exact mechanism of 

resorption itself is not fully understood. It is reasonable to assume that 

diphosphonates may possess multiple actions which inhibit bone resorption. 

. Presently, the only accepted use of diphosphonates in dentistry is In 

toothpastes to inhibit calculus formation. Experimental testing of diphosphonates 

for other dental applications is continuing. Wesselink . and Beersten (1989) 

demonstrated that systemically-administered diphosphonates significantly reduced 

root resorption in· avulsed teeth in mice. Robinson and Shapiro (1976) applied 

diphosphonate to the roots of avulsed teeth in ~amsters and noted no reduction in 

root resorption following a one-time topical application. Gotcher and Jee (1981) 

found that diphosphonates reduced interdental bone loss in experimentally induced 

periodontal disease in the rice rat. Ubios et al. (1986) demonstrated that systemic 

administration of diphosphonates . increased bone healing following X-radiation 

exposure in rats. 

As more research is completed and newer and more potent diphosphonat~s 

are developed, more applications in dentistry may be found. 

DENTIN 

Dentin is a highly mineralized tissue penetrated by tubules. It is this unique 

tubular structure that makes it permeable to· many substances. This permeability 



18 

may have effects on both the pulp of the tooth and the periodontal ligament. When 

dentin is exposed, its permeability can allow exogenous irritants to reach the pulp, 

caus~ng inflammation and even pulpal necrosis. Conversely, toxic by-products from 

a necrotic pulp can reach the periodontal ligament and cause inflammation. 

Subsequently, if the pulp is removed, a medicament could be placed in the canal 

space, diffuse through the dentinal tubules, exert a therapeutic effect on the root 

surface, and perhaps inhibit or arrest root resorption. 

The physical factors that control dentin permeability are dentin diffusional 

surface area, dentin thickness, temperature, proximity to the pulp, and the size, 

charge, conc~ntration, and water or lipid solubility of the diffusing substance 

(Outhwaite et al. 1976, Pashely 1985). 

Numerous studies have· been performed to measure the permeability ·of 

coronal dentin. The most popular method u·ses fluid filtration which replicates the 

pulpal pressure found within the pulp chamber. The field of endodontics is 

concerned with coronal and radicular dentin permeability. In endodontic therapy, 

in which the pulp has been removed, and there is no intrapulpal pressure, diffusion 

may better represent the forces involved in dentin permeability. 

Diffusion can be quantified by the Fick equation (Pashley 1990): 
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J = DA(dc/dx) -

J = solute flux 

D = diffusion coefficient 

A = diffusional surface area 

( dc/dx) = change in concentration over a distance, x 

The diffusional surface area· is determined by the number and diameter of the 

tubules. The density of the tubules varies with both the occluso-apicallocation on 

the tooth and the depth of the dentin. Coronal dentin may have as many as 42,000 

tubules/mm2 (Garberoglio and Brannstrom ·1976). The number of tubules per 

surface area decreases in apically located dentin. Apical dentin may have as few as 

8,000 tubules/mm2 (Garberoglio and Brannstrom 1976). Pulpal dentin has a higher 

density of tubules than does dentin at the dentinoenamel junction (DEJ), exhibiting 

a 4:1 ratio in coronal de~ tin (Garberoglio and Brannstrom 1976). Fogel et al. (1988) 

found that the. ratio of tubules at the cementodentinal junction in radicular dentin 

to the number of tubules at the pulpal surface is closer to 2:1. Carrigan et al. (1984) 

theorized that it was the decrease in the number of tubules in radicular dentin which 

allowed successful endodontics. The diameters of the individual tubules also vary. 

As the tubule approaches the pulp chamber it increases in diameter _from 

approximately 1 JLm at the dentinoen~mel junction to 2.5 JLm at the pulpodentinal 

junction (Seltzer 1990). The diameters of tubules in radicular dentin are smaller 

than in coronal dentin. Radicular dentin at the periodontal ligament surface has an 
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average tubule diameter of approxima~ely 1.07 J..Lm, whereas radicular dentin at the 

pulpal surface :Pas an average diameter of approximately 1.56 J..Lm (Fogel et al. 1988). 

These differences in tubule density and diameter have a great effect on the 

permeability of dentin. As the pulp is approached in both radicular and coronal 

dentin, the tubules increase in both diameter and density. This greatly increases the 

diffusional area. Since there are more and larger tubules in coronal dentin, it is 

much more permeable than is root dentin. In fact, it has been reported that 

radicular dentin at the pulpal surface is approximately 20% as permeable as coronal 

dentin, and radicular dentin at the periodontal ligament surface is only 2% as 

permeable (Fogel et al. 1988). 

Two factors in endodontics that directly affect root dentin permeability are 

the formation of a smear layer after instrumentation of the root canal, and a 

reduction in dentin thickness. 

Instrumentation of the root canal results in microcrystalline debris being 

smeared onto the dentin surface. The debris layer contains both a ~ineralized and 

non-mineralized component and has been called the smear layer. It is created after 

endodontic instrumentation of not only the root canal but any dentinal surface that 

is manipulated, such as a cavity preparation. The endodontic smear layer was first 

reported and named by McComb and Smith (1976), who reported that it could be 

removed with ethylenediaminetetraacetic acid (EDTA). The endodontic smear layer 

consists of not only a surface layer of 1-2 J..Lm but also smear plugs extending up to 

40 J..Lm into the tubules (Mader et al. 1984 ). The formation of this smear layer has 
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been reported to xeduce root dentin permeability ·by 25-49% (Fogel and Pashley 

The second endodontically-induced change in dentin caused by endodontic 

instrumentation is a reduction in dentin thickness. As dentin is reduced in thickness 

from the DEJ to the pulp, the tubule density and diameter both increase. In 

endodontics, the dentin thickness is reduced from the pulp towards the DEJ. TJ:tis 

results in a decrease in the density of tubules and a reduction in tubule diameter. 

This would appear to reduce de~tin permeability but this reduction may be 

simultaneously offset by both the decrease in distance through which the solute must 

diffuse (decreased dentin thickness) and an increase in canal surface area. This 

results in a slower increase in permeability than that caused by a reduction in the 

thickness of the dentin alone (Tao et al. 1991). 
J 

Recent work has shown that the biggest barrier to root permeability is the 

cementum. Endodontic procedures which reduced dentin thickness, increased canal 

surface area, and even removed the smear layer did little to increase the hydraulic 

conductance of the root if the cementum was left intact. Removal of the cementum 

resulted in significant increases in the hydraulic conductance of the root (Tao et al. 

1991). 

However, it has been reported that removal of the endodontic smear layer 

increased the permeability of root dentin as did cementum removal. But neither the 

presence of a smear layer nor intact cementum were complete barriers to diffusion 

(Abbott ei al. 1989). 
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If cementum could act as a barrier to the diffusion of diphosphonate, it may 

not have any clinical consequence. If resorption were to begin, the first tissue to be 

resorbed would be cementum. Its barrier properties would then be removed at the 

very start of resorption allowing diphosphonate, or any other medication, to diffuse 

through the tubules and have a therapeutic action at the site of resorption. 

One of the major considerations in the diffusion of diphosphonate through 

dentin is its high affinity for hydroxyapatite. The internal surface area of the 

dentinal tubul_es greatly exceeds the surface area at the pulpodentinal region (Pashley 

1988). Therefore, the availability of binding sites. for diphosphonate will be greatest 

within the dentinal tubules. 

Two other factors which affect the in vivo diffusion of diphosphonate are the 

presence of a smear layer and a patent apical foramen. The smear layer could 

possibly offer more binding sites for the diphosphonate since it is composed of very 

small particles with a large combined surface area, and because these particles 

contain hydroxyapatite. It has been reported that the smear layer only decreases the 

diffusion rate by approximately 25%. However, when using fluid filtration, the 

reduction is approximately 80-90% (Pashley 1988). This reduction in diffusion rate 

may or may not have a clinical significance. Abbott et al. (1988) found that, in the 

diffusion of Ledermix paste from root canal dressings, a patent apical foramen did 

not significantly affect the diffusion rate. They concluded that the majority of 

diffusion occurred through the dentinal tubules and not through the patent apical 

foramen. 
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The ·purpose of this study was to investigate the in vitro permeability of intact 

human tooth roots, with and without an endodontic smear layer, to tritiated water. 

An additional purpose was to determine the in vitro ability of diphosphonate to 

diffuse through intact human tooth roots with and without cementa! defects. 



MATERIALS AND METHODS 

1. TOOTH PREPARATION 

A. CROWN SEGMENTS 

Intact, previously impacted, human third molars were obtained from Oral and 

Maxillofacial Surgeons. These teeth were sectioned to provide crown segments. The 

first section was made parallel to the occlusal surface to remove the enamel. The 

second section was made just coronal to the pulp chamber floor. Sectioning was 

done using a Buehler Isomet Saw (Buehler, Lake Bluff, IL). The coronal surfaces 

were checked for any residual enamel and, if pre~ent, enamel was removed by 

sanding using a Buehler Ecomet III Polisher/Grinder (Buehler, Lake Bluff, IL) with 

320 grit sandpaper and water. The resulting crown s~gments had a flat dentin 

surface on the occlusal portion with the pulp chamber open on the reverse side. The 

crown segments' radicular dentin was glued to a Plexiglas. plate using Zapit brand 

cyanoacrylate (MDS Products, Inc., Anaheim Hills, CA). The Plexiglas plates had 

holes predrilled through them and 18 gauge stainless steel tubing was secured in each 

hole prior to attaching the crown segments. This allowed access to the pulp 

chambers of the crown segments. The pulp chambers were filled with deionized 

water. The polyethylene tubing was filled with water and was attached at one end 

to the stainless steel tubing and to a 20 ml water filled syringe at the other end. 

24 
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Pressure was applied manually to the syringe to test the system for any leaks. If a 

leak was detected, more Zapit was applied and allowed to dry and then rechecked. 

If the leak was still present, the crown segment was removed from the Plexiglas 

plate, reglued, and checked again for leaks. 

B. DENTIN DISKS 

In tact, previously impacted, human third molars were obtained from Oral and 

Maxillofacial Surgeons. Two parallel cuts, perpendicular to the long axis of the 

tooth, were made coronal to the pulp chamber. The resultant dentin disks were then 

sanded using a Buehler Isomet sander to a thickness of 150-200 J.Lm. The smear 

layers on both sides we.re removed by submerging the dentin disks in 0.5 M (EDTA) 

for 1 minute followed by submersion in deionized water for 5 minutes. 

C. ROOTS 

Human maxillary incisors, freshly extracted due to nonrestorable caries or 

periodontal disease, were obtained and stored in isotonic saline containing 0.2% 

(wt/vol) sodium azide. The crowns were sectioned through the coronal portion of 

the pulp chamber perpendicular to the long axis of the tooth with a carborundum 

disc. The cut portion of the crown was then sanded flat to within approximately 5 

mm of the cementoenamel junction (CEJ). The pulp chamber was further exposed 

using a #4 round bur and a high speed air-driven handpiece with a water spray. A 

# 10 file was inserted into the root canal space until it was just visible at the apical 

foramen. This was done both to ensure that the apical foramen was patent and to 

establish the length of the canal. One millimeter was subtracted from the length of 
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the canal and this was used as the working length in the instrumentation of the canal. 

Each canal was instrumented with K-flex files using circumferential filing to a size 

70 file. A step back technique was used with both a size #80 file .1 mm short of the 

working length and a size 90 file 2 mm short of the working length. One ml of saline 

was used for irrigation between each instrument and a size 10 file was inserted into 

the canal until it was visible at the apical foramen to ensure the canal remained 

patent. The roots were cemented to the Plexiglas plates with Zapit. Durelon 

(Premier Dental Products Company, Norristown, PA) was appl~ed as a seal to the 

area of the apical foramen. Polyethylene tubing was attached to the _stainless steel 

tube and to an empty syringe. The root was submerged under water and pressure 

applied. If no air bubbles were observed, it was assumed there were no leaks in the 
/ 

attachment of the root to the Plexiglas or at the apical foramen. 

2. FILTRATION EXPERIMENTS 

A. AEROBIC 

The fluid filtration system using a N2 tank is shown in Figure 2. Ten 

pounds/in2 (psi) of pressure were applied to force the diphosphonate solution 

through the dentin. As it appeared on· the .occlusal side it was collected into 1-J.Ll 

pipets (Drummond Scientific Company, Broomall, PA)~ · After.each pipet was filled, 

the surface was blotted dry with KimWipes (Kimberly Clark, Roswell, GA) and a new 

1-J.lJ sample was collected. These experiments were conducted in an open room. 
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B. ANAEROBIC 

These experiments were conducted in the same fashion as the aerobic · 

experiments with one exception. Instead of being conducted in the open room, a 

Plexiglas box was constructed and an artificial N2 environment was created using a 

tank of nitrogen gas. The N2 environment was considered adequate when it would 

quickly extinguish an open flattle introduced into it. These experiments were 

conducted within this-N2 e~vironment. 

3. DIFFUSION EXPERIMENTS · 

A. PERFUSION CHAMBER EXPERIMENTS 

The crown segments or roots were pr~pared as previously described. The 

pulp chamber or pulp canal space was dried, filled with tb.e experimental solution to 

the top of the reservoir tube :and then capped with Parafilm (American Can 

Company, Greenwich, CT). The crown segment or root was suspended in a vial of 

deionized water (see Figure 3). The vial, with the inflow at the base and the outflow 

at the top, was continuously perfused at the rate of 1 mVmin with a peristaltic pump 

(ISCO model Tris, ISCO, Lincoln, NE). The fluid leaving the vial was collected into 

a fraction collector (Bio-Rad Model2110, Bio-Rad Laboratori~s, Richmond, CA) at 

3-minute intervals. 



FIGURE 2: Fluid Filtration Apparatus. A schematic representation showing . 
pressure supplied by an N2 tank, connected to pressure pot, and an air bubble in the 
micropipette. The position of the air bubble is controlled by the microsyringe. The 
permeability of the test sample (crown segment) can be calculated by recording the air 
bubble movement in the micropipette. 
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FIGURE 3: Perfusion Chamber. A schematic diagram showing a root suspended in 
water in the pelfusion chamber and the water inlet at the base of the chamber and 
the water outlet at the top of the chamber. . . 
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B. DIFFUSION CHAMBER EXPERIMENTS 

The roots were. suspended in diffusion chambers (see Figure· 4) containing 27 

ml of deionized water and a magnetic flea. Twenty-seven ml of deionized water was 

used because that was the volume required to cover the entire root. Chambers were 

placed on a stirring plate and stirred for a specified time interval. At the end .of 

each time interval, a 1-~-~.1 sample was obtained from the root canal space of each 

root and two 100-~-~.1 samples were obtained from the water surrounding the root. 

The roots were then transferred to different vials containing fresh deionized water 

and placed back on the ·stirrer for another specified time interval at which time the 

sampling procedure was repeated. 



FIGURE 4: Diffusion Chamber. A schematic illustration depicting a root 
suspended in the chamber filled with water, a magnetic flea in the base of the 
chamber, and a polyethylene tube reservoir at the top allowing access to the pulp 
canal space. 
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4. RADIOACTIVE COUNTING 

A. GAMMA (99mTc-DIPHOSPHONATE) EMITTERS 

The collected samples. and stock solutions of 99mTc-diphosphonate were 

counted in a gamma counter (Beckman Gamma 4000, Beckman Inc., Irvine, CA) to 

at least 10,000 counts. 

B. BETA eH20 AND 14C-DIPHOSPHONATE) EMITTERS 

The samples of the water ·in which the roots were suspended were collected 

and placed in glass scintillation vials· (Kimble 20 ml Scintillation vials~ Kimble Glass 

Inc., Vineland, NJ), 15 ml of scintillation fluid was added (Fisher Biotech Scintiverse 

BOA, Fisher Scientific, Fair Lawn, NJ), and the vials were counted in a liquid 

scintillation counter (Beckman LS-3.801, Beckman Instruments Inc., Irvine, CA). The 

samples collected from the pulp canal space or pulp chamber were diluted with 100 

J.Ll of deionized water and handled as previously described. The liquid scintillation 

counter channels were set to count either for 14Carbon or for 3H20 respectively. 

Background counts were collected for 10 or 100 minutes to correct for background 

radiation. 

5. RADIOACTIVE SOURCES 

A. 99mTc-DIPHOSPHONATE 

The 99mtechnitium (99mTc)-labeled diphosphonate was obtcdned from a 

commercial laboratory (Primary Source, Augusta, GA). 
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The tritiated water was obtained from New England Nuclear (Boston, MA) 

a division of DuPont, Inc. It was used at a concentration of 1 mCi/ml. 

C. 14C-DIPHOSPHONATE 

The 14Carbon-labeled diphosphonate was provided by Norwich Eaton 

Pharmaceutical (Norwich, NY), in the form of 1-hydroxyethane-1,1-diphosphonate 

(Etidronate®), 41.7 JLCi in 1 mg of dry powder. The manufacturer provided 

chromatographic evidence of proof of purity. They also supplied us with 10 gms of 

disodium Etidronate® (non-radioactive). 

6. PAPER CHROMATOGRAPHY 

A. CONDUCTED BY THE COMMERCIAL LABORATORY 

The samples collected for paper chromatography were returned to the 

commercial laboratory to determine the amount of diphosphonate chelate that was 

still labeled with 99mTc. This was done on s· mm x 30 mm strips of Whatman No. 

CH31RT paper placed in glass containers containing pure acetone as the mobile 

phase. After ascension of the mobile phase to the top of the paper (approximately 

3 minutes), the strips were scanned in a multi-channel analyzer (Model Quantum 8, 

Nucleus Inc., Oak Ridge, TN). 
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B. CONDUCTED IN OUR LABORATORY 

Whatman grade 1 filter paper was cut into 5 mm x 30 mm strips. The 10-J.tl 

sample was placed at the origin and the strip was suspended in acetone. After the 

solvent front stopped moving, the strip was removed, cut in half, and each half was 

counted separately in the gamma counter. 

7. SCANNING ELECTRON MICROSCOPY 

The dentin disks were fractured in half by hand and mounted for scanning 

electron microscopic observation (SEM). One half was mounted flat on the 

mounting stub with epoxy resin; the other half was mounted with the fractured edge 

up to permit visualization of hitratubular contents. Specimens were sputter coated 

(Model V, Technics Inc., Richmond, VA) with gold to a thickness of 10 nanometers. 

The samples were then examined in a scanning electron microscope, (Model JSM-

35CFII, JEO L, Tokyo, Japan) at 25 kilovol~ .. Representative photomicrographs were 

taken with Polaroid B/W Type "55 PIN film at various magnifications. . . 

8. EXPERIMENTAL PROCEDUR·ES 

This section is divided into three parts. The first section describes a series of 

experiments (8.A.) designed to determine if 99mTechilitium-labeled diphosphonate 

could be used to trace the movement of diphosphonate across radicular dentin. The 

second section describes experiments (B. B.) dealing with the permeation of tritiated 

water eH20) across root dentin. The last section contains the data concerning 
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experiments (S.C.) involving 14Carbon-labeled diphosphonate binding to dentin and 

its diffusion through intact roots. 

A. 99MTECHNITIUM-LABELED DIPHOSPHONATE 

Experiment 1 was designed to determine if 99mtechnetium (99mTc )-bound 

diphosphonate would bind to the tubules as it was slowly filtered across dentin. This 

was· evaluated by cqmparing the counts per minute (CPM) in the dentinal fluid to 

the CPM of the pulpal fluid. If the. CPM in dentinal fluid were muchJess than in 

the pulpal fluid it would indicate dentin binding. However if the radioactive 

technetium became unbound, the dentinal fluid might contain 99mTc but little 

diphosphonate. 

In Experiment 1, a crown segment was prepared as previously described. The 

coronal smear layer was removed by washing the dentin surface for 30 seconds with 

6% (wt/vol) citric acid followed by 25 ml of deionized water. The pulp chamber was 

dried and then filled with the 99mTc-labeled diphosphonate. The crown segment was 

connected to a fluid filtration apparatus as previously described and 10 psi of 

pressure was applied to force the diphosphonate solution through the dentin. As the 

diphosphonate solution appeared on the occlusal side it was collected into 1-J.Ll 

pipets. Five 1-pJ samples were collected, followed by one 10-pJ sample.· After the 

occlusal surface samples were collected, two 1-pJ samples were collected from the 

pulp chamber. The five 1-pJ samples collected from the occlusal surface and the two 

1-pJ samples collected from the pulp chamber were counted in a gamma counter. 
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The 10-,ul· sample was returned to the commercial laboratory for paper 

chro~atography to determine the amount of diphosphonate chelate that was still 

labeled with 99mTc;c 

Experiment 2 was designed to evaluate the movement of 99mTc-diphosphonate 

across dentin by diffusion rather than by convective transport as in the first pilot 
( 

experiment. 

In· Experiment 2, a crown segment was prepared and mounted to a Plexiglas 

plate as previously described. The smear layer on the occlusal surface was removed 

by treatment with 6% citric acid for 30 seconds and flushed with 25 ml of deionized 

water. The pulp chamber was dried, filled with the 99mTc-labeled diphosphonate 

solution to the top of the stainless steel tube and then capped with Parafilm. The 

crown segment was placed in a perfusion chamber and continuously perfused at the 

rate of 1 ml/min by a peristaltic pump. The fluid leaving the vial was collected into 

a fraction collector at three-minute intervals. Every fourth sample was collected and 

counted in the gamma counter. The experiment was run for 4 hours. 

In Experiment 3, two additional crown segments were prepared as described 

previously. The smear layers, both pulpal and occlusal, were removed by soaking the 

segments in 17% (wt/vol) EDTA for 2 minutes, followed by 2 minutes in 5.25% 

(wt/vol) NaOCl, and finally for 5 minutes in distilled water. This was done prior to 

attaching the segments to the Plexiglas plates and checking for leaks. 

The pulp chambers of the crown segments were dried and filled with the 

99mTc-labeled diphosphonate obtained that morning from Primary Source· (6.3 mCi 
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diluted to -5.0 ml with phosphate buffered saline). The crown segments were 

attached to the fluid filtration apparatus as qescribed previously (see Figure 2). 

Three timed 1-J.Ll samples were collected from the occlusal dentin surface followed 

by two 10-pJ samples from the dentin surface. Mter the dentin surface samples were 

collected, a 1-p,l sample was taken from the pulp chamber as a reference sample. 

The three 1-J.Ll samples taken from the dentin surface and the 1-p,l sample 

taken from the pulp chamber were counted in a gamma counter. 

The 10-pJ samples were returned to Primary Source for paper chromatography 

to determine what fraction of the original bound 99mTc remained chelated and what 

percent became free. 

Experiment4 was designed to determine if 99mTc-labeled diphosphonatecould 

diffuse through an intact root. A recently-extracted human incisor root was prepared 

as described previously. The cementum and peripheral dentin were removed using 

a diamond depth .cutter (0.3 mm depth, Brasseler USA Inc., Savannah, GA). The 

depth guides were then connected with a fine grit diamond bur (Premier Abrasive 

Technology Inc., Norristown, PA) resulting in a uniform depth of dentin removal on· 

the external root surface. The internal and external smear layers were removed by 

soaking and irrigating the canal with 17% EDTA for .2 min, -5.25% NaOCI for 2 

minutes, and rinsed with distilled water for 5 minutes. 

The canal was dried, filled with the labeled diphosphonate solution to the top 

of the resetvoir and covered with Parafilm. The root was suspended in the perfusion 

chamber, the chamber was perfused at a rate of 1.0 ml/min, and the outflow was 
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collected at 5-minute intervals in a fraction collector. All samples collected were 

counted in the gamma counter. Two 1-pJ samples of the stock solution were 

collected at the end of the experiment and also counted. 

Experiment 5 w&s designed to determine if we could prevent the oxidation of 

the 99mTc-labeled diphosphonate solution. As the 99mTc-diphosphonate complex was 

reported to be decomposed by oxygen, we repeated the experiment in a chamber 

filled with nitrogen gas. The 99mTc-labeled diphosphonate (2.97 mCi diluted to 3.0 

ml of phosphate buffered saline) was obtained. An artificial N2 environment was 

constructed to run this portion of experiments. 

In Experiment 5, four crown segments were prepared and the smear layers 

were removed as in Experiment 1. Each crown_ segment was attached to the fluid 

filtration apparatus and three 1-JLl samples were collected from the dentin surface. 

After the initial 1-JLI samples were collected, a 10-JLl sample was collected from the 

dentin surface and a.1-JL1 Teference sample taken from the Pl:llP chamber .. One of 

the four crown segments was randomly selected ·and the experiment repeated outside 

the N2 environment to determine the effect of atmospheric oxygen on the 99mTc

diphosphonate complex. 

The 1-JLl samples taken from the dentin surface and the pulp chamber were 

counted in the gamma counter. The 10-JLl samples were taken to the commercial 

laboratory for paper chromatography to determine the stability of the radioactive 

diphosphonate. A 10-JLI sample of the stock solution was collected at the end of the 

experiment. Also, at the beginning of the experiment a portion of the stock solution 
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was placed 'iri a syringe; and air was drawn into the syringe, exposing the solution to 

air. A 10 -,ul sample of this air-exposed solution was also collected at the end of the 

expe~iment. These two 10-,ul samples were also taken to the commercial laboratory 

for paper chromatography. 

Experiment 6 ·repeated Experiment 5 with three ·crown segments to determine 

if the addition of ascorbic acid would prevent oxidation of the 99mTc-diphosphonate 

solution. 99mTc-labeled diphosphonatewas acquired from the commercial laboratory. 

The solution was diluted to 1 mCi/ml with phosphate buffered saline containing 10 

mM ascorbic acid. Again, three 1-,ul samples were collected from the dentin surface, 

followed by two 10-,ul samples. One 1-,ul reference sample was taken from the pulp 

chamber after collecting the occlusal dentin samples. The 1-,ul samples were counted 

in the gamma counter.· 

One of the 10-,ul samples from each of the crown segments was returned to 

the commercial laboratory for paper chromatography. The other 10-,ul samples were 

subjected to paper chromatography in our laboratory. These results were compared 

to the results obtained at the commercial laboratory which was equipped with a 

multi-channel analyzer. 

B. TRITIATED WATER 

As we believed that there would be extensive binding of radioactive 

diphosphonate to dentin, we wished to measure the maximum permeation of a 

reference tracer that does not bind to dentin. We chose tritiated water eH20) 
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because of its small molecular size and its non-reactivity with dentin. These 

experiments were also done to make certain that the roots were permeable. 

In Experiment 7, four roots were prepared as previously described. The roots 

were dried with paper points and filled with 3H20. The roots were filled by inserting 

PE-10 polyethylene tubing (Becton Dickinson and Company, Parsippany, NJ) in the 
. . 

canal space to within 1 mm of the working length. A tuberculin. syringe (Becton 

Dickinson and Company, Parsippany,. NJ) was attached to the polyethylene tubing 

that contained the 3H20 solution. The canal was backfilled by slowly injecting the 

solution into the canal space to ensure that air was not trapped in the canal. The 

roots were individually suspended in the diffusion chamber. 

Triplicate 100-J.Ll samples of the water in which the roots were suspended were 

collected at 1 hour to verify that the extema' surface of the root- had not been 

contaminated with 3H20, and every 12 hours thereafter for 5 days. The 100-J.Ll 

samples were counted in the liquid scintillation counter.· 

At the end of the five days, we were unsuccessful in our attempts to collect 

1-J.Ll samples of the fluid within the pulp canal space to determine if the activity of 

the 3H20 had changed. 

Experiment 8 was designed to determine when the diffusion of ~H20 across 

root dentin reached a plateau. Three roots were prepared and used ~s in · 

Experiment 7; the only difference was that the stainless steel tube reservoir was 

replaced with a section of polyethylene tubing so that the .level of the 3H20 solution 
• I 

could be observed. 
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The· 3H20 was placed into the root canal of each tooth with a micrometer 

syringe (Hamilton Liquid Microliter Syringe, Pierce Distributors, Rockford, IL). 

The ·amount added was based upon the internal volume previously measured. This 

was done to ensure that when the solution was introduced into the root canal there 

was no air entrapment. That is, if we could not introduce as much 3H20 into the 

canal as its previously measured volume, then we had entrapped some air. 

The roots were then placed into the diffusion chambers. One hundred-JLl 

samples of the water in which the roots were suspended were taken after 1 hour. 

At this time the roots were placed into the perfusion chambers (Figure 3). 

The perfusion chambers were attached to a water supply set to deliver 5 mVmin. 

Every 12 hours the roots were removed from the perfusion chambers and placed into 

the diffusion chambers on the magnetic stirrer plate (see Figure 4). They were 
·, 

stirred for 1 hour, the water was sampled, and the roots were returned to the 

perfusion chambers. At each sampling period, the level of 3H20 was observed in the 

·polyethylene tubing. If it was not visible, . sufficient 3H20 was added using the 

micrometer syringe to bring the level back to where it was at the beginning of the 

experiment. The amount of 3H20 added was recorded. The experiment was 

continued for 5 days. 

The 100-J.Ll samples were counted in the liquid scintillation counter. One-JLl 

samples of the stock solution were collected at the beginning of the experiment, 

added to 100 ml of deionized water, and, counted with the other samples. 
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Experiment 9 was designed to determine if the diffusion of 3H20 reached a 

plat~au within 24 hours. The three of the four roots that had been prepared in the 

previous study were utilized. The root that was impermeable was not used in this 

experiment. The pulp canal space was filled with 3H20 using the micrometer syringe. 

The roots were suspended in 27 ml of deioniz~d water in the diffusion chambers and 

placed on the magnetic stirrer plate. Each hour two 100-J.l,l samples were collected 

of the water in which the roots were suspended and a 1-J.l,l sample was taken from 

the pulp canal space. After the samples were collected, the water in which the roots 

were suspended was discarded and replaced with fresh deionized water. Also, if the 

level of 3H20 was not visible in the resetvoir, more was added. Samples collected 

were placed in scintillation vials and 15 ml of scintillation fluid was added. All 

samples were counted in a liquid scintillation counter at the conclusion of the 

experiment. These steps were repeated every hour for 22 hours. 

DIFFUSION OF 3H20 THROUGH INTACT ROOTS 

The final tritiated water experiment, Experiment 10, was to determine the 

permeability of a large number of intact roots to the diffusion of 3H20. This 

experiment was conducted similar to Experiment 9. 

Ten freshly-extracted human maxillary incisors were obtained. The roots 

\ -

_ were prepared as previously described ·with the exception that they were bonded to 

Plexiglas plates with Superbond (Sun Medical Company Limited, Kyoto, Japan), with 

a prepositioned polyethylene tube resetvoir. The apical2 mil} of each root was also 
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coated with Superbond to seal the apical foramen. The teeth were then stored in 

0.2% sodium azide at 4 degrees C until used. 

The root canal space of each prepared root was dried with paper points. 

Tritiated water was added to the canal space with the micrometer syringe until it was 

visible in the polyethylene tube reservoir. The volume added was record~d for each 

experimental root. The roots were suspended in the diffusion chambers (Figure 4) 

containing 27 ml of deionized water and magne~ic fleas. Chambers were placed on 

a stirrer plate and stirred for 1 hour. At the end of 1 hour, a 1-J.Ll sample was 

obtained from the root canal space of each root and two 100-J.Ll samples were 

obtained from the water surrounding the root. The roots were then transferred to 

different vials containing fresh deionized water and placed back on the stirrer for 

another hour, at which time the sampling procedure was repeated. Sampling was 

done at 1-hour intervals for 10 hours. 

When the level of 3H20 in the polyethylene tubing dropped to within 1 mm 

of the Plexiglas plates more was added. Each time more 3H20 was added the time 

and volume were recorded. At the en~ of the experiment the roots were stored in 

0.2% sodium azide at 4 ·degrees centigrade. 

The 100-IJ.l samples of water were placed in a glass scintillation vial and 15 ml 

of scintillation fluid were added. The 1-IJ.l micropipetes containing the pulpal 

samples were added to glass scintillation vials containing 100 J.Ll of deionized water, 

quantitatively rinsed with the 100-J.Ll of water, and then 15 ml of scintillation fluid 
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were added. All samples were loaded into trays and counted i~ the liquid 

scintillation counter. 

This procedure was Experiment 10. Two other experiments were conducted. 

Experiment 11 was a repeat of Experiment 10 but the endodontic smear layer was 

removed. Experiment 12 was a repeat of Experiment 11 but was done after the 

experimental roots had remained in storage (individual containers with 50 ml of 

isotonic saline-containing 0.2% sod~um azide at 4° Centigrade) for 8 weeks. 

After the completion of Experiment 10, the experimental roots were rinsed 

with 10 ml of deionized water. The root canal spaces were dried with paper points 

and the smear layer was removed in the following manner. First, the root canal 

space was flushed with 5-ml of 17% EQTA for~ min. This was followed with a 5-ml 

flush with deionized ·water. Then the roots were flushed for 1 min with 5 ml of 

5.25% NaOCI. This was followed by a 1-min rinse with 10 ml of deionized water. 

The canal spaces were then redried and the previous experiment repeated to 

determine if removal of the endodontic smear layer increased the rate of diffusion 

of tritiated water across the roots. 

The roots were stored for 2 months in 0.2% sodium azide at 4 degrees C. 

The root canal spaces were first dried, and then the previous experiment was 

repeated. 
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C. · . 14CARBON LABELED DIPHOSPHONATE 

Experiment 13 was conducted to determine if any 14C-diphosphonate would 

appe~r in dentinal fluid as it flowed slowly from the pulp chamber to the coronal 

dentinal surface. This was quantitated by comparing the dentinal fluid activity to 

. that of the pulpal fluid at different flow rates (i.e. contact times). 

A crown segment was prepared as previously described. ·The smear layer on 

the external dentin surface was removed by etching the surface for 30 seconds with 

37% (w/v) phosphoric acid. The chamber of the crown segment was filled with a 

solution of distilled water and 14Carbon-labeled 1,1-ethanehydroxy-diphosphonate 

(Etidronate®). The solution was made by dissolving 1 milligram of the 14C-labeled 

Etidronaie® in 10 ml of distilled water (specific activity4.25 x 10-3 JLCiiJJJ, 4.0 x 10-4 

Molar). After the pulp chamber was filled, a portion of polyethylene·tubing was 

filled with the same solution and attached to the mounted crown segment. :This was 

then attached to the fluid filtration apparatus (Figure 2) with an air bubble to 

separate the radioactive solution from the water. Pressure was applied and fluid was 
1'• . ' . • 

collected from the cut dentin surface at three different flow rates: 0.5 J.L11min, 1.0 

,ul/min, and 2.0 ·1-LVmin. Five, 1-pJ samples were collected at each flow rate. The 

samples were ·placed in a scintillation ·vial with 15 ml of scintillation fluid and 

counted in a liquid scintillation counter. 

Experiment 14 was conducted to help determine· the rate at which 

diphosphonate became bound to dentin following topical application rather than 

filtration. A crown segment was prepared as previously described. Twenty J.Ll of the 
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14C-labeled· Etidronate® solution described in Experiment 13 were placed on the 

surface of the crown segment. Two 1-J.Ll samples of that 20 J.Ll were collected at 5-
,.. 

min inteiVals for 20 minutes. Then 20 J,Ll of 37% phosphoric acid was placed on the 

dentin surface to mobilize the bound diphosphonate by demineralizing the dentin 

surface, and two 1-~I samples were collected at 30 seconds and again at 2 minutes. 

The samples were placed in glass scintillation vials with 15 ml of scintillation fluid 

and counted in a liquid scintillation counter. This experiment was done to determine 

if bound diphosphonate could be recovered following acid etching of the dentin 

surface. 

The previous experiment examined diphosphonate binding to the occlusal 

dentin surface. Experiment 15 was conducted to examine the rate of diphosphonate 

binding to dentin from the pulpal surface. Some portions of pulp chambers or root 

canals are not accessible to endodontic instrumentation. Such dentin surfaces are 

generally covered with nonmineralized predentin. This experiment sought to 

determine the extent of binding of diphosphonate to such surfaces. 

A crown segment was prepared as previously described, with the exception 

that it was not attached to a Plexiglas plate. Thirty microliters of the 14C-. 

diphosphonate solution as described in Experiment 13 were added to the pulp 

chamber of the crown segment. One-J.Ll samples were collected from the. pulp 

chamber every minute for 20 min. Then 30 J.Ll of deionized water were placed in the 

pulp chamber and all of the water recollected. This addition of water was repeated 

four times. Then 30 ~I of 37% phosphoric· acid were added and recollected 30 
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seconds later. This addition of 37% phosphoric acid was repeated 6 times. The 1-Jd 

samples (20 samples), the recollected deionized water (4 samples), and the 

recollected 37% phosphoric acid (6 samples) were all placed in scintillation vials with 

15 ml of scintillation fluid and counted in a liquid scintillation counter. 

Experiment 16 was designed to compare the ability of water rinses to that of 

acid rinses to recover diphosphonate previously-bound to dentin surfaces with and 

without a smear layer. Three crown segments were prepared as previously described 

but were not attached to Plexiglas plates. Two plastic rings were luted to the 

occlusal surface of each crown segment with Sticky Wax (Kerr, Emeryville, CA) 

creating two circular reservoirs approximately 3 mm in diameter on each dentin 

surface. The dentin in one of the reservoirs on ~ach crown segment had the smear 

layer removed by a 2-minute application of 17% EDTA followed by a 5 ml rinse with 

deionized water. The other reservoir was left untreated. Both reservoirs were gently 

dried by blotting with a small piece of a Kimwipe. 

Twenty microliters of the ~4C-diphosphonate solution as described in 

Experiment 13 were added to one of the reservoirs on the dentin surface. One-J.Ll 

samples of this solution were then collected at 1-min intervals for 15 minutes. Then 

the reservoir was filled with 20 J.Ll of deionized water and all the water recollected; 

this initial wash with water was repeated four. times. The dentin surface in the 

reservoir was then gently blotted dry with a paper point. The reservoir was then 

filled with 20 tJ.l of 17% EDTA. One-J.Ll samples of this solution were collected at 

1-min intervals for 2 minutes,' then the remaining 17% EDTA was collected. Twenty 
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microliters ·of deionized water was added and all the water recollected; this final 

was~ with water was repeated three times. 

The fifteen 1-J.LJ samples of the 14C-labeled diphosphonate solution, the four 

water washes, the paper point, the two 1-tJ.l samples of the 17% EDTA solution, the 

remaining EDTA, and the final three water washes were all placed in separate glass 

scintillation vials with 15 ml of scintillation fluid and the vials counted in the liquid 

scintillation counter. This procedure was repeated for each reservoir. 

Experiment 17 was conducted to determine if the diphosphonate binding sites 

in dentin could be saturated. · The dentin disk was soaked in a 1-Molar solution of 
j 

unlabeled diphosphonate·at room temperature in 100% humidity for 48 hours. Mter 

this time it was noted that the dentin disk was covered with crystals. ·.The disk was 

prepared for SEM viewing as previously. described. 

DIFFUSION OF 14C-DIPHOSPHONATE THROUGH RADICULAR DENTIN 

Experiment 18 was conducted similarly to the final 3H20 experiments to .-

determine if 14C-labeled diphosphonate would diffuse across radicular dentin. 

The same roots used in the 3H20 experiments were utilized in this experiment. 

Cementum and some dentin were removed from the roots 5 mm apical to the CEJ 

and 5 mm coronal to the root apex. This was done by depth cutting the surface with 

a lDT diamond bur (S.S. White, Lakewood, NJ) then connecting the depth cuts with 

a high speed air turbine handpiece and water spray. The external surface smear 



49 

layer was then removed by with a 2 minute rinse With 17% EDTA followed by a 25 

ml rinse with deionized water. 

The pulp canal spaces were dried with paper points and filled with the 14C

labeled diphosphonate used in Experiment 13 with the micrometer syringe. The 

roots were placed into the diffusion chambers containing 27 ml of deionized water 

and placed on the magnetic stirrer plate. Two 100-pJ samples of the water in which 

the roots were suspended and a 1-J.tl sample from the pulp canal space were collected 

every 24 hours. After the samples were collected, the water in the diffusion 

chambers was changed and the level of 14C-labeled diphosphonate solution in the 

pulp canal space was checked. If the level of the solution in the reservoir was within 

5 mm of the Plexiglas plate more solution w~s added. The samples colle~ted were 

placed in glass scintillation vials and 15 ml of scintillation fluid were added. At the 

conclusion of the experiment all samples were counted in a liquid scintillation 

counter set to count only 14Carbon. This experiment was conducted for 8 days. 

Experiment 19 was conducted using 3H20 to verify the permeability of the 

intact roots used in Experiment 18. This experiment was conducted identically to 

Experiment 10. 

In Experiments 20 and 21 the previous 10 roots were divided into two groups 

of five each. In Experiment 20, the root canal spaces were filled with the 14C

diphosphonate solution and placed into the diffusion chambers. Every 2 hours the 

water in which the roots were suspended was sampled, discarded and replaced with 

27 ml of fresh deionized water. Also, the 14C-diphosphonate solution was removed 
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from the root canal space with paper points and fresh 14C~diphosphonate solution 

was placed in the root canal space to maintain a high diffusion gradient. This 

experiment was conducted for 22 hours. Experiment 21 was identical to Experiment 

· 20 except that it was conducted for 36 hours to allow additional time for possible 

diphosphonate diffusion. 



RESULTS 

As in the Materials and Methods section, the Results section will be divided 

into three sections. The first section will list the results of the 99mTc-labeled 

diphosphonate experiments. The second se·ction will contain the data for the 

diffusion of 3H20 through intact .roots. ~e last section will contain the results of 

14Carbon-labeled diphosphonate experiments. 

99mTECHNETIUM LABELED DIPHOSPHONATE 

In Experiment 1~ 99mTc-labeled diphosphonate· was fi.tered through a crown 

segment at a flow rate of 5 J.LVmin. The amount of radioactivity in 1-J.Ll samples 

collected from the dentin surface were compared to that of a similar volume of fluid 

collected from the pulp chamber. The data are listed in Table I. There was an 

increase in the radioactivity in the serially collected dentinal fluid to a level that 

approached that of the concentration in 'the pulpal fluid. 

The fact that the 99mTc-concentration in dentinal fluid was close to that of the 

pulpal fluid indicated either that there was little binding of 99mTc-diphosphonate to 

dentin or that the 99mTc was no longer attached to the diphosphonate. The 

51 
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percentage· of 99mTc-labeled diphosphonate that remained labeled with 99mTc after 

passing through dentin was determined by paper chromatography from a 10-JLl 

sample collected from the dentin surface. Because the free 99mTc was soluble in the 

acetone, it was carried along the solvent front. The labeled diphosphonate was not 

soluble in acetone and remained at the origin. Dividing the. counts at the origin by 

the total counts gave the percentage of diphosphonate still labeled with the 99mTc. 

The results are listed in Table II and indicate that only 32% of the diphosphonate 

remained labeled with 99mTc. Tha(J.s, 68% of the chelat~ had dissociated into free 

99mTc which was carried along the solvent front. 
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TABLE I 

FILTRATION OF 99mTc LABELED DIPHOSPHONATE · 
THROUGH CORONAL DENTIN 

SAMPLE I 
1st J.Ll from dentin surface 

2nd J.Ll from dentin surface 

3rd J.Ll from dentin surface 

4th J.Ll from dentin surface 

5th J.Ll from dentin surface 

1st ,ul from pulp chamber 

2nd J.Ll from pulp chamber 

53 

CPM 

132,794 

29,926 

113,322 

. 913,086 

883,860 

1,167,920 

1,172,610 

The data in Table I are CPM of the first s.one-J.Ll samples collected from the dentin 
surface at a flow rate of 5 J.Ll/min followed by 2 one-:J.Ll samples taken from the pulp 
chamber. 

I 

TABLE II 

DETERMINATION OF PERCENTAGE OF DIPHOSPHONATE STILL 
LABELED WITH 99mTc BY PAPER CHROMATOGRAPHY 

COUNTS COUNTS ON TOTAL %LABELED 
ON SOLVENT COUNTS DIPHOSPHONATE 

ORIGIN FRONT 

27,885 I 60,726 I 88,611 I 31.47% I 
Table II displays the counts from the 10-J.Ll sample collected from the dentin surface 
and chromatographed. By dividing the counts at the origin by the total counts, the 
percentage of diphosphonate still labeled with 99mTc \yas determined. 

I 



54 

In Experiment 2, the 99mTc-labeled diphosphonate was placed in the pulp 

cha~ber of a crown segment to permit its diffusion across the dentin to the occlusal 

dentin surface, which was continually washed with deionized water at a flow rate of 

1 ml/min. The .effluent water was collected every four minutes using a fraction 

collector. The initial sample of water was collected and counted and then every 

fourth sample was collected for counting over a 4-hour period. The rate of diffusion 

of 99mTc-labeled diphosphonate from the pulp chamber to the occlusal surface of the 

coronal dentin is shown in Figure 5. The highest diffusion rate of 99mTc was seen in 

the first sample, followed by a gradual decrease in flux over the next four hours. 

However, it was not known whether the measured radioactivity was due to free or 

chela ted 99mTc. To answer that question, a fluid filtration experiment was performed. 

Experiment 3 was a repeat of Experiment 1 with additional two crown 

segments to verify the earlier results. The results of filtering the 99mTc-labeled 

diphosphonate. through two crown segments are listed in Table Ill. As the activity 

in the dentinal fluid was equal to or higher than that of the pulpal fluid, the data 

indicated.that there was no binding of 99mTc radioactivity. That observation indicated 

either that the 99mTc was no longer bound to the diphosphonate or that there was no 

binding of diphosphonate. 

The two 10-p,l sa,mples collected from each crown segment along with the 

stock were returned to Primary Source Laboratory for paper chromatography to 

determine the amount of 99mTc still clielated. to the diphosphonate. The results are 

listed in Table IV. The chromatography indicated that two-thirds to three-quarters 
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of the 99mTc was still chela ted with diphosphonate. These results were not consistent 

with the lack of binding seen in Table IV. 

In Experiment 4, an intact root was endodontically instrumented and filled 

with 99mTc-labeled diphosphonate. The root was suspended in a perfusion chamber 

and the outer surface was continually rinsed with deionized water at 1 ml/min. The 

effluent water from the perfusion chamber was collected and counted to determine 

the rate of diffusion of diphosph~nate across root dentin rather than coronal dentin. 

The results from this study are presented in the graph labeled Figure 6. These 

results .indicated an initial rise of gamma radiation in the effluent water followed by 

a rapid decline, indicating that the external surface of the root may have been 

contaminated with 99mTc-diphosphonate prior to placing it in the perfusion chamber. 



FIGURE 5: Diffusion of 99mTc-Diphosphonate From the Pulp Chamber to the 
Stuface of Coronal Dentin. The experimental 99mTc-diphosphonate solution at the 
beginning of the experiment had an activity of 924, 000 CPM/11-l. Effluent water 
samples were collected at 12-minute intervals and assessed for 99mTc activity. 
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FIGURE 5 

DIFFUSION OF 99mTc-DIPHOSPHONATE 
FROM THE PULP CHAMBER TO THE SURFACE OF CORONAL DENTIN 
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TABLE III 

COMPARISON OF DENTINAL FLUID 99mTc-LABELED DIPHOSPHONATE 
ACTIV/1Y TO THAT OF PULPAL FLUID 

AFTER FILTRATION ACROSS CORONAL DENTIN 

Sample #- Time Dentinal Pulpal Dentinal fluid/ 
Fluid Fluid Pulpal fluid 
CPM/pJ CPM/,ul 

#1- 1 min 482,730 378,089 1.27 

#1- 2 min 590,092 378,089 1.56 

#1- 3 min 560,958 378,089 1.48 

#2- 1 min 449,223 420,903 1.06 

#2- 2 min 482,506 420,903 1.15 

#2- 3 min 493,034 420,903 1.17 

The flow rate was 5 ,ul/min. The remaining dentin thickness of sample #1 was 
1.80 mm and for sample #2 was 2.0 mm. 

TABLE IV 

DETERMINA.TION OF PERCENTAGE OF DIPHOSPHONATE STILL 
LABELED WITH 99mTc BY PAPER CHROMATOGRAPHY 

Sample Counts on Counts on Total Percentage 
on gin solvent, ·Counts Diphosphonate 

front . Labeled 

Stock ·2,474,328 423,015 . 2,897,343 85.40% 

Crown #1 3,394,055 1,022,697 4,416,752 76.84% 

Crown #2 1,562,324 1,500,792 3,063,115 51.00% 



FIGURE 6: Diffusion of 99mTc~Diphosphonate Through an Intact Root. The 
experimental 99mTc-diphosphonate stock solution at the beginning of the experiment 
had an activity of 956,000 CPM/JLl. The effluent water was collected at 5-minute 
intervals and assessed for 99mTc activity. 
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In view of the fact that these initial experiments were yielding confusing, 

inconsistent results, we began to question the stability of the 99mTc-diphosphonate 

chelate. After con~ultation with several manufacturers, who pointed out a sensitivity 

of the 99mTc chelate to oxygen, we repeated the filtration experiment in the absence 

of oxygen. 

In Experiment 5, 99mTc-labeled diphosphoriate was filtered across three crown 

segments in an N2 environment. The fluid, the tooth, and the samples were all 

equilibrated with N2 gas to prevent oxidation of the chelate. The data are presented 

in Table V. ·In eight of nine samples of dentinal fluid, the radioactivity was higher 

than the corresponding pulpal fluid from which it was derived. This was the opposite 

of what w?uld be expected if the diphosphonate bound to the dentin and indicated 

that the dentinal fluid was evaporating on the dentin surface thereby increasing the 

radioactivity per J.Ll. 

When the experiment was repeated in air, dentinal fluid radioactivity was 

similar to that of pulpal fluid (Table VI) indicating little binding or evaporation. The 

ratios of activity in dentinal fluid vs pulpal fluid were near 1.0. The. data are 

presented in Table VI. 
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The· 10-pJ samples obtained from the dentinal surface for paper 

chromatography were all obtained in the N2 environment. These samples, the stock 

solution and the stock solution mixed with air were all returned to Primary Source 

Laboratory for paper chromatography. The results are listed in Table VII. The 

percent of diphosphonate that remained labeled with 99mTc ranged from a low of 2% 

for crown #3 to a high of 53% in crown #1. 



TABLE V 

COMPARISON OF 99mTc-DIPHOSPHONATE BINDING BY DENTIN 
IN A NITROGEN ENVIRONMENT 

Sample#/ Time Dentinal Pulpal Dentinal fluid/ 
Fluid Fluid Pulpal fluid 
CPM/JLl CPM/JLl 

Crown #1 

#1- 1 min 298,717 129,194 2.31 

#1- 2 min ,268,537 129,194 2.08 

#1- 3 min 324,~.1? . 129,194 2.51 

Crown #2 

#2- 1 min 421,775 173,035 2.43 

#2- 2 min 485,694 173,035 2.81 

#2- 3 min 583,629 173,035 3.37 

Crown #3 

#3- 1 min 257,284 321,310 0.80 

#3- 2 min 595,029 321,310 1.85 

#3- 3 min 612,246 321,310 1.90 
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The flow rate was 5 JLVmin. The remaining dentin thickness was 1.65 mm for 
crown segment# 1, 1.80 mm for crown segment #2 and 2.15 mm for crown segment 
#3. 



TABLE VI 

COMPARISON OF THE EFFECTS OF AIR vs N2 ENVIRONMENT 
ON DIPHOSPHONATE BINDING IN DENTIN 

Sample#/ Time Dentinal Pulpal Dentinal Fluid/ 
Crown #4 Fluid Fluid Pulpal Fluid 

CPM/p.l CPM/,ul 

Inside N2 

Environment 

#4- 1 min 36,225 531,815* 0.068 

#4- 2 min 108,338 531,815* 0.204 

#4- 3 min 188,540 531,815* 0.356 

In Air 

#4- 1 min 584,823 531,815* 1.08 

#4- 2 min 640,811 531,815* 1.19 

#4- 3 min 629,703 531,815* 1.17 
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The flow rate was 5 ,ul/min. The remaining dentin thickness was 2.1 mm. 
*A pulpal 1-,ul sample was not obtained when the crown segment was run in 

the N2 environment because all of the diphosphonate solution had been pushed 
through the crown segment. Therefore the value obtained for the pulpal fluid when 
the experiment was run in air was also used for the experiment when it was run in 
an N2 environment. Thus, the validity of the ratios obtained in the N2 environment 
may be underestimated. 
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TABLE VII 

DETERMINATION BY PAPER CHROMATOGRAPHY 
OF PERCENTAGE OF DIPHOSPHONATE 

STILL LABELED WITH 99mTc IN A NITROGEN ENVIRONMENT 

Sample Counts on Counts on Total Percentage 
Origin . Solvent Counts Diphosphonate 

Front Labeled 

Crown #1 158,182 148,292 306,474 52.6% 

Crown #2 63,058 203,639 266,427 23.7% 

Crown #3 4,437 200,497 204,934 2.2% 

Crown #4 34,721 .. 144,551 179,272 19.4% 

Stock Soln 831,359 2,824,427 3;655,786 22.7% 

Stock+Air 557,503 2,101,1S6 2,658,659 21.0% 
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In Experiment 6, the previous experiment was repeated with the exception 

that ascorbic acid as an antioxidant was added to the 99mTc-labeled diphosphonate 

soluti~n to achieve a final concentration of 10 mmola! to help stabilize the 9~mTc 

labeled diphosphonate. The stock solution of labeled diphosphonate was filtered 

across three crown segments-in a N2 environ~ent. The data are listed in Table VIII. 

Under these conditions, the activity of 99mTc in the dentinal fluid exceeded that in the 

pulpal fluid by 4-fold in the first crown segment, 6-fold in the second, and 26-fold in 

the third. This result was the opposite of that which was expected. Over the course 

of the day, the activity of 99niTc-diphosphonate in dentinal fluid remained relatively 

constant while that in pulpal fluid fell. The fall in the pulpal fluid 99mTc activity may 

have been due to binding in the pulp chamber. Radioactive decay (99mTc has a half

life of 6 hrs) was the same in both dentinal and pulpal fluid. The very high 

concentration of 99mTc-diphosphonate in the dentinal fluid was probably due to 

evaporative loss. The N2 was bubbled through a gas dispersion tube into water as 

it entered the chamber .. Apparently, the gas did not achieve 100% humidity and 

remained rel~tively dry. 

To determine if the 99mTc activity was dissociating from the diphosphonate as 

it was bound in dentinal tubules, sufficient dentinal fluid was collected to permit 

paper chromatographic analysis. The purity of the 99mTc-diphosphonate was tested 

by paper chromatography to determine the percent of the 99mTc that remained bound 

to the diphosphonate. In this experiment two 10-pJ samples were collected from the 

dentin surface of each crown segment for chromatography. One of the 10-J.Ll samples 
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was chromatographed in· the laboratory and one returned to Primary Source 

Laboratory for paper chromatography. Table IX lists the results of the 

chromatography in our laboratory and Table X lists the results from Primary Source 

Laboratory. Both laboratory results indicated that most of the 99mTc remained bound 

to the diphosphonate in dentinal fluid when ascorbic acid was added to the medium. 

The stock solution analyzed by Primary Source laboratory showed more dissociation. 

This was the solution that was not recorded as passing through dentin. 

The wide variation in the percent of the diphosphonate that was labeled by 

99mTc and the apparent sensitivity of the chelate to oxygen led us to discontinue the 

use of this tracer. Therefore, we requested that Norwich Eaton supply us with 14C-

diphosphonate. While we waited for this chemically stable radioactive 

diphosphonate, we proceeded to measure the permeability of root dentin to a non

binding reference tracer, tritiated water eH20). 



TABLE VIII 

EFFECTS OF ASCORBIC ACID AND NITROGEN 
ON APPARENT BINDING OF 

99mTc-DIPHOSPHONATE TO DENTIN 

Sample#/ Time Dentinal Pulpal Dentinal Fluid/ 
Fluid Fluid Pulpal Fluid 
CPM/pJ CPM/pJ 

·Crown #1 

#1- 1 min 375,179 86,836 4.32 

#1- 2 min 388,759· II 4.48 

#1- 3 min 424,321 II 4.89 

Crown #2 

#2- 1 min 461,612 81,715 5.65 

#2- 2 min 495,169 II 6.06 

#2- 3 min 518,410 II 7.08 

Crown #3 

#3- 1 min 398,829 15,635 25.51 

#3- 2 min 424,755 II 27.17 

#3- 3 min 416,236 II 26.62 
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The flow rate was 5,ul/min. The remaining dentin thickness was 2.2 mm for 
crown segment #1, 2.0 mm for crown segment #2, and 1.4 mm for crown segment 
#4. 



TABLE IX 

PAPER CHROMATOGRAPHY OF 99mTc-DIPHOSPHONATE 
PLUS ASCORBATE IN DENTINAL FLUID 

VERSUS STOCK SOLUTION: MCG RESULTS 

Sample Counts on Counts on Total Percentage 
Origin. Solvent Counts Diphosphonate 

Front Labeled 

Crown #1 393,579 39,836 433,415 90.8% 

Crown #2 544,145 17,290 561,435 96.9% 

Crown #3 545,279 45,444 590,723 92.3% 

Stock 133,144 18,456 151,600 87.8% 

TABLE X 

PAPER CHROMATOGRAPHY· OF 99mTc-DIPHOSPHONATE 
PLUS ASCORBATE IN.DENTINAL FLUID 

VERSUS STOCK SOLUTION: PRIMARY SOURCE RESULTS 

Sample Counts at Counts at Total Percentage 
Origin Solvent Counts Diphosphonate 

Front Labeled 

Crown #1 1,024,216 3,087 1,027,303 99.7% 

Crown #2 96,895 32,064 128,959 75.1% 

Crown #3 1,003,809 ·11,677 1,015,486 98.8% 

Stock 243,652 486,476 730,128 33.4% 
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TRITIATED WATER 

In Experiment 7 the rate of diffusion of tritiated water CH20) from the root 

canal across the full thickness of dentin and cementum was determined. The data 

were expressed as average CPM of three 100-J.Ll samples collected at each time 

period for each root. The roots were immersed in 27 ml of water on a magnetic 

stirrer. Pulpal samples were not obtained at the end of the experiment for roots #1, 

#3, and #4 because no 3H20 could be pipeted from the pulp canal space. The 

average· of the three 1-J.d samples obtained from the pulp canal space of root #2 was 

3,052 CPM/J.Ll at the end of 120 hours. The average activity of three 1-J.Ll samples 

of the stock solution initially placed in the root canals was 661,727 CPM/JLl. 

It was clear that the activity -of 3H20 inside the pulp canal space or root #2 

fell over time due to the depletion of the 3H20 and the backflux of water into the 

pulp canal space. Further, the rate of diffusion of 3H20 across root dentin appeared 

to reach a plateau or steady-state after 48 hrs in sample #land 96 hrs .in the other 

samples. A graphic representation of the data is presented in Figure 7. 



FIGURE 7: 5-Day Diffusion of 3H20 Through Intact Roots. The stock 3H20 
solution had an activity of 661,000 CPM/p1. Sampling was performed at 12-hour 
intervals. . 
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FIGURE 7 

. 5-DAY DIFFUSION OF 3H20 THROUGH INTACT ROOTS 
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Experiment 8 was designed to overcome some of the problems encountered 

in Experiment 7. In the previous study, the roots were immersed in 27 ml of water 

and the water was not changed for the duration of the experiment. In Experiment 

7, the activity was accumulating in the water in the vials. Therefore, in Experiment 

8 the same roots used in Experiment 7 were placed in perfusion chambers and the 

external surfaces of the roots were ·rinsed with water at 5 ml/min between sample 

collections. At the sample collection times, the roots were placed in vials containing 

27 ml of .fresh water and stirred on a magnetic plate for 1 hour and then the 100-JLl 

aliquots of the water samples were collected.· Between these sampling periods·, the 

roots were returned to the perfusion chambers until the next sample period. Again, 
. . 

pulpal samples were notobtainable on the experimental roots. However, the average 

activity of the stock solution was 619,400 CPM/JLl. ·The data are listed in Figure 8. 

It appeared that the highest flux of tritiated water occurred in all three roots at the 

12-hour period. The fall in the tritiated water permeation after 12 hrs was 

presumably due to either a dilution of the activity of the tritiated water in the root 

canal due to exchange dilution or due to a loss of root canal label. That is, the 

concentration gradient for tritiated water dissipated. 



FIGURE 8: 5-Day Diffusion/Perfusion of 3H20 Through Intact Roots. The stock 
solution of 3H 20 had an activity of 619,000 CPMIJ..Ll. The roots were perfused for 11-
hours then placed in diffusion chambers for 1-hour after which the water in the 
diffusion chambers was sampled. This was done every 12 hours for 5 days. 
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FIGURE 8 

~-DAY DIFFUSION/PERFUSION OF 3H20 THROUGH INTACT ROOTS 

CPM 
3500 ~--------------------------------------~ 

2500 

~2000 

1500 

1000 

500 

0 ~--~--~--~--~--~--~--~--~--~--~ 
0 12 24 36 48 60 72 84 96 108 120 

TIME/HOURS 

-l!l-- Root 1 -+-Root 2 ----*-- Root ·3 



72 

Experiment 9 was conducted to obtain a better determination of when the 

diffusion plateau was reached. In the previous experiments, the pulp canal space was 

empty when sampled at 12-hour intervals. In this experiment the sampling interval 

was every hour for 22 hours. After sampling, the roots were immersed in fresh water 

and placed back on the stirrer plate. A clearance value was calculated for each 

sample collected at each time interval to account for any changes in pulpal 

concentration. The formula used to calculate the clearance is as follows: 

Clearance= (CPM of 100 JLI!hr sample x 270)/CPM 1-JLl pulpal sample= JLI/hr. 

CPM of 100 JLl/hr sample x 270 = the total-counts in the water in which the root was_ 

suspended. 

The data are displayed in graphic form in Figure 9. 

The clearance values represent a theoretical volume of pulpal fluid that would 

have been required to account for the amount of 3H20 that diffused across the root 

per hour. The utility of clearance values is that it corrects for changes in the pulpal 

activity of 3H20 over time. That is, if this ·\vas not done, the data would look like 

that shown in Figure 6. These results indicated that a diffusional steady-state or 

plateau in flux was obtained after 6-7 hrs. This was important, as it identified the 

proper frequency of sampling and the length of time required for the roots to 

achieve a steady-state with respect to water diffusion. As we saw the pulpal 

concentration of 3H20 fall over tinie, we decided to use the clearance method of data 

expression since we also believed that the pulpal concentration of diphosphonate 
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would also ·decrease with time. This would permit us to compare the two clearance 

rates in a quantitative manner. 



FIGURE 9: 22-Hour Diffusion of 3H 20 Through Intact Roots. The stock 3H 20 
solution had an activity of 642, 000 CPM/p1. Sampling was done every hour, at which 
time the roots were suspended in fresh deionized water. · 
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FIGURE 9 

22-HOUR DIFFUSION OF 3H20 THROUGH INTACT ROOTS 
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3H20 DIFFUSION THROUGH INTACT ROOTS 

Now that the optimal sampling times were identified, ten roots were prepared 

as outlined in the Materials and Methods. These were to be studied using tritiated 

water to ensure that the roots were indeed permeable. Three different methods 

were utilized. First, the permeation of tritiated water was measured with an intact 

endodontic smear layer (Experiment 10) produced during endodontic 

instrumentation. These same samples were measured again after removal of the 

smear layer (Experiment 11). Finally, these samples were stored in water for 2 

months and their permeability to tritiated water examined just prior to using them 

to determine if 14C-diphosphonate could diffuse across radicular dentin (Experiment 

12). 

The clearance values of tritiated water for all 10 roots were computed and 

averaged at each time interval. These averages with the Standard Error of the Mean 

(SEM) are listed in Table XI. 

It appears that diffusion plateaus were reached by all experimental groups 

within seven hours. The final four values (hours 7, 8, 9, and 10) for each group were 

averaged and compared using Duncan's Multiple Range Test (Table XII). 

The difference in tritiated water clearances between all groups wa.s statistically 

significant at p<0.05. The lowest tritiated water diffusion plateau was the group in 

which the smear layer had been removed. The highest diffusion plateau occurred in 

the group after storage in water for 2 months. 
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TABLE XI 

DIFFUSION OF 3H20 THROUGH INTACT ROOTS 

TIME ROOTS WITH ROOTS ROOTSAFfER 
SMEAR LAYER WITHOUT ·STORAGE 

AVG ± SEM* SMEAR LAYER AVG ± SEM* 
AVG ± SEM* 

1 hr 0.172 ± 0.062 0.457 ± 0.179 0.336 ± 0.087 

2 hr OA60 ± 0.065 0.701 ± 0.128 0.940 ± 0.199 

3 hr 0.192 ± 0.117 0.958 ± 0.118 1.215 ± 0.173 

4 hr 1.005 ± 0.106 0.845 ± 0.124 1.384 ± 0.209 

5 hr 1.421 ± 0.222 1.129 ± 0.135 1.697 ± 0.312 

6 hr 1.464 ± 0.168 1.015 ± 0.120 . 1.411 ± 0.232 

7 hr 1.319 ± 0.201 0.850 ± 0.957 1. 750 ± 0.260 

8 hr 1.431 ± 0.274 1.010 ± 0.109 1.687 ± 0.287 

9 hr 1.549 ± 0.276 1.011 ± 0.120 1.827 ± 0.280 

10 hr 1.365 ± 0.177 1.132 ± 0.316 1.860 ± 0.333 

* average clearance values in J.Ll/hr ± standard error of the mean; N = 10. 
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TABLE XII 

CLEARANCE VALUES AT DIFFUSION PLATEAUS 

GROUP CLEARANCE N p Value* 
±SEM 
(J.tl!hr) 

ROOTS WITH 1.42 ± 0.050 10 p<0.05 
SMEAR LAYER 

ROOTS WITHOUT 0.94 ± 0.042 10 p<0.05 
SMEAR LAYER 

ROOTSAFfER 1.78 ± 0.039 10 p<0.05 
STORAGE 

*All groups were statistically significantly different from each other at p<0.05. 
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14CARBON LABELED DIPHOSPHONATE 

Because of concerns about the stability of the 99mTc-diphosphonate complex, 

we obtained 14C-diphosphonate (Etidronate®). Because the central carbon atom in 

this molecule is labeled with 14C and the molecule is thought to be very stable, any 

14C activity that was detected coming across dentin could be interpreted as stable 

diphosphonate. 

Experiment 13 was designed to examine the effects of different flow rates on 

diphosphonate binding to dentin in a manner similar to that done with 99mTc-

diphosphonate. The results of filtering 14C-labeled diphosphonate through a crown 

segment at different flow rates are shown in Table XIII. 

These data indicate that most of the 14C~diphosphonate was· removed from 

dentinal fluid in a single pass through the tubules. The radioactivity in the dentinal 

fluid perfused at 0.5 mVmin was only 15-18% of that in the pulpal fluid, indicating 

that 82-85% of the diphosphonate was bound by the dentin. As the perfusion rate 

increased, there was no decrease in diphosphonate binding and perhaps there was 
. . 

an increase. Since these experiments were done on the same specimen in sequence, 

the data also show a fall in the concentration of 14C-diphosphonate in the pulpal fluid 

over time. Thus, we may have underestimated the binding of diphosphonate in 

dentinal fluid because of a ··continual fall in the diphosphonate concentration in 

pulpal fluid. Diphosphonate binding was calculated as_ 1 minus the ratio of dentinal 

fluid/pulpal fluid diphosphona~e concentration x 100%. A ratio of 0.07 means that 
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the dentinal" fluid concentration of diphosphonate was only 7% of the pulpal 

co~centration or that the binding or extraction was 93% (1.0-0.07 x 100% ). 



TABLE XIII 

BINDING OF 14C-DIPHOSPHONATE TO CORONAL DENTIN 
AS A FUNCTION OF FLUID FILTRATION RATE 

80 

FLOW TIME DENTIN PULPAL DENTIN %BOUND 
RATE FLUID 

· CPM!tLl 

0.5 J.Lllmin 0-2 min 481 
II 2-4 min 553. 
II 4-6 min 494 

1.0 J.Lllmin 10 min 283 
It 11 min 318 

It 12 min 347 

It 13.min 318 
II 14 min 355 

2.0 JLI/min 18 min 246 
It 18 min 243 
It 19 min 233 
It 19 min 224 
It 20 min· 302 

* Stock solution= 12,166 CPM/J.Ll 
Pulpal fluid at 5 min= 6340 CPM/J.Ll 

FLUID* FLUID/ TO 
CPM/J.Ll PULPAL DENTINt 

FLUID 

6340 0.15 85% 

. 6340 0.18 82% 

6340 0.15 85% 

3145 0.09 91% 

3145 0.10 90% 

3145 0.11 89% 

3145 0.10 90% 

3145 0.11 89% 

3145 0.08 92% 

3145 0.08 92% 
j. 

3145 0.07 93% 

3145 0.07 93% 

3145 0.11 89% 

Pulpal fluid at 30 min= 3145 CPM/J.Ll. This value was used to calculate the ratio at 
the 1.0 and 2.0 J.Ll/min perfusion rates 
tPercent bound to dentin was calculated as 1- dentinal fluid/pulpal fluid x 100. 
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As the dentinal fluid that filtered across the dentin thickness was allowed to . 

pool on the dentin surface for a few minutes, it became necessary to determine how 

rapidly dentin surfaces bound 14C-diphosphonate in the absence of filtration. The 

following experiment (Experiment 14) was designed to answered that question. 

In Experiment 14, 20 pJ 14C-labeled diphosphonate was applied topically to 

a flat dentin surface for a known time and then recollected to determine any change 

in concentration. This was followed by treating the dentin surface with 20 ,ul of 37% 

phosphoric acid and sampling the acid at 30 seconds .and 2 minutes. The treatment 

with acid demineralized the dentin surface which had previously bound the 14C

diphosphonate and was done to verify that the 14C-diphosphonate had bound· to an 

acid labile structure (e.g., hydroxyapatite). The data. are. shown in Tables XIV and 

XV. One can calculate the amount of 14C-diphosphonate taken up by dentin by 

calculating the total diphosphonate activity placed on the dentin (12,596 CPM/,ul x 

20 J.d = 251,920 CPM). In 20 minutes, 91.8% of it was taken up (251,920 x 0.918 = 

231,263 CPM). Two minutes after applying acid, the average diphosphonate activity 

in the acid was 962.5 CPM/,ul. Twenty microliters of acid were applied x 962.5 

CPM/J.d = 192,490 of recovered diphosphonate of 231,263 CPM which were bound, 

to give a recovery of (192,490 CPM/231,263 CPM = 0.832 x 100% =) 83.2%. 

These data suggest that 14C-diphosphonate bound to the dentin surface and 

disappeared from solution at a rate of 5-11 %/min and that it could be recovered by 

demineralizing the dentin surface with 37% phosphoric acid. 
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Experiment 15 was designed to examine the rate of diphosphonate binding to 

the pulpal surface of dentin. The rate of binding of 14C-diphosphonate to coronal . 

dentin surfaces may be different than that obtained on pulpal surfaces due to the 

presence of a layer of unmineralized collagen matrix (predentin) on the latter. 

In this study,· 30 J.Ll of 14C-labeled diphosphonate was placed in the pulp 

chamber of a crown segment. One-JLl samples were collected at 1 minute intervals 

for 20 minutes. The chamber was washed four times with 30 JLl of water, followed 

by seven flushes with 30 JLl of 37% phosphoric acid at 30 second intervals. The data 

are listed in Tables XVI and XVII. 

It is interesting to note that there was no difference in the rate of 

disappearance of 14C-diphosphonate from the pulp chamber (Table XVI) from that 

which bound to the coronal dentin surface (Table XIV). The results indicate there 

was little difference between the two types of dentin surfaces with regard to the rate 

of disappearance of 14C-diphosphonate. The rate of 1Jinding. _was approximately 5 

percent/min. 



TABLE XIV 

RATE OF DISAPPEARANCE OF 14C-DIPHOSPHONATE FROM A 
FLAT DENTIN SURFACE DUE TO BINDING 

SAMPLE - % % 
DISAPPEARANCE DISAPPEARANCE/ 

CUMULATIVE 

STOCK SOLUTION OF 12,596± 
14C-. DIPHOSPHONATE CPM/pJ 

5 MINUTES 55.7% 

49.2% 

10 MINUTES 64.8% 

. 68.0% 

15 MINUTES 81.9% 

86.3% 

20 MINUTES 91.8% 

Den tin surface was dry --

TABLE XV 

RECOVERY OF 14C-DIPHOSPHONATE 
FROM A FLAT DENTIN SURFACE 

WITH 37% PHOSPHORIC ACID 

TIME/SAMPLE CPM/pJ 

MINUTE 

. --

11.1 %/min 

9.8%/min 

6.5%/min 

6.8%/min 

5.5%/min 

5.8%/min 

4.6%/min 

--

37% PHOSPHORIC .ACID 

30 SECONDS- #1 4,929 

30 SECONDS- #2 5,635 

2 MINUTES-.# 1 8,375 

2 MINUTES- #2 10,874 

Two 1-pJ samples collected at each time interval. 
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TABLE XVI 

RATE OF DISAPPEARANCE OF 14C-DIPHOSPHONATE 
FROM THE PULP CHAMBER 

SAMPLE 1,ul SAMPLE FROM % 
PULP CHAMBER* DISAPPEARANCE 

CPM/,ul. 

1 min 12,108 3.6% 

2 min 11,650 7.3% 

3 min 10,935. 12.9% 

4 min 1Q,~~~ 14.1% 

5 min 10,090 19.7% 

6 min 8,476 32.5% 

7 min 7,328 41.7% 

8 min 5,487 56.3% 

9 min 5,293 ·, 57.9% 

10 min 4,843 61.4% 

11 min 3,493 72.2% 

12 min 3,418 72.8% 

13 min 2,365 81.2% 

14 min 2,553 79.7% 

15 min 1,909 84.8% 

16 min 1,865 85.2% 

17 min 1,407 88.8% 

18 min 1,367 89.1% 

19 min '1,004 92.0% 

20 min 955 92.4% 
solution at be Innin g ot e g xp enment was 12, 101 C.PM/,ul. 
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TABLE XVII 

CPM/pi OF WATER AND PHOSPHORIC ACID RINSES 

20 11-I CPMIJLI 20 JLI CPM!JLI 
WATER 37% PHOSPHORIC 
RINSES ACID RINSES 

#1 124. 30 sec 1498 

#2 72 60 sec 1288 

#3 40 90 sec 1055 

#4 41 120 sec 741 
·\ 

··:':-· 150 sec 648 

180 sec 665 

:·": .:::: 
210 sec 195 
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Experiment 16 examined diphosphonate binding to coronal dentin and the 

ability to recover it in the presence and absence of a smear layer. The percentage 

of diphosphonate bound was calculated by dividing the total counts recollected (15 

1-,ul samples + the four water rinses) by the total counts applied (20 JLl x 12,561 

CPM/,ul = 251,220' CPM). 

A percentage was also calculated for the amount of diphosphonate that could 

be recovered with acid rinses. This was calculated by dividing the total counts 

recovered ( 1-JLl acid samples + the remaining acid + the water rinses) hy the counts 

bound to the surface as previously calcul~ted. The averages and standard error of 

the means for the three crown segments were compared statistically using Duncan's 

Multiple Range Test. No statistically significant difference was found for the initial 

bi-nding of diphosphonate to dentin (p>0.05) in the presence or absence of a smear 

layer. Similarly, there was no statistically significCJ,nt difference in the recovery of 

b~und diphosphonate from.dentin (p>0.1) in the presence or absence of a smear 

layer. The -data are listed in Tables XVIII and XIX. 



TABLE XVIII 

EFFECT OF SMEAR LAYER ON DIPHOSPHONATE BINDING 
TO DENTIN 

I GROUP I MEAN± SEM I N I pVALUE I 
%BOUND 33.3% ±· 12.6 3 p>O.OS 
WITH 
SMEAR LAYER 

%BOUND NO 66.1% ± 11.7 3 --
SMEAR LAYER 
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No statistically significant difference of diphosphonate binding was observed in the 
presence or absence of a smear layer. 

TABLE XIX 

EFFECT OF SMEAR LAYER ON THE RECOVERY OF DIPl!OSPHONATE 
FROM AN OCCLUSAL DENTIN SURFACE 

I GROUP I MEAN± SEM I N I pVALUE I 
%RECOVERED 57.4% ± 2~.9 3 p>0.1 
WITH 
SMEAR LAYER 

% RECOVERED NO 20.2% ± 11.6 3 --
SMEAR LAYER 

No statistically significant difference was found between the amount of 
diphosphonate recovered in the presence or absence of a smear layer. 
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In Experiment 17, an attempt was made to saturate all diphosphonate binding 

site~ by soaking dentin disks in one-molar disodium Etidronate® in water. After the 

disks were soaked for 48 hrs in this solution, the dentin surface became covered with 

a thick layer of white crystals which made the previously-permeable dentin disk 

impermeable. Several of these disks were examined by scanning electron microscopy. 

Scanning electron micrographs are shown as Figures 10-15. Examination of the 

photos showed that crystals formed very heavily on dentin but very lightly on enamel. 

The crystalline layer on the dentin was so thick that dentin was not visible. On the 

fractured edge of the disk, mineral casts were visible within the dentinal tubules. 

Also, the thickness of the crystalline layer on the dentin could be observed to be 

approximately the same thickness as the dentin disk itself. 



I 
I 

l 
FIGURE 10: 20X Magnification of Crystal Coated Dentin Disk. · SEM of 
diphosphonate-soaked dentin disk showing deposits on dentin but not on enamel. M 
is the mounting stub, E is the enamel edge of the dentin disk and D is the crystal
coated dentin surface. 
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FIGURE 10 

20X MAGNIFICA110N OF CRYSTAL COATED DENTIN DISK 

D 



FIGURE 11: 480X Magnification of Crystal Coated Dentin Disk. Higher 
maKnUication of the deposit revealed a macrostructure of-20 J.Lm diameter clusters of 
fine, needle-like c1ystals. The holes seen in this micrograph are not dentinal tubules. 
The actual dentin stuface is 50-100 J.Lm below this surface. 
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FIGURE 11 

480X MAGNIFICATION OF CRYSTAL COATED DENTIN DISK 



FIGURE 12: 4000X Magnification of Crystal Coated Dentin Disk Individual 
c:Jystuls are 3-10 JLm across and hundreds of microns long. 
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FIGURE 12 

4000X MAGNIFICATION OF CRYSTAL COATED DENTIN DISK 



FIGURE 13: 200X Magnification of the Edge of the Dentin Disk. The disk (D) 
appears to be 150 J.Lm thick with surface deposits (C) on both surfaces of 75-100 J.Lm 
in thickness. 
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FIGURE 13 

200X MAGNIFICATION OF 1HE EDGE OF mE DEN17N DISK 



FIGURE 14: 1200X Magnification of the Edge of the Dentin Disk. View of the 
inte1jace between the surface deposit and dentin shows no gap or space between the 
dentin and the su!face crystals. Some of the dentinal tubules seemed to have crystals 
within their lumen. 
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FIGURE 14 

1200X MAGN/FICA110N OF mE EDGE OF mE DEN11N DISK 



'\' 

FIGURE 15: 5400X Magnification of the Edge of the Dentin Disk. Many of the 
tubules appeared occluded with mineral casts made up of long needle-like crystals. 
This view of fractured dentin shows several casts which became dislodged. 
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FIGURE 15 

5400X MAGNIFICATION OF THE EDGE OF THE DENTIN DISK 
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The· binding studies indicated that 14C-diphosphonate was rapidly bound to 

dentin whether it was filtered through dentinal tubules or diffused to the dentin 

surface following topical application. Although it appeared unlikely that 

diphosphonate would diffuse across root dentin from the canal space to the 

periodontal side, the ten roots that were previously shown to be permeable to 

tritiated water were used to determine if any 14C-diphosphonate could diffuse across 

a ro~t (Experiment 18). All cementum and some peripheral root dentin was 

removed from the cervical and middle thirds of the roots. The external smear layer 

created by the diamond bur was removed using EDTA as previously described. The 

endodontic smear layer had previously been removed for the tritiated water diffusion 

experiments. 14C-Etidronate® was placed in the root canals and the diffusion of 14C

Etidronate® was followed over the next 8 days. Clearance values were not 

calculated for this experiment because the pulpal solution showed very little 14Carbon 

activity after 2~ hours even though more 14C-diphosphonate solution was added at 

each sampling interval. Dividing the number of counts per minute in the water by 

the pulpal activity would have given artificially high clearance values, when in fact 

very little if any 14C-diphosphonate solution diffused through the radicular dentin. 

The data are listed in Table XX. 



TABLE XX 

DIFFUSION OF 14C-DIPHOSPHONATE .THROUGH INTACT ROOTS 
FOR BDAYS 

TIME AVG CPM/100 A VG CPM/1 JLl 

96 

JLls OF OF PULPAL FLUID ± SEM* 
SAMPLED WATER ± SEM* 

24 HR 141 ± 22 3845 ± 907 

48 HR 98 ± 5 1552 ± 382 

72 HR 81 ± 3 817 ± 422 

96 HR 79 ± 3 694 ± 367 

120 HR 72 ± 2 545 ± 190 

144 1-i:R 86 ± 2 666 ± 110 

168 HR 75 ± 3 1376 ± 398t 

192 HR 83 ± 4 1181 ± 281t 

*SEM- Standard Error of the Mean . 
t- additional 14C~diphosphonate added to pulp chamber just after .144 hr. sample. 
Background radiation counted in an open ~hannelwas 71. ±. 1 CPM. 
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We were concerned that the diphosphonate may have precipitated within the 

tubules as insoluble calcium diphosphonate crystals, thereby lowering the intrinsic 

pern:teability of the dentin. This was tested by remeasuring the tritiated water flux 
( 

across the ten roots after they had been exposed to the diphosphonates (Experiment 

19). The data are presented in Figure 16 and reveal clearance values two to three 

times higher than previously recorded. This indicates that the roots were still highly 

permeable to tritiated water. The data are presented graphically by plotting the 

pulpal activity of the solution versus that collected from the external surface of the 

root. It is interesting to note that in Figure 16 the clearance values initially were 

high compared to the other tritiated watir diffusion studies. During the experiment 

the tritiated water clearance values decreased as the pulpal activity decreased. This 

may have been due to depletion of tritiated water in the pulp canal space. The 

plateau reached in this expe~iment after 7-10 hours did not differ significantly from. 

the plateaus previously obtained in Experiments 10-12. 

Experiment 20 was conducted to determine if changing the 14C-diphosphonate 

solution and maintaining a high diffusion gradient would allow 14C-diphosphonate to 

be detected on the external surface of the root. The data listed in Table XXI 

indicates that at 22 hours no 14C-diphosphonate was detected on the external surface 

of the root. 
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Experiment 21 was a repeat of Experiment 20 except it was conducted for 36 

instead of 22 hours. Similar results were ob'tained, in that no 14C-diphosphonate was 

detected on the external surface of the root. The data are presented in Table XXII. 



FIGURE 16: Diffusion of 3H20 Through Intact Roots Minus Peripheral Cementum 
and Dentin. The stock 3H20 solution had as activity of 629,000 CPM/p1.- Clearance 
values were calculated from the water samples. The pulpal samples are plotted as 
CPM/J.1l Each value plotted is the average of the 10 experimental roots at each time 
interval. 
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TABLE XXI 

DiFFUSION OF 14C-D/PHOSPHONATE THROUGH RADICULAR DENTIN 
MEASURED AT 2-HOUR INTERVALS FOR 22 HOURS 

TIME AVG CPMOF AVG CPMOF 
SAMPLED PULPAL 

WATER± SEM* FLUID± SEM* 

2HR 17 ± 1 660 ± 90 

4HR · 17 ± 1 1028 ± 249 

6HR 17 ± 1 1301 ± 279 

8 HR 18 ± 1 1377 ± 313 

10 HR 17 ± 1 1999 ± 486 

12 HR 21 ± 2 1660 ± 395 

14 HR 20 ± 3 1903 ± 416 

16 HR 18 ± 1 . 1533 ± 417 

18 HR 19 ± 1 2261 ± 680 

20 HR 19 ± 1 2634 ± 664 

22 HR 18 ± 1 3075 ± 613 

*N=5 
Stock solution 7675 CPM/J.Ll 
Background radiation counted in a channel set for 14Carbon was 17 ± 0.1 CPM. 



101 

TABLE XXII 

DIFFUSION OF 14C-DIPHOSPHONATE THROUGH RADICULAR DENTIN 
MEASURED AT 2-HOUR INTERVALS FOR 36 HOURS 

TIME AVG CPM OF AVGCPMOF 
SAMPLED WATER PULPAL FLUID 

± SEM* ± SEM* 

2HR 17 ± 1 710 ± 223 

4HR 17 ± 2 993 ± 189 

6HR 17 ± 1 1050 ± 195 

8HR 16 ± 1 1169 ± 204 

10 HR 18 ± 1 1672 ± 403 

12 HR 18 ± 1 1344 ± 110 

14 HR 17 ± 1 1762 ± 357 

16 HR . 17 ± 3 1820 ± 494 

18 HR 19 ± 3 2025 ± 593 

20 HR 19 ± 2 2217 ± 700 

22HR 18 ± 2 1606 ± 435 

24 HR 18 ± 1 1839 ± 539. 

26 HR 18 ± 2 1788 ± 550 

28HR 21 ± 1 1899 ± 447 

30 HR 18 ± 1 2032 ± 493 

32HR ·19 ± 2 2351 ± 570 

34 HR 17 ± 1 2140 ± 653 

36 HR 19 ± 2 3430 ± 954 

*N=5 
Stock solution 7675 CPM/J.Ll. 
Background radiation counted in a channel set for 14Carbon was 17 ± 0.1 CPM. 



DISCUSSION 

The concept behind this research project was to develop a possible alternative 

treatment for root resorption following tooth replantation. A class of drugs known 

as diphosphonates have been used successfully in treating certain diseases involving 

bone resorption. It has been postulated that bone resorption and cementum or 

dentin resorption occur by similar mechanisms. Therefore it was thought that 

diphosphonates could be effective in treating root resorption. 

In endodontics, the usual method of treating root resorption is to place a 

medicament within the canal space of the tooth. To be effective, the medicament 

should diffuse through radicular dentin and have an effect on the external surface 

of the root. Diphosphonate has a high affinity for hydroxyapatite which makes it 

effective in treating bone diseases. This affinity for hydroxyapatite was of concern 

in treating root resorption because the diphosphonate must cross the remaining 

dentin thickness to reach the external surface of the root. Since dentin is composed 

mainly of hydroxyapatite, the affinity or binding of diphosphonate to dentin may 

preclude its use in endodontics. 

Another concern was how to detern1ine if and when the diphosphonate 

crossed the dentin. Radioisotope labeling was chosen because radioisotopes are 

102 
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easily detected and quantified. Also diphosphonate was commercially available 

chela ted to technitium-99 (99mTc) which is commonly used in nuclear medicine as a 

bone _scanning agent. A commercial laboratory was contacted and agreed to provide 

99mTc-labeled diphosphonate·. 

Finally, there were concerns about using the 99mTc-labeled diphosphonate 

because of the short half-life of the 99mTc and the fact that it was attached to the 

diphosphon~te by chelation. 

The 99mTc-labeled diphosphonate experiments were conducted to determine 

the extent of the problem associated with the binding of diphosphonate to dentin and 

if 99mTc-labeled diphosphonate would be stable enough for our research. 

99mTECHNITIUM LABELED DIPHOSPHONATE 

Experiments 1 and 2 were . designed to determine if 99mTc-labeled 

diphosphonate could cross dentin by fluid filtration or diffusion. By placing the 

99mTc-labeled diphosphonate as a solution in the pulp chamber of a crown segment, 

applying pressure, and sampling the dentinal fluid as it appeared on the surface, we 

were able to detect the 99mTc by counting the dentinal fluid in a gamma counter 

(Table I). Also by placing the 99mTc-labeled solution in the pulp chamber of a crown 

segment and superfusing the occlusal dentin surface of the tooth with a rinsing 

solution, we were able to detect the diffusion of 99mTc by sampling the effluent 

(Figure 5). In both cases, gamma radiation was detected in both the dentinal fluid 

collected in Experiment 1 (Table I) and the effluent collected in Experiment 2 
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(Figure 5). ·This confirmed the presence of 99~Tc in the collected samples but did not 

confirm that it was still chelated to the diphosphonate. That is why a 10-JLl sample 

collected from the dentin surface of the crown segment in Experiment 1 was 

returned for paper chromatography to the commercial laboratory. Chromatography 

revealed that only 31.5% of the diphosphonate remained labeled with 99mTc (Table 

II). This confirmed one of our major concerns, that the diphosphonate would bind 

to the dentin and release free 99mTc. br such a case, the technetium was no longer 

actually tracing the diphosphonate. 

Experiment 3 was de~igned to confirm the results of the diphosphonate 

binding and· releasing free 99mTc. Two ·crown segments were prepared . and 

Experiment 1 was repeated. The ~esults showed. that 99mTc. was present in the 

dentinal fluid and its activity was greater than in the pulpal fluid (Table III). Two 

factors could account for this: first, evaporation of water from the dentin surface as 

we were collecting the dentinal fluid samples could have increased the sample 

concentrations; second, the diphosphonate could be binding in the· pulp chamber 

faster than on the dentin surface. This time, two 10-J.Ll samp~es were collected and, 

along with the stock solution, returned to the commercial laboratory for 

chromatography. The ·results showed that in the stock solution the 99mTc remained 

approximately 85% bound to the diphosphonate. In the samples collected fro~ the 

dentin surfaces of the crown segments only 76% and 51% of the 99mTc remained 

bound to the diphosphonate (Table IV). This confirmed the results of Experiment 

1 that the diphosphonate was binding in the dentin and releasing free 99mTc. 
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Experiment 4 was conducted to determine if diphosphonate might diffuse 

through radicular dentin rapidly. . In this experiment we knew that diphosphonate 

would bind and release 99mTc, but we were not attempting to quantify the diffusion 

of diphosphonate. An intact root with the cementum removed and the canal space 

filled with 99mTc-labeled diphosphonate was placed in a perfusion chamber and the 

external surface of the root was perfused with water. The effluent water was 

collected and counted for the presence of 99mTc. After an initial peak,· which was 

probably due to slight contamination of the labeled diphosphonate solution onto the 

root when the canal was filled with the tracer, the amount of 99mTc detected dropped 

continuously (Figure 6). These results indicated that diphosphonate would not 

diffuse rapidly across radicular dentin. 

The nuclear pharmacist at the commercial laboratory informed me that the 

chelation of 99mTc to diphosphonate is sensitive to oxygen. Experiment 5 was a 

repeat of Experiment 3, but was conducted in a N2 environment. .A· Plexiglas box 

was constructed with two holes in the front for access. Nitrogen gas was allowed to 

flow through a hose to a beaker of water to humidify it and then bubbled into the 

'Plexiglas box. The N2 environment was considered adequate when it would quickly 

extinguish a flame. Four crown segments were prepared and 99mTc-labeled 

diphosphonate was filtered across the dentin as in Experiment 3. After performing 

the experiment in the N2 environment the fourth crown segment was selected and 

the experiment repeated in air. Again, the dentinal fluid showed a higher 

concentration of 99mTc than did the pulpal fluid (Table V), probably due to the 
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combined effects of evaporation and binding of the diphosphonate in the pulp 

cha~ber and the release of free 99mTc. As before, 10-pJ samples were collected from 

the dentinal surface for the purpose of chromatography. In this experiment not only 

was the stock solution saved for chromatography, but 5 ml of the stock solution was 

drawn into a 20 ml syringe with 5 ml of air. This was to determine if oxygen 

accelerated the breakdown of the chelation between 99mTc and diphosphonate. The 

results indicated that the majority of the diphosphonate was no longer chelated to 

99111Tc. Even in the anaerobic stock solution and the stock solution exposed to air, 

only 23% and 21%, respectively, of the diphosphonate remained chelated to 99mTc 

(Table VII). When similar measurements were made on the dentinal fluid samples, 

the percentage of diphosphonate that remained chelated to 99mTc ranged from 2.2% 

to 52.6% (Table VII). It appeared that the N2 environment would not sufficiently 

stabilize the 99mTc-diphosphonate chelate for it to be useful for our purposes. 

Procter and Gamble had done extensive research work with diphosphonates. 

Dr. Marion Francis at Procter and Gamble was contacted and he suggested that we 

add ascorbic acid to the stock solution to function as an anti-oxidant and help 

stabilize the chelation between 99mTc and diphosphonate. It was decided to repeat 

Experiment 5, but this time add 10 mmolar ascorbic acid to the stock solution 

(Experiment 6). This was done and again the 99mTc-labeled diphosphonate was 

filtered across three crown segments in an N2 environment. .Also, as before, 10 t.d 

samples of the dentinal fluid were collected fqr chromatography. The results s4owed 

a much higher concentration of 99mTc in ·the dentinal fluid than in the pulpal fluid 
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(Table VIII). In this experiment, two 10-,ul dentinal fluid samples were collected for 

paper chromatography from each crown . segment. One set of samples was 

chromatographed at the commercial laboratory and one set· of samples was 

chromatographed in our laboratory. The results of the chromatography indicated 

that the ascorbic acid did help in stabilizing the chelation of 99mTc to diphosphonate. 

The results obtained in our laboratory differed significantly from the results obtained 

at the commercial laboratory (Table IX vs Table X). The lack of stability of 99mTc

labeled diphosphonate, and the lack of reproducibility in determining the fraction of 

the radiolabel that was bound versus free, lead us to abandon that form of 

_ diphosphonate. 

The diphosphonate appeared to bind to the dentin and release free 99mTc in 

significant quantities. Experiment 4 showed that diphosphonate did not diffuse 

through radicular dentin very rapidly. The half-life of 99mTc is only 6 hours; thus the 

tracer may be depleted prior to the diphosphonate diffusing through the dentin, even 

if the stability problems could be solved. 

After talking with Dr. Francis at Procter and Gamble and explaining our 

problems, he suggested that we obtain 14C-diphosphonate. This not only solved our 

problems with a short half-life, but also ensured that the 14C was incorporated into 

the diphosphonate molecule so that it could not be lost. Any beta activity that was 

detected on the external surface of the root could be attributed to 14C

diphosphonate. While waiting for delivery of the 14C, we decided to examine the 

diffusion permeability of intact roots to tritiated water CH20). 
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.DIFFUSION OF 3H20 THROUGH INTACT ROOTS 

We chose to .use 3H20 to study the permeability of intact roots to diffusion 

because it is a small, uncharged molecule, does not react with dentin, is easily 

detectabl/e, has a more than adequate half-life (13.5 yrs), and is readily available. 

Previous work had shown dentin to be more permeable to 3H20 than 131Iodine or 

9901Technitium (Pashley et al. 1977). 

These diffusion studies were to provide a maximum limit for the permeability 

of radicular dentin to a small molecule and serve as a reference to compare with 14C-

diphosphonate, a molecule that may bind to dentin. That is, if we only used 14C-
. . 

diphosphonate as a permeability tracer, and if diphosphonate has ·a high affinity for 

dentin, we would not be able to distinguish whether tlie lack of 14C-activity on the 

external root surface was due to the impermeability of the root due to sclerosis of 

the tubules or to the inability of the diphosphonate to diffuse across root dentin. 

The use of tritiated water established the permeability of the dentin. 

In Experiment 7 we placed 3H20 in the root canal space of 4 roots. During 

the experiment it was noted that sampling the water the rootS were suspended in 

lowered its level. Marbles were added to the containers to ensure that the water 

level remained above the CEJ. At the end of the experiment a pulpal sample was 

collectable from only one root. The pulp canal spaces in the other roots were dry. 

It appeared from the .data that a diffusion plateau occurred at approximately 

48 ~rs. The concentration of 3,H20 should have continued to accumulate in the vial 

as more and more 3H20 diffused across the root. The reason the concentration did 
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not continue· to accumulate after 48 hours was probably because of depletion of the 

3H20 in the pulp canal spaces of the roots. The slight increases in 3H20 seen after 

48 ~ours may have been due to the reduction in the volume of water in which the 

roots were suspended (Figure 7). 

Experiment 8 was designed to repeat Experiment 7 except with a few minor 

changes. The roots were attached to a Plexiglas plate and a 10 mm section of 

polyethylene tubing (PE-160) was added as a reservoir. In this way the level of 3H20 

in the pulp canal space could be observed. If the level dropped from sight, more 

3H 20 could be added. Also, instead of suspending the roots in water and continually 

sampling the same water, we decided to place the roots in individual perfusion 

chambers (Figu~e 3) and perfuse the external surface of the root with water. Mter 

12 hours of perfusion the roots would be removed from the perfusion chamber and 

suspended in water and allowed to diffuse 3H20 for one hour. At this time, the 

water in which the roots were suspended was sampled for counting, the roots were 

returned to the perfusion chambers and the process was repeated every 12 hours for 

5 days. The results for two of the three roots showed a large increase in the activity 

of 3H20 at 12 hours and a sharp drop at the subsequent time intervals (Figure 8). 

The third root remained fairly constant in the low rate of diffusion of 3H20 

throughout the 5 days but still showed a peak activity of 3H20 at 12 hours. It was 

thought that this root was fairly impermeable. Why it was impermeable is only 

conjecture since the reason for its extraction is unknown. The results of the other 

roots are puzzling. It was noted during the experiment that at each time interval, 
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3H20 was not visible in the reservoir and had to be added. At the 72-hour time 

interval, paper points were inserted into the canal space to detect any 3H20 and the 

points were dry when retrieved. It is possible at the first time interval that the 3H20 

had already achieved a diffusion plateau. When more 3H20 was added, it would 

diffuse through and be depleted before the next sampling was done. Therefore, 

when the roots were removed from the perfusion chambers and suspended in water, 

there was little 3H20 left to diffuse. Initially, the 3H20 added to the canal would be 

diluted by water already in the dentinal tubules thereby delaying the achievement of 

a diffusion plateau in the first time interval. In the third root that was less . -

permeable, no 3H20 had to be added because little had been lost by diffusion, 

substantiating the idea that its permeability was low. 

Experiment 9 was conducted to determine if 3H20 reached a diffusion plateau 

in less than 12 hours. Three roots were again suspended in water, but this time the 

water was sampled every hour and then the roots were resuspended in fresh water. 

The pulp canal space was sampled, prior to the addition of any 3H20, every hour so 

that changes in pulpal activity could be followed. The data for this experiment was 

expressed as a clearance value. That is, the total number of counts that diffused 

from the root into the vial was calculated and then divided by the pulpal activity of 

the 3H20. This corrected for any variation in pulpal activity. In this experimept the. 

diffusion of 3H20 seemed to plateau somewhere between 5 and 8 hours (Figure 9). 

This again may explain the results seen in Experiment 8 where the counts did not 

rise other than at the initial time interval. That is, initially the diffusion of 3H20 was 



111 

delayed due to water already present in the tubules which allowed detection of 3H20 

at the initial time intetval. After the initial time intetval, the 3H20 would be 

depleted. in 5-8 hours so when the roots were removed from the perfusion chambers 

and allowed to diffuse for 1 hour, no 3H20 was detected. 

From these results, it was determined that we would test 10 intact roots, 

sampling every hour, for 10 hours, to measure the permeability of intact roots to 

3H20, and to establish the permeability of each root and the maximum value of that 

permeability, prior to repeating the experiment with 14C-diphosphonate as the test 

tracer. 

The 10 roots were prepared and the experiment conducted as in Experiment 

9. The diffusion of 3H20 through the roots was measured under three different 

conditions; after endodontic instrumentation with a smear layer present (Experiment 

10); immediately after smear layer removal (Experiment 11), and again after storage 

in deionized water for 2 months (Experiment 12). At all three conditions, the 

steady-state diffusion of 3H20 was significan~ly different (p<0.05) between the three 

groups (Table XII). After smear layer removal, the diffusion of 3H20 decreased 

below that obtained in the presence of the smear layer. This was unexpected since 

we believed that the removal of the smear layer would cause an increase in the 

diffusional surface area available for 3H20 diffusion. One explanation of th~ 

decrease in permeability is that the 0.5M EDTA . used to demineralize the smear 

layer may have produced precipitation of calcium phosphate deep within the tubules, 

thereby decreasing the ability of 3H20 to diffuse through the dentin. The crystals 
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could have· been formed from the release of ca++ and P04- from the mineralized 

mat~ix following irrigation with EDTA. If the EDTA was unable to chelate all of the 

ca++ released, it could have formed calcium phosphate within the tubules. The 

experiment was repeated after the roots had soaked in water for 2 months as we 

waited for the 14C-diphosphonate. We observed an· unexpected increase in the 

steady-state diffusion of 3H20 across root dentin to a higher level than was previously 

recorded (Table XII). During the subsequent storage time in water, the calcium 

phosphate crystals may have dissolved out of the dentinal tubules, resulting in an 

increase in the diffusion of 3H20 through dentin. The increase in clearance rate of 

3H20 was 25% ( 1. 78/1.42 x 100). This is similar to that reported by Dippel et al. 

( 1984) when they measured the diffusion of sorbitol across root dentin. The other 

possibility of crystal formation is the crystallization of NaOCl in the dentinal tubules 

(Gutierrez et al. 1991). Although this has been reported, it is unlikely since the 

NaCl crystals formed are so water soluble that they would have been removed by the 

3H20. The intratubular crystals. reported by Gutierrez et al. (1991) in radicular 

dentin treated with sodium hypochlorite may have been due to the presence of 

cuboidal-like crystals of calcium phosphate. They may have misinterpreted the 

crystals as being due to NaCl. 

A puzzling finding in Experiments 7 and 8 was the disappearance of 3H20 

fro~ the· pulp canal space. As the 3H20 diffused from the pulp canal space, it was 

expected that the water in which the root was suspended would diffuse into the pulp 

canal space. At the conclusion of the experiments the pulp canal spaces -were dry. 
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Not only had all the 3H20 diffused out of the pulp canal space but no water had 

diffused back into the pulp canal space. This observation suggests that diffusion 

through radicular dentin may occur at different rates depending on the direction. 

That is, it may be easier for substances to diffuse from the pulp canal space than 

from the periodontal surface of the root into the pulp canal space. This 

phenomenon may be related to the conical shape of the tubules, being larger in 

diameter at the pulpal surface than at the periodontal surface. Clinically it has been 

noted that a necrotic pulp can very rapidly· cause external inflammatory root 

resorption due to the diffusion of toxic products to the external surface of the root. 

Conversely, there is much controversy as to whether inflammation in the periodontal 

tissues, i.e., periodontitis has any effect on the pulp. If periodontitis does have an 

effect on the pulp~ the changes in the pulp occur at a much slower rate than does 

external inflammatory root resorption (years versus days). Possibly the directional 

rate of diffusion allows the toxic products of a necrotic pulp to reach the external 

surface of the root much quicker than the toxic products of periodontitis reach the 

pulp. 

14CARBON-LABELED DIPHOSPHONATE 

Upon receipt of the 14C-diphosphonate we wanted to examine its binding 

characteristics to dentin. ·The first experiment was designed to determine if the flow 

rate affected the dentin binding of diphosphonate. A crown segment was prepared 



114 

as previously described, 14C-diphosphonate was placed in the pulp chamber, pressure 

was applied and the pulpal fluid was filtered across dentin at three different flow 

rates, slow to fast (0.5 J.Lllmin, 1.0 J.Lllmin, 2.0 J.Ll/min) (Experiment 13). The data 

were expressed as a ratio of dentinal fluid to pulpal fluid· activities ( df/pf, Table 

XIII). The data showed 14C-diphosphonate bound rapidly to dentin, yielding low 

df/pf ratios, which were much more consistent than those seen with 99mTc

diphosphonate. In Table I, the calculated df/pf ratios were 0.11, 0.025, 0.096, 0.78, 

and 0. 76 indicating either a saturation of dentin binding or a release of 99mTc from 

the bound chelate. In Table XIII, the ratios of 14C-diphosphonate were always 

between 0.07 and 0.18 and did not change much over time. The overall effect of 

flow rate on binding was not great. 

However, complicating the interpretation of the data was the possibility that 

much of the binding may have occurred after the fluid passed through the dentin but 

then had access to the intertubular dentin matrix. To control for surface binding, 

14C-diphosphonate was placed on the dentin of the occlusal surface of the crown 

segment. The 14C-diphosphonate was sampled every 5 minutes to determine the rate 

of disappearance of the tracer from the solution. Within 20 minutes, 92% of the 

diphosphonate had bound to the dentin surface (Table XIV). To verify that the 14C

diphosphonate had bound to the dentin surface and had not diffused doWn the 

tubules, the dentin surface was etched with phosphoric acid which was then collected 

and counted in a beta counter for the presence of 14C (Experiment 14). The results 

(Table XV), showed that etching of the dentin surface allowed a significant fraction 
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of the diphosphonate to be recovered, indicating that the diphosphonate that 

disappeared was bound mainly to the surface of the dentin to an acid-labile binding 

site, .which was presumed to be hydroxyapatite. 

The pulp canal space is lined by a collagen-rich, poorly mineralized layer of 

dentin known as predentin. Experiment 15 was designed to determine if the 

predentin layer would affect the binding or disappearance of diphosphonate from 

solution. This study was a repeat of Experiment 14 with the exception that the 14C

diphosphonate and phosphoric acid solutions were added to the pulp chamber and 

not the occlusal dentin surface. The results indicated that after 20 minutes, 92% of 

the diphosphonate ha~ disappeared from solution (Table XVI). Etching of the pulp 

chamber with phosphoric acid again allowed a significant portion of ~he 14C

diphosphonate to be recovered (Table XVII). This exp~riment demonstrated that 

the presence of the collagen-rich, mineral-poor predentin did not alter the binding 

of diphosphonate when compared to coronal dentin. However, as the predentin 

layer is only about 10-15 JLm wide, the 14C-diphosphonate may have diffused through 

it to the mineralized dentin beneath it. Similarly, the acid used to recover the 

diphosphonate could have easily diffused through the predentin. 

Experiment 16 was conducted to determine the effect a smear layer may have 

on diphosphonate binding to dentin. Three crown segments were prepared and two 

adjacent plastic reservoirs were luted to the occlusal surface of each. In one 

reservoir the smear layer was removed and in the other the smear layer remained 

intact. 14C-diphosphonate solution was added to each reservoir and after 20 minutes 



116 

the amount of diphosphonate that had bound to the dentin was determined by 

dividing the counts recovered in the topically applied solution by the total counts 

applied. The values for the three crown segments were averaged and compared 

statistically (Table XVIII). There was no significantdiff~rence {p>0.05) between the 

amount of 14C-diphosphonate that bound to· dentin in the absence or presence of a 

smear layer: This is not surprising, since the acid used to remove the smear ·layer 

on the occlusal dentin only demineralizes the top 5 J.Lm of dentin~ Thus' the pr~sence 

or absence of a smear layer would have little effect since 14C-diphosphonate could 

easily diffuse across the 5 J.Lm of demineralized dentin and bind to the underlying 

mineralized d~ntin matrix as readily as to an exposed smear layer. 

Subsequently, the amount of 14C-diphosphonate that could be recovered ~th 

acid was examined. Each reservoir was treated with 17% EDTA and collected for 

counting to determine the presence of 14C-diphosphonate. A recovery percentage 

was calculated by dividing the number ofcounts collected in the EDTA solution by 

the number of counts that were bound. The percentages were averaged and 

compared statistically (Table XIX). Again there was no statistical difference 

between the amount of 14C-diphosphonate recovered and the presence or absence 

of a s~ear layer. These findings were mildly surprising, in that, if the 14C

diphosphonate readily bound to the smear layer then more should have. been 

recovered with the acid from the reservoirs with intact smear layers. That is, the 

dissolution of the smear layer should have contained a hig~er concentration of 14C

diphosphonate. One explanation is that the smear layer is only 1-2 J.Lm wide, and the 
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14C-diphosphonate solution may have diffused through this thin layer and bound to 

the underlying dentin. It is worth noting that even though there were no statistically 

significant differences, more 14C-diphosphonate was recovered from the reservoirs 

with intact smear layers, and this sample size (three) may have been too small for 

this difference to be .significant. 

Experiment 17 was originally designed as an attempt to saturate the binding. 
\ 

sites in dentin and 'then determine if 14C-labeled diphosphonate would diffuse 

through the dentinal tubules. We ·thought that this might be difficult in that the 

majority of the surface area available for binding in dentin is within the tubules and 

not on the surface. Therefore, we chose to attempt to saturate the binding sites in 

a 150-200 micron thick coronal dentin disk with the smear layers removed. This was 

attempted by preparing a 1 Molar solution of unlabeled diphosphonate and 

submerging the dentin disk in this solution for 48 hours. If diphosphonates were 

used clinically, it is likely that they would be used at even higher concentrations. 

When the disk was removed from the solution, it was noted that both dentin surfaces 

were coated with crystals. Curiously the enamel was not coated with the crystals. 

In fact, the crystal formation intimately followed the dentinoenamel junction (DEJ), 

as demonstrated in Figure 10. We initially thought that the crystals were precipitated 

calcium diphosphonate. The crystal-coated disk was placed in deionized water in 

attempt to dissolve the crystal layer. The crystals were not soluble in water and 

appeared to remain unchanged. At this time we fractured the disk and mounted it 

for scanning electron microscope (SEM) observation. One half of the disk was 
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mounted flat to observe the crystal layer, and the other half was mounted with the 

frac~red edge up, so the dentin: crystal layer interface could be observed. The SEM 

photographs of the dentin mounted flat showed a dense covering of needle like 

crystals (Figures 11, 12). The crystals totally covered the dentin surface, obscuring 

the underlying dentin. The SEM photographs of the fractured edge of the dentin 

disk, showed a thick layer of crystals on both sides of the disk (Figure 13). Higher 

magnification of the fractured edge revealed crystals within the tubules that almost 

occluded the lumen (Figures 14, 15). The formation and density of these crystals led 

us to believe that the diffusion of diphosphonate from a root canal dressing through 

dentin of a normal thickness may be highly unlikely. The density and depth of the 

crystals on the surface would render the dentin highly impermeable. Since 

diphosphonate readily binds to dentin, if placed in the pulp canal space in low 

concentrations it will almost certainly bind internally within the tubules and not reach 

the external surface of the root to have a therapeutic effect. If an attempt is made 

to saturate the binding sites by placing a high concentration of diphosphonate in the 

pulp canal space, as is often done with medicaments used as root canal dressings, 

crystal formation would most likely occur. These crystals would block the lumen of 

the dentinal tubules or form a crystalline layer on the pulpal surface of the dentin 

thereby reducing the intrinsic permeability of radicular dentin to very low levels. 

With this information in mind, we selected a· lower. concentration of 14C

diphosphonate for the diffusion studies involving all ten roots. In that study, 

Experiment 18, the diffusion of 14C-diphosphonate through the intact roots was 
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examined for 8 days. An increase in 14C-activity could be detected only at the 24-

hour interval as compared to all other time intervals. At first it was puzzling; upon 

further examination, it was noted that the samples were counted in an open channel 

on the liquid scintillation counter. In other words, these ten roots had been used .in 

the tritiated water studies and were contaminated with tritiated water. The increase 

in beta activity at the 24-hour time interval could not be attributed solely to 14C

diphosphonate. Therefore, Experiments 20 and 21 were conducted to determine if 

in fact 14C-diphosphonate was responsible for the increase in beta activity seen. 

These samples were counted in channels set to selectively count only 14Carbon. 

Prior to conducting Experiments 20 and 21, we wanted to determine if the 

permeability of the roots had been altered by the 14C-diphosphonate. The ·tritiated 

water experiment was repeated. It was noted that initially the clearance values were 

higher than previously recorded but decreased with time (Figure 16). Closer 

examination showed that the pulpal fluid concentration of tritiated water was also 

decreasing. The plateau values attained at the 7-10 hour time frame did not d~ffer 

significantly from those obtained in the previous tritiated water experiment. In 

retrospect, the clearance values should have been much higher than previously 

obtained (Table XII) due to the fact that the cementum and peripheral dentin was 

removed. ·In fact, this is reflected in the high clearance values seen at the start of 

Experiment 19 (Figure 16). Most likely the diffusion of tritiated water was rapid and 

over time the fall in pulpal counts accounted for the gradual decrease in the 

clearance values to the previously obtained levels. 
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In.Experiments 20 and 21 the water in which the roots were suspended was 

sampled every 2 hours and the 14C-diphosphonate pulpal solution was exchanged 

every 2 hours to maintain an optimal diffusion gradient. The collected samples were 

counted in the li9uid scintillation counter on a channel limited to 14Carbon. We 

found no significant increases in beta activity at any of the time intervals in either 

Experiment 20 or 21. It was noted that during the experiment the pulpal counts 

slowly increased. This was probably due to the slow saturation of binding sites in the 

pulp canal space. Even as the pulpal counts increased, there was no rise in beta 

activity in the water the roots were suspended . 

. It would be interesting to know how far the 14C-diphosphonate diffused across 

the root during that time. Autoradiographic ~tudies could be done to d~termine 

whether most of the diphosphonate was bound to the dentin near the pulp canal or 

whether it diffused half-way across the root surface. The lack of any radioactivity 

appearing in the bathing solution indicated how well the roots were sealed to the 

pieces of plastic and how well the apex was sealed. The fact that tritiated water 

could permeate across the diphosphonate-treated roots with little change in its flux 

indicates that the diphosphonate concentration used in the root canal did not occlude 

the tubules or radically lower dentin permeability. 

Overall, the results of these studies indicate that Etidronate® may not be 

useful in clinical endodontics as a root canal dressing if it must diffuse through 

radicular dentin. Perhaps other diphosphonates will be synthesized that interfere 

with clastic resorptive _processes without binding to dentin with such an affinity as 
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·Etidronate®: Alternatively, Etidronate® could be applied to the external surface of 

the root just prior to replantation of avulsed teeth. It would appear from the uptake 

stud~es that 10-20 minutes of uptake in a physiological storage/transport solution 

might be required to deposit enough Etidronate® on the surface to be. effective~ One 

would have to select a concentration which would not affect periodontal fibroblasts. 



SUMMARY 

Recently extracted human maxillary incisors were obtained and stored in a 

solution of 0.2% NaAzide and isotonic saline. The crowns of the teeth were 

removed 2-3 mm coronal to the CEJ. The roots were endodontically instrumented 

to a size #70 K-Flex endodontic file and then bonded to Plexiglas blocks, with a hole 

in the center, to allow access to the pulp chamber and root canal systems. The 

diffusion permeability of the prepared roots was evaluated using 3H20 as a 

radioactive tracer placed in the pulp canal space and suspending the roots in water. 

The water in which the roots were suspended was sampled hourly for the presence 

of any 3H20 activity. A diffusion plateau of 3H20 was reached in 6-7 hours. The 

experiment was repeated after smear layer removal with EDTA/NaOCl and again 

after storage in normal saline at 4 o C for 8 weeks. Results showed a statistically 

significant decrease in the diffusion plateau after smear layer removal and a 

statistically significant increase after storage in saline for 8 weeks. This indicates that 

removing the smear layer with EDT A/N aOCl may decrease the intrinsic permeability 

of endodontically treated teeth. This decrease in permeability may be transient 
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because ·the cause for the decrease i~ permeability may be water soluble as shown 

by the rise in permeability_ after storage for 8 weeks in water. 

These same roots were depth cut 1 mm on all surfaces in the middle and coronal 

thirds. The depth cuts were connected resulting in the removal of all of the 

cementum and some peripheral dentin. A solution containing 14Carbon

diphosphonate was placed in the pulp canal space. The roots were suspended in 

water and the water sampled at 2 hour intervals for up to 36 hours. Mter 36 hours 

no 14Carbon activity could be detected, indicating that 14Carbon-diphosphonate did 

not diffuse through radicular dentin to the external surface of the root. 
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