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Abstract

Although it is commonly believed that endodontically treated teeth are more

brittle than vital teeth, changes in mechanical properties have not been consistently

demonstrated. Clinically, posts are often cemented into endodontically treated teeth in

order to help retain coronal buildups and full-coverage restorations following endodontic

treatment. Preparation of a tooth to receive a post, however, requires additional removal

of dentin, which may account for the increased incidence of fracture and leads to the

belief that root canal treated dentin is more brittle. The purpose of this study was to

determine whether there are, in fact, changes in the mechanical properties of dentin in

root canal treated teeth at the nanoscale. Atomic Force Microscopy (AFM)

snanoindentation testing was performed on dentin from root canal treated teeth and age

-matched control teeth, and the modulus of elasticity and hardness for each group were
-

calculated and compared. Paired t-tests revealed no significant difference between the

groups. Therefore, we conclude that root canal treatment does not result in mechanical

changes to dentin that render it more brittle or weaker.
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Introduction and Background

It is commonly believed that endodontically treated teeth are more prone to

fracture than vital teeth. However, there has been no scientific demonstration that

endodontically treated teeth have compromised mechanical properties and are more

brittle or weaker than vital teeth; laboratory testing has revealed a similar rate of fracture

between endodontically and non-endodontically treated teeth (1). Reeh et al. determined

that there is no difference in the rate of fracture between endodontically and non

endodontically treated teeth. They demonstrated that losses in stiffness of dentin were

related to the loss of marginal ridge integrity, with MOD cavity preparation resulting in

an average of a 63% loss in relative cuspal stiffness (2). Hunter and Hunter concluded

that “the significance of endodontic treatment in reducing tooth strength has been

questioned, and the potential influence of previous operative cavity designs highlighted”

(3). Sedgley and Messer compared several biomechanical properties of dentin, including

punch shear strength, toughness, hardness, and load to fracture of 23 endodontically

treated teeth (mean time since endodontic treatment: 10.1 yr) and their contralateral vital

pairs. Analyses using paired t-tests revealed no significant differences in punch shear

strength, toughness, and load to fracture between the two groups. Vital dentin was 3.5%

harder than dentin from contralateral endodontically treated teeth (p = 0.002). The

authors concluded that similarity between the biomechanical properties of endodontically

treated teeth and their contralateral vital pairs indicated that teeth do not become more

brittle following endodontic treatment, and that other factors may be more critical to

failure of endodontically treated teeth (4).

Teeth requiring root canal treatment are quite often structurally compromised as a

s
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result of caries (either primary lesions or recurrent decay), previous restorations, or

trauma. As a result, such structurally compromised teeth frequently require extensive

prosthodontic treatment in order to be successfully restored to function. Frequently,

intracanal posts are necessary in order to retain the core buildup required to retain a full

coverage coronal restoration. Posts have been used for nearly 100 years to aid in the

retention of restorations. The last several decades have seen an evolution in post

technology, as posts have been designed to more closely resemble natural dentin, both in

terms of esthetic appearance and desirable physical properties. Clinically, posts are often

cemented into an endodontically treated tooth in order to help retain coronal buildups and

full-coverage restorations following endodontic treatment. Preparation of a root canal

treated tooth to receive a post, however, requires additional removal of dentin and

probably serves to further weaken the tooth, which may account for the increased

occurrence of tooth fracture (5).

Chen et al. examined the correlation between remaining dentin thickness and the

root fracture strength and stress distribution. In their study, root canal treated teeth were

divided into 3 groups, with remaining dentin thickness as the criteria: greater than 1.00

mm of remaining dentin, 0.75 to 1 mm of remaining dentin, and less than 0.75 mm of

remaining dentin. The maximum load to fracture and distribution of force was measured,

and it was observed that the enlargement of root canal diameter resulted in increased

stresses on the root canal wall and decreased fracture resistance. They concluded that

clinical root canal treatment should be carefully controlled to remove only the necessary

amount of hard tissue and avoid over-preparation (6). Grieznis et al. came to a similar

conclusion in a more recent study, which examined the fracture resistance of extracted,

s -- -
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root canal treated premolar teeth restored with 2 different diameter posts. The extracted

teeth were observed for fractures rather than actively loaded, but the findings indicated

that teeth with a larger diameter post had a reduced fracture resistance when compared to

posts with a smaller diameter (7).

Much recent discussion has focused around efforts to help prevent endodontically

treated teeth from fracturing. Post materials have been examined to determine their role

in fracture of endodontically treated teeth. Posts have traditionally been made of metal;

however, with improved materials technology and industrial processing capability, a new

generation of “tooth-like” posts is available today. Bolla et al., in a Cochrane Data

System review (8), were able to identify only one trial that directly compared metal to

non-metal posts. Their findings indicate the risk of failure was greater with metal cast º
posts (9/98) compared to carbon fiber posts (0/97). Based on these findings, the authors .*

concluded that their systematic review demonstrated that more randomized clinical trials .
are needed to confirm whether fiber-reinforced post and core systems are superior, and G
also to clarify the influence of the remaining tooth structure on the treatment outcome of

the different post and core systems available. Teixeira et al. (9) examined four different

fiber-reinforced resin-based composite root canal posts: parallel fiberglass posts, double

tapered fiber quartz posts, tapered fiberglass posts, and two different types of parallel

fiberglass posts. They prepared teeth and cemented posts with dual-cured resin cement.

Following curing, the authors conducted pull-out tests and fracture tests, and concluded

that parallel fiber-reinforced composite posts showed better retention than did tapered

posts when a dual-cured resin-based cement was used. In addition, all posts

demonstrated some plastic behavior (which can be interpreted to equate with fracture

3



resistance), with the double-tapered fiber quartz post being stiffer than the others (and

therefore, presumably being able to cause more fractures). Barjau-Escribano et al. (10)

examined the influence of prefabricated post material on fracture strength and stress

distribution in restored, root-canal treated teeth. Sixty extracted human maxillary central

incisors were used. 30 of these teeth were restored with glass fiber posts, and 30 with

stainless steel posts. Fracture strengths were measured and compared. The results

showed that teeth restored with stainless steel posts demonstrated a significantly lower

failure load than teeth restored with glass fiber posts. Moreover, the stress distributions

confirmed a worse mechanical performance on teeth restored using stainless steel posts,

with a high stress concentration due to the significant difference between the elastic
s -

moduli of the steel and the surrounding materials. The authors conclude, then, that post
º .

systems where the elastic modulus of the post is similar to that of dentin and the core

restorative material have a better biomechanical performance. Newman et al. (11)

restored extracted human maxillary central incisors with a variety of fiber-reinforced post

and cores in order to study their fracture loads; stainless steel prefabricated ParaPosts

were used as controls. Their conclusion was that the loads to failure of the stainless steel

posts were significantly higher than all the composite posts studied. However, the mode

of failure or deflection of the fiber-reinforced composite posts was protective to tooth

structure, often resulting in the catastrophic failure of the post/build-up combination

rather than the fracture of the tooth often seen with stainless steel posts. Akkayan et al.

(12) restored root-canal treated extracted human maxillary canines with a titanium post

system and three esthetic post systems (quartz fiber, glass fiber, and zirconia posts) and

then measured their fracture load. The authors concluded that, within the limitations of
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their study, significantly higher failure loads were recorded for root canal treated teeth

restored with quartz fiber posts, and that fractures that would allow repeated repair

(failure of restorative material, rather than catastrophic root fracture) were observed in

teeth with quartz fiber and glass fiber posts. Raygot et al. (13), however, formed a

different conclusion after their study. They restored extracted endodontically treated

central incisors with cast post-and-cores systems, prefabricated stainless steel posts, or

carbon fiber-reinforced composite post systems and measured the maximum load at

failure. In their experiment, the failure loads registered in the three groups were not

significantly different. The authors conclude, therefore, that the use of carbon fiber

reinforced composite posts did not change the fracture resistance or the failure mode of
> --

endodontically treated central incisors compared to the use of metallic posts. > -

To examine the possibility of reinforcing roots weakened as a result of dentin º
-

–
removal secondary to root canal treatment and restorative procedures, Goncalves et al.

*-

- - - - -
2

attempted to reinforce test roots with composite resins and compare their fracture ~

resistance with conventional systems that used cast and prefabricated posts (14). They

found that the use of composite resins in root canals significantly reinforced the

weakened roots during fracture resistance testing. Heydecke et al., in their study of

reconstruction of endodontically treated single-rooted teeth, also concluded that

enlargement of the root canal space after completion of endodontic treatment should be

avoided. The authors observed that reconstruction of these teeth could be successfully

performed by closure of the endodontic cavity with composite; cementation of

endodontic posts offered comparable fracture resistance. They concluded that the

weakening of the root following over-enlargement of the root canal space cannot be
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compensated for by the injection of composite resin (15). Similarly, Sagsen et al.

examined the effects of bonded restorations on the fracture strength of root canal treated,

extracted premolars. They found that conventional amalgam restoration of premolar

access cavities resulted in the least resistance to fracture when compared to restoration

with bonded amalgam or with composite resin restorations. No statistically significant

differences were found between the bonded amalgam and the composite resin groups

(16). Llena-Puy and colleagues, however, found the opposite to be true in a clinical

situation. In their retrospective study of 25 patients with vertical root fractures (VRF),

they found that root-canal-treated teeth restored with conventional amalgam took

significantly longer to are diagnosed with VRF than those restored with composite or

bonded amalgam. In contrast, amalgam-restored teeth suffered more coronal fractures

(less catastrophic) before VRF than did the teeth with bonded coronal restorations (17).

Rotary root canal instrumentation techniques have been widely used in the field of

endodontics for about a decade. The use of rotary endodontic files, made out of a flexible

nickel-titanium alloy, allows preparation of canal shapes of larger size and greater taper

more quickly and with less effort than with stainless steel hand files. With the advent of

rotary instrumentation a concern arose that these larger root canal preparations were

weakening the structural integrity of the tooth, similar to removing dentin for post

preparation and restoration following endodontic treatment. Lam et al. (18) determined

fracture loads in extracted mandibular molars after canal preparation with traditional

stainless steel K-files and two rotary nickel-titanium techniques (Lightspeed and Greater

Taper files). Lightspeed files allow the operator to enlarge the apical portion of the tooth

to larger sizes than with K-files, and Greater Taper files allow the clinician to create a

6



more tapered canal preparation along the entire length of the root. Following canal

preparation and obturation, a vertical load was applied to the canal until fracture

occurred. The authors found that greater apical enlargement (with the Lightspeed

system) or increased canal taper (with the Greater Taper system) did not increase fracture

susceptibility of tooth roots. A similar investigation was conducted by Sathorn, et al,

who prepared 25 teeth using hand files and another 25 using rotary nickel titanium files.

After obturation, all teeth were subject to loading until fracture. No significant difference

of fracture load between the two techniques was found (19).

In addition to the loss of structural integrity caused by removal of tooth structure,

there are many other potential sources of dentin changes during the course of root canal
---

treatment. Endodontic irrigation is one of the most frequently examined potential sources *-
of mechanical changes to dentin. Sodium hypochlorite (NaOCl) has become the *
endodontic irrigant of choice worldwide as it exhibits significant antimicrobial effects I
and dissolves necrotic tissue extremely well. The optimum concentration has not been 3.
defined. Some cite improved properties of the undiluted 6% solution, while others feel

that dilution is necessary to minimize potential tissue toxicity. Slutzky-Goldberg et al.

examined the effects of irrigation with 2.5% and 6% sodium hypochlorite, for various

irrigation periods, on bovine root dentin microhardness. Samples were continuously

irrigated with 2.5% or 6% sodium hypochlorite (using saline as a control) for 5, 10, or 20

min, and then microhardness was measured at depths of 500, 1000, and 1500 pum from

the lumen. A significant decrease in microhardness was found at 500 pum between the

control and samples irrigated with 6% and 2.5% sodium hypochlorite at all irrigation

periods. There was also a significant difference between groups irrigated for 10 or 20
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minutes. At all distances, the decrease in microhardness was more marked after

irrigation with 6% sodium hypochlorite than 2.5% sodium hypochlorite (20). As typical

clinical endodontic procedures result in a contact time of sodium hypochlorite with dentin

for 30 minutes or more, these findings prove quite intriguing. A study performed by

White et al. (21) attempted to remedy the problem of insufficient contact time by

exposing machined bovine dentin cylinders to calcium hydroxide, mineral trioxide

aggregate (MTA), or sodium hypochlorite for a period of 5 weeks. After exposure, shear

test results indicated that root dentin was weakened after 5 weeks of exposure to calcium

hydroxide, mineral trioxide aggregate, or sodium hypochlorite.

The search for an improved endodontic irrigation regimen continues. Ari et al.
*

(22) examined the effects of various irrigation solutions on the microhardness and s

roughness of root canal dentin. Sodium hypochlorite (5.25% and 2.5%), 3% hydrogen º

peroxide, 17% EDTA (ethylenediamine tetraacetic acid, commonly used for smear layer
*

removal) (see below), and 0.2% chlorhexidine gluconate were compared, with distilled

water as a control. Vickers hardness results indicated that all the irrigation solutions

except chlorhexidine significantly decreased microhardness of root canal treated

dentin(22). Although appropriate as an antibacterial, chlorhexidine lacks the tissue

dissolution capabilities of sodium hypochlorite, preventing its use as a primary

endodontic irrigant. Saleh et al. performed a similar investigation, examining the effect

of 3% hydrogen peroxide/5% sodium hypochlorite (used in combination) and 17%

EDTA (both compared with saline as a control) on the microhardness of dentin. Their

results showed that both hydrogen peroxide/sodium hypochlorite and EDTA irrigating

solutions significantly reduced the microhardness of root canal dentin (23). Qing et al.
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(24) evaluated the influence of strong acid electrolytic water (SAEW) on the

microhardness of root canal dentin to determine its usefulness as an endodontic irrigant.

Experimental groups included distilled water, 5.25% sodium hypochlorite and 3%

hydrogen peroxide, SAEW, and 15% EDTA solution. When SAEW was used for 1

minute of irrigation, no decreases in the hardness of dentin inside the root canal were

detected.

Various other chemical irrigants are used during the course of routine endodontic

treatment. Chelating agents (both liquid and viscous forms) are routinely used during

root canal instrumentation in order to aid in removal of dentin shavings and prevent

blockage of the root canal system. Hülsmann et al. (25) compared the effect of three

such chelating agents (Calcinase-Slide, Glyde-File, and RC-Prep) on the hardness of root

dentin. In their study, twenty slices of root dentin were covered with 0.1 ml of the

chelating agents for 3, 6 and 9 minutes. Pre- and post-operative Vickers hardness

measurements were recorded. The authors concluded that, under the conditions of this

study, the three chelating agents studied caused no significant differences in Vickers

hardness. However, contact time of the chelating agent was much shorter than in clinical

usage. In non-surgical re-treatment cases, gutta percha solvents are often used to aid in

the removal of old root-filling material. Rotstein et al., in a 1999 study, examined the

effects of three gutta percha solvents (chloroform, xylene, and halothane) on the Vicker's

microhardness of dentin. Acid-treated and saline-treated specimens served as controls.

They found a statistically significant decrease in enamel and dentin microhardness in

solvent-treated groups, with the amount of the decrease directly related to the exposure

time. The authors concluded that chloroform, xylene, and halothane may cause

■ º
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significant softening of both enamel and dentin; the softening was apparent after only 5

minutes of treatment (26). As re-treatment cases often require upwards of 30 minutes of

solvent use, this could be quite clinically significant.

Endodontic treatment frequently requires two visits. Canal systems are

commonly dressed with an aqueous suspension of calcium hydroxide in order to provide

additional disinfection of canal spaces untouched by files or provide disinfection of

dentin past the depth of disinfection of sodium hypochlorite. Calcium hydroxide also

prevents inter-appointment re-contamination of root canal spaces. In addition to killing

bacteria, calcium hydroxide has the ability to hydrolyze the lipid moiety of bacterial

lipopolysaccharide (LPS), thereby inactivating the biologic activity of the

lipopolysaccharide and reducing its effect. Despite its usefulness as a disinfectant,

however, calcium hydroxide has been the subject of several investigations as to its ability

to soften root dentin. Yoldas et al. (27) evaluated the effect of a calcium

hydroxide/glycerin mix and a calcium hydroxide/water mix on the Knoop microhardness

of human root dentin. They found that the use of either calcium hydroxide combination

for intracanal dressing softened dentin, but the reduction in microhardness following the

use of calcium hydroxide/glycerin was significantly greater than the reduction in

microhardness resulting from treatment with calcium hydroxide/distilled water.

Rosenberg, et al. (28) designed a study where extracted human maxillary incisors were

obturated with calcium hydroxide and stored in a moist environment for 7, 28, and 84

days. Compared with a control group obturated with gutta percha and sealer, the

microtensile fracture strength of the calcium hydroxide treated teeth was statistically

lower at all time periods; moreover, the difference was larger at longer times. Although



the authors concluded that this “provides compelling evidence to re-evaluate the daily

usage of [calcium hydroxide) in endodontic therapy,” canal obturation with calcium

hydroxide is not a typical clinical use. Although calcium hydroxide is often left in the

root canal for an extended length of time between clinical visits, most cases are

completed before 84 days. Therefore, the clinical relevance of this study must be

questioned. A similar study, conducted by Doyon et al. examined 102 extracted human

single-rooted teeth, whose canals were filled with either saline, calcium hydroxide, or

Metapaste (a calcium hydroxide preparation containing barium sulfate). After 30 days,

there was no difference between the groups when comparing load to fracture. When

observed at 180 days, however, the calcium hydroxide-containing roots demonstrated a

significantly lower load at fracture than did any of the 30-day groups or the 180-day

saline or Metapaste groups (29). Andreasen et al. (30) demonstrated similar results in a

study of calcium hydroxide-filled immature teeth, stating that the fracture strength of

calcium hydroxide-filled immature teeth was halved in about a year due to the root

filling. Andreasen et al. also suggested that these findings may explain the frequently

reported fractures of immature teeth filled with calcium hydroxide for extended periods.

A root canal sealer is an integral part of every endodontic therapy. Root canal

sealers are necessary to seal the space between the root canal wall and the obturating core

material. Sealers also fill voids or irregularities in the root canal system, including lateral

canals or accessory root canal anatomy. According to Grossman (31), the following are

the properties of an ideal endodontic sealer:

• Exhibits tackiness when mixed to provide good adhesion between it and the canal

wall when set



• Establishes a hermetic seal

• Radiopacity so that it can be seen on the radiograph

• Very fine powder so it can mix easily with the liquid

• No shrinkage on setting

• No staining of tooth structure

• Bacteriostatic, or at least does not encourage bacterial growth

• Exhibits a slow set

• Insoluble in tissue fluids

• Tissue tolerant; that is, nonirritating to periradicular tissue

• Soluble in a common solvent if it is necessary to remove the root canal filling

Although there is currently no root canal sealer that satisfies all of these criteria, several

root canal sealers enjoy widespread use. The most common sealers used in contemporary

endodontics include zinc oxide-eugenol formulations, calcium hydroxide sealers, glass

ionomers, and resins. Ketac-Endo is a glass ionomer root canal sealer introduced in the

1990s that was touted as a “root reinforcing” material. Trope and Ray (32) obturated

extracted teeth with either Ketac Endo/gutta-percha or Roth's 801/gutta-percha and

demonstrated that obturation of the treated canal systems in conjunction with a glass

ionomer sealer significantly strengthened the roots as compared with roots instrumented

but not obturated and those roots obturated with gutta-percha and Roth’s 801 sealer.

Lertchirakarn et al. (33) obturated extracted teeth with Ketac-Endo, AH plus (a resin

sealer), and Tubliseal (a calcium hydroxide sealer) and then measured fracture load.

Their results suggested that Ketac-Endo strengthens endodontically treated roots and may

be used for weak roots that are likely to be susceptible to vertical root fracture.
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Cobankara et al. (34) also investigated the effect of Ketac-Endo and AH 26 on resistance

to root fracture. Seventy-two extracted human maxillary canine teeth were divided into

experimental groups based on the sealer used for obturation. Following obturation,

resistance to fracture was measured. The canals obturated with either sealer were

significantly stronger than roots whose canals were instrumented but not obturated, and

there was no difference observed between the sealers. Johnson et al. performed a similar

study, designed to test the root-reinforcing capabilities of a glass ionomer root canal

sealer. They found no significant difference in fracture resistance when the glass

ionomer “reinforcing material” was used. Therefore, reinforcement of endodontically

treated teeth by placement of restorative materials in the root was not demonstrated (35).

Apicella et al. also found no significant differences in fracture resistance when

comparing roots obturated with Roth’s 801 (a zinc-oxide-eugenol based sealer), Ketac

Endo, or unfilled control roots. Therefore, they too concluded that the use of Ketac-Endo

as an endodontic sealer did not increase the fracture resistance of root-filled teeth (36).

Although there has yet to be a sealer that consistently reinforces endodontically treated

roots, a current trend in endodontic research is towards bonded canal filling materials,

which are said to strengthen root canal treated teeth (see Discussion section).

During cleaning and shaping of the root canal system, organic pulpal materials

and inorganic dentinal debris accumulate on the canal wall, producing an amorphous

irregular smear layer. Although there is no consensus on removing the Smear layer

before obturation, the advantages and disadvantages of the smear layer remain

controversial; however, evidence is growing to support removal of the smear layer before

obturation. Smear layer removal is typically accomplished by irrigation with a chelating



agent such as EDTA (ethylenediamine tetraacetic acid) or citric acid. De-Deus et al. (37)

examined the effect of citric acid, EDTA, and EDTAC (EDTA plus Cetavlon, a

disinfectant) on the microhardness of human root canal dentin. Sixteen extracted

maxillary human canines were sectioned, and each root exposed to one of the chelating

agents for one, three, or five minutes. Baseline microhardness measurements were

obtained from each sample prior to testing, allowing for comparisons following exposure

to chelating agents. The authors concluded that, overall, citric acid was least effective in

reducing dentin hardness, while EDTA had the largest effect. This finding is in direct

contrast to the work of Eldeniz et al.(38), who exposed human dentin sections to 19%

citric acid or 17% EDTA for 150 seconds, prior to Vicker's microhardness testing. In

this case, significant differences were observed, with the citric acid groups being the least

hard.

Dentin is composed of approximately 50% inorganic material, 30% organic

material, and 20% water and other materials. The organic portion consists of

approximately 90% collagen fibers, and about 10% soluble proteins. Kinney et al.

examined the role of mineralization of collagen on the mechanical properties of dentin.

These results suggest that there might not necessarily be a linear relationship between

total mineralization and mechanical properties of dentin (39). Several investigators have

examined various irrigation solutions used in endodontic treatment (including sodium

hypochlorite, hydrogen peroxide, EDTA, and citric acid) and their effects on the

mechanical properties of the dentin as measured by microhardness (22, 40), and have

generally found that irrigation with hypochlorite, EDTA, and citric acid caused

measurable decreases in microhardness (41). Habelitz et al. demonstrated that exposure

3
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to NaOCl resulted in exposure of collagen fibrils and the fibril network of dentin

connected to the mineralized substrate, presumably due to removal of noncollagenous

proteins (42). Other investigations have revealed a possible decrease in the moisture

content of endodontically treated teeth (43), and suggested that this moisture reduction

could be responsible for fracture of endodontically treated teeth. Huang et al. examined

the mechanical properties of human dentin from root canal treated teeth and from normal

vital teeth. Their specimens, obtained from extracted human teeth, were subjected to

different experimental conditions (wet, air dried, desiccated, and dehydrated) and then

tested in compression, indirect tensile strength, and impact tests. Their results indicated

that the dehydration of dentin increases the Young's modulus, proportional limit (in

compression), and especially the ultimate strength (in both compression and tension).

Substantial dehydration also changes the fracture characteristics of dentin under static

compressive and indirect tensile loadings. The authors found that the compressive and

tensile strengths of dentin from root canal treated teeth do not appear to be significantly

different from those of normal dentin. Huang et al. concluded that the results of their

study do not support the theory that dehydration after endodontic treatment per se

weakens dentin structure in terms of compressive and tensile strengths. They conceded,

however, that other mechanical properties of root canal treated teeth may not be the same

as those of normal vital teeth (44).

Atomic force microscopy (AFM) is a member of the scanning probe microscopy

family of instruments (45). AFM allows high-resolution studies of changes in structure

and dimensions, in nearly any environment. In addition to providing high-quality images

of a prepared dentin surface, AFM-based nanoindentation is useful for measuring

º
º
-

g

!



mechanical properties, including hardness and elastic modulus of dentin. One of the

major advantages of using the AFM for indentations, as opposed to a larger-scale

indentation procedures, is the ability to identify and test site-specific areas such as

intertubular dentin. The high-resolution imaging and site-specific testing afforded by the

AFM can be performed in solution or dry, whereas other traditional methods (SEM, for

example) only allow sampling of dry tissue (46).

The original development of AFM-based nanoindentation utilized a modified and

stiffer cantilever and diamond tip that allowed hardness measurements to be made on

either peritubular or intertubular dentin (46-48). The current methodology, however,

relies on modified transducer heads that can measure load and displacement

independently, and provide site-specific load displacement curves and imaging in wet or

dry environmental conditions. The newer tips demonstrate substantial improvement and

allow the determination of both hardness and modulus of elasticity for dentin; therefore,

this is the current protocol used to determine these values (46, 48-52). In addition, AFM

based nanoindentation allows measurement of intratubular material, when present (53,

54).

An important consideration in AFM-based nanoindentation is the status of the

dentin during sampling. Repeated studies have demonstrated the collapse of dentin

collagen upon dehydration (55-57) and have concluded that dehydration can lead to

errors in measurement and thus should be avoided. Therefore, this investigation

performed all indentations in a “wet cell,” containing deionized water at ambient

temperature.

The current measurement protocols are detailed by Marshall et al. in their excellent
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chapter detailing the AFM (46). For imaging the contact force applied to the sample can

be as little as 1 pun, while for indentation loads up 30 mN can be used. Indentation uses a

larger tip than imaging and since image quality depends on the tip radius-of-curvature,

the image quality using this system is not as good as conventional AFM. A Berkovich

indenter displaces much less material than the sharper cube corner indenter. The

hardness, H, and the indentation or reduced elastic modulus, E*, are calculated from:

H = Fmax/a (2)

E*=(N7/a)*(s/2) (3)

where Fnax is the maximum load, a is the projected contact area, S is the slope of the

linear portion of the force/displacement curve during unloading near the maximum load

(49, 58). Indentations should be at least 1-2 pum apart for indents of approximately 300–

500 nm to avoid influence of one indent on another.

Modulus of elasticity is the description of an object or substance's tendency to be

deformed when a force is applied to it. The elastic modulus of an object is defined as the

slope of its stress-strain curve:

def stress

strain

where E is the elastic modulus, stress is the force causing the deformation divided by the

area to which the force is applied, and strain is the ratio of the change caused by the stress

to the original state of the object. Nanohardness is generally defined as a material’s

resistance to permanent or plastic deformation at the nano-micro level. In many materials,

hardness is a measure of resistance to an indentation where a ball, diamond pyramid or

cone is forced into the material being tested under an applied load. One of the



advantages of using nanohardness measurements is the ability to isolate measurements to

a particular area and type of dentin (i.e. intertubular dentin), since mechanical changes in

endodontically treated teeth are more likely to manifest themselves in the intertubular

dentin, rather than the peritubular dentin. Thus, nanoindentation has the potential to

measure subtle changes that might be missed by the larger microhardness indents that

would include both intertubular and peritubular dentin. In addition, AFM-based methods

also allow detection of and measurement of the mechanical properties of intratubular

filling material, should there be differences between endodontically treated and untreated

teeth.

To date there has not been an AFM-nanoindentation examination of the mechanical

properties of dentin of endodontically treated teeth. This study investigated the changes

in the elastic modulus and the nanohardness of intertubular dentin (and intratubular filling

materials, if present) between root canal treated and untreated control teeth, as measured

by an AFM-based nanoindentor. Although a review of the literature reveals many studies

that seemingly demonstrate mechanical changes to dentin following exposure to various

root canal irrigants, medicaments, and sealers, these studies all used segments of

extracted human or animal teeth, due to the impossibility of performing such an

experiment in vivo. This study, therefore, investigated the mechanical changes in teeth

that have received root canal therapy, with no additional artificial treatment rendered.

This information is important to answer concerns regarding the long-term prognosis of

endodontically treated teeth. To date, no study with this methodology has been

performed.
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Hypothesis and Objectives:

The purpose of this study was to determine if a difference exists in the modulus of

elasticity and hardness of dentin between endodontically treated and control teeth.

Null Hypothesis:

1. There is no difference in the modulus of elasticity of intertubular dentin between

endodontically treated and control teeth.

2. There is no difference in the hardness of intertubular dentin of endodontically

treated and control teeth.

Objectives:

1. To measure the modulus of elasticity of intertubular dentin of endodontically

treated and non-endodontically treated control teeth using AFM-based

nanoindentation.

2. To measure the hardness of intertubular dentin of endodontically treated and

non-endodontically treated control teeth using AFM-based nanoindentation.

Materials and Methods

Specimen collection

Extracted human teeth that have previously received root canal treatment (RCT),

along with age-matched non-RCT teeth, were collected through the UCSF Oral Surgery

and Periodontology Departments, local oral surgeons, and community clinics. This study

was covered under Dr. Sally Marshall’s Institutional Review Board approval for

documented teeth from human subjects (H5687-04447-17), as part of a larger study of

tooth structure.

*



Specimens were sterilized using Y-irradiation (59) and stored in deionized water

and thymol until used. Teeth were examined for root fractures using a 3.5x

stereomicroscope. Specimens with pre-existing root fractures were included in a third

group, to determine if, in fact, differences in properties exist in these as compared to

treated, unfractured teeth and controls.

Power analysis was performed to determine the number of specimens needed.

Based on sample size calculation (o. = 0.05, power = .8, minimum detectable difference

of 25%, standard deviation of 15%), 8 teeth were used per group.

Sample preparation

When multi-rooted teeth were used, the largest root available was used. In all

cases, this was either the distal root of a mandibular molar or the palatal root of a

maxillary molar. Roots were sectioned at 3 and 7 mm from the apex, and the coronal and

apical segments were removed, as shown in Figure 1. The remaining 4 mm segment was

sectioned coronally through the center of the root canal system. The remaining buccal

segment was then sectioned coronally approximately one-half the distance measured

from the buccal surface to the root canal. The segment containing the root canal was

retained and used for data collection. Gross polishing (1200 grit) was followed by

polishing using 10, 5, 1, and 0.25-pum diameter diamond polishing paste (Buehler Ltd,

Lake Bluff, IL). Specimens were then mounted on metal discs with

polymethylmethacrylate for nanoindentation. Specimens were prepared in bulk at the

start of the experiments, and kept in Hanks’ Balanced Salt Solution (HBSS) with phenol

red indicator (see below) until used.
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Figure 1- Preparation of samples

Storage of Teeth and Samples

After sterilization, teeth were stored in HBSS with phenol red sodium salt

(Sigma-Aldrich, Inc., St. Louis, MO, USA). The purpose of the phenol red indicator was

to monitor the pH of the solution. The pH of fresh solution was 7.4. Solution turned to

orange at pH of 7.2, then beige at pH of 6.9, and finally turned to clear at a pH of 6.5.

Teeth were checked on a weekly basis and storage solution was changed when color

change of the solution was noted.

Testing of mechanical properties
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Teeth were removed from the storage solution and re-polished with 1 and 0.5 pum

diamond paste to remove the surface layer that may have been altered by storage. Testing

of sample and control teeth was performed in the following order (with Sn representing

sample tooth #n and Cn representing control tooth #n): S1, S2, S3, S4, C1, C2, C3, C4,

S5, S6, C5, C6, S7, S8, C7, C8. Teeth were tested in this manner in order to minimize

the possible effect of storage time in media. A Digital Instruments Nanoscope III AFM

(Veeco, Santa Barbara, CA) and Triboscope head (Hysitron, Minneapolis, MN) was used

to determine mechanical properties, as previously described (49). In this configuration

the standard AFM head is replaced by a capacitive sensor. The sensor consists of two

fixed outer electrodes (drive plates) that are driven by AC signals 180 degrees out of

phase relative to each other. Due to the small spacing between two plates, the electric

field changes linearly from one to the other. Therefore, the electric field potential is

maximum at the drive plates and zero at the center between the two plates. The center, or

pickup electrode, is suspended in a manner that allows it to move up and down in the

region between the two drive plates. The pickup electrode assumes the electric potential

of the space between the two drive plates. This results in a bipolar output signal that is

equal in magnitude to the input signal at the maximum deflection, and zero at the center

position. The synchronous detector converts the phase and amplitude information from

the sensor output into a bipolar DC output signal. The output signal is actually a reading

of the pickup electrode position. In the imaging mode, this signal is used as a feedback to

the piezoceramic tube for constant force contact imaging. In the indentation mode, the

feedback is cut off and a voltage ramp is applied to the lower drive plate. As a result, an

electrostatic force is generated between the pickup electrode and the drive plate. This



force is applied to the sample through a diamond tip glued to a tungsten rod with a large

aspect ratio, which in turn is attached to a polymer holder connected to the pickup

electrode by a small screw. A Berkovich (triangular based pyramid) diamond tip was

used for the indentations, which were performed in a liquid cell filled with deionized

water in order to prevent alteration of mechanical properties due to dessication (49). To

form the seal necessary to retain the deionized water, a small amount of wax was used to

attach a plastic ring to the metal disk to which the sample was mounted. Fused silica was

used to calibrate the shape tip function. The same fused silica standard was also used as a

calibration standard to check the reproducibility and consistency of the measurements

prior to each day’s measurements. An appropriate 20 pum X 20 pum area of intertubular

dentin was identified using AFM. A typical AFM scan is shown in Figure 2:

Figure 2 – AFM scan demonstrating patent dentinal tubules and intertubular

dentin
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Each area of intratubular dentin was evaluated for level surface (no major

changes in topography which could interfere with sampling) and absence of scratches,

indicating an appropriate surface polish. Once an appropriate area of dentin was

identified, 6 indentations were performed in the following pattern, with 3 pm between

each sample. An illustration of the indentation procedure at each site is shown in Figure

3:

º 3pum % 3pum º
3pum

3pum 3pum

/\-A-/\

Figure 3: Pattern of indentations at each area of intertubular dentin

Each sample was tested in 3 different locations of intertubular dentin. If

significant intratubular filling material was present, 6 indents were made in the center of

the intratubular material, as well.

Data Collection and Analysis

Elastic modulus and hardness, as computed by the software with the Triboscope

during the nanoindentation procedure, were recorded. The means and standard

deviations of the measurements were presented and compared. A paired t-test was used

to determine any significant difference among the pairs, with o = 0.05 and power of 80%.



Results

There were no teeth with pre-existing root fractures found in the collected
-*

specimens. The ages of the teeth used are included in Table 1. *
'''.

Table 1 – Age, number, and type of tooth for collected specimens -*

Tooth Age || Tooth Number Tooth Type º,

Sample 1 || 43 28 Mandibular first premolar º

Sample 2 || 43 29 Mandibular second premolar –
Sample 3 || 43 22 Mandibular canine ■
Sample 4 || 43 30 Mandibular first molar

-

,
Sample 5 || 43 5 Maxillary first premolar º º

Sample 6 || 76 12 Maxillary first premolar i –
Sample 7 || 25 30 Mandibular first premolar 5 º

Sample 8 || 76 3 Maxillary first molar 2 sº

Control 1 || 4 | 28 Mandibular first premolar

Control 2 || 39 28 Mandibular first premolar

Control 3 || 42 22 Mandibular canine

Control 4 || 40 30 Mandibular first molar

Control 5 || 39 4 Maxillary second premolar

Control 6 || 73 4 Maxillary second premolar :

Control 7 || 19 19 Mandibular first molar --

Control 8 || 64 14 Maxillary first molar -
t!
º



- *

There were no significant areas of intratubular filling material, as observed on the ^:

initial AFM scan of the area to be sampled. 18 measurements for each tooth were -

collected. The means and standard deviations are reported in Table 2. (C refers to ■
*

- - - -
*

control teeth, S refers to sample teeth; Er is modulus of elasticity, measured in GPa; and
/ .

H is hardness, also measured in GPa): ~
/
-

Table 2 – Collected Data

Tooth Er (GPa.) | St Dev | H (GPa.) | St Dev

C1 21.2 2.8 1.00 0.13
C2 17.4 1.9 0.85 0.10
C3 20.3 4.7 0.88 0.26

C4 21.2 3.9 0.95 0.17
C5 16.7 3.1 0.61 0.21
C6 16.8 2.6 0.68 0.10

C7 22.6 5.5 1.10 0.22
C8 14.2 2.0 0.65 0.10
S1 13.7 4.4 0.63 0.24

S2 19.4 2.0 0.97 0.13
S3 18.9 2.0 0.98 0.11
S4 20.4 2.0 1.02 0.11
S5 20.8 3.6 1.15 0.20
S6 18.7 2.2 0.92 0.19
S7 13.1 2.1 0.47 0.07

S8 17.5 2.0 0.58 0.08

The mean modulus of elasticity was found to be 17.8 +/- 2.9 GPa and 18.9 +/- 2.9 GPa,

and the hardness was found to be 0.84 +/- 0.25 and 0.84 +/- 0.18 for the experimental and c

control groups, respectively [Figures 3 and 4].
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Figure 4- Box plot demonstrating distribution of data for hardness

Paired t-tests yielded the following results (Table 3):
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Table 3 - Results of paired t-tests

Paired t-test t P

Er 0.56 0.593

H –0.003 0.997

Thus, paired t-tests indicate that there is no statistically significant difference

between the sample teeth or the control teeth for either elastic modulus or hardness.

Discussion

As previously mentioned, there has been much speculation that, subsequent to

root canal therapy, teeth become more brittle. This study investigated the mechanical

properties of root dentin on a scale not previously examined using AFM-based

nanoindentation. As discussed in the Introduction, the AFM-based nanoindentation

technique is now being used to measure such properties on a much smaller scale,

minimizing confounding effects and allowing a truer measurement of the mechanical

properties of the intertubular dentin.

As much as possible, teeth were prepared and tested in such a manner as to

minimize the influence of storage conditions or alteration in the testing setup. Teeth were

prepared in bulk at the start of the experiment, and were stored in HBSS with phenol red

until testing procedures were performed. In order to minimize any effect of “softening”

of the teeth due to prolonged storage of the thin sections following preparation, sample

.



and control teeth were repolished and tested in an alternating pattern. Further, the testing

started with 4 sample teeth followed by 4 control teeth. Subsequently, the testing was

performed on two teeth from each group in an alternating manner. As two samples were

typically tested in one session, this alteration was made in order to further reduce the

possibility that prolonged storage time affected the surface properties. Although an ideal

design would involve sectioning, polishing, and testing all on the same day, this was not

possible for this project.

There is some concern regarding the degeneration of the Berkovich indenter tip

used for the sampling. The Berkovich tip used in this study is pyramidal in shape, with a

length and width of roughly 6 pum. As the tip is quite fragile, there is concern that

repeated sampling results in degeneration of the tip and altered readings. Plotting the

data for modulus of elasticity (Figure 5) and hardness (Figure 6) in chronological order,

however, reveals no evidence of errors in the data due to the deterioration of the tip. In

addition, the tip was used to indent a quartz standard of known hardness and modulus of

elasticity prior to each day’s measurements; all such readings were normal.
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Figure 5 – Modulus of Elasticity, plotted in chronological order
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.



Reproducibility of site selection for indentation introduces another variable. As

much as possible, we attempted to locate the 3 sites on each tooth in the same areas with

respect to physical landmarks on the teeth. Following initial site selection, an AFM scan

was performed to evaluate the appropriateness of the site. Factors that led to invalidation

of a site included gross scratches, oblique sectioning of tubules (rather than perpendicular

to the long axis of the tubule), and lack of sufficient intertubular dentin for indentations

(for example, in a location with an overabundance of dentinal tubules). Although criteria

for site selection were designed to maximize reproducibility from tooth to tooth, some

variation was likely to occur.

As discussed during the Introduction, post selection is a compromise. While it is

desirable to select a post with a modulus of elasticity close to that of dentin, such a post

will flex more than a stiffer post under normal function. While this flexion is desirable in

order to prevent fracture of the tooth, it will result in micro movement of the core

material. This micro movement is often responsible for creating open margins on the

restoration, which can result in microleakage and devastating recurrent decay. Selection

of a stiffer post will help mitigate this effect; however, a stiffer post (as discussed

previously) carries with it a higher risk of fracture.

The development of a replacement of gutta-percha as a root-filling material is a

current area of research. A recently introduced family of resin-based obturation materials

(Resilon, Epiphany, EndoRez and RealSeal among them) claim to produce a

“monoblock” obturation, that is a heterogeneous canal/sealer/core filling material that

does not exhibit the voids (and resulting potential for microleakage) found in traditional



gutta percha and root canal sealer systems. An additional benefit to these resin obturation

systems cited by several authors includes strengthening of the root and lowering the risk

of root fracture. Hammad et al. (60) obturated extracted single-rooted teeth with

EndoRez, RealSeal, and gutta percha■ sealer as a control. The teeth were then loaded until

fracture, and the authors found that forces at fracture were statistically significantly

higher in the Resilon and EndoRez groups. The authors concluded that obturation of

roots with resin-based obturation materials (Resilon and EndoRez) increased the

resistance of root canal filled teeth to vertical root fracture. Schäfer et al. (61) designed a

similar study, comparing canals obturated with either gutta-percha and AH Plus sealer or

RealSeal. As controls, the authors left the canals of twelve teeth instrumented but not

filled, and left twelve teeth as uninstrumented. The intact roots were significantly

stronger than both groups with instrumented and unobturated roots. There were no

significant differences between the roots of both groups obturated with RealSeal and the

intact roots. The roots obturated with RealSeal were significantly stronger than those

obturated with gutta-percha and AH Plus. The authors concluded that obturation with

RealSeal significantly increased the fracture resistance of instrumented roots. Teixeira et

al. (62) also evaluated the fracture resistance of endodontically treated teeth filled with

either gutta-percha or a new resin-based obturation material. They filled 80 single-canal

extracted human teeth with either gutta-percha/sealer or with Resilon (the experiment

also included a control group with no filling material), after which the specimens were

loaded to failure. The groups with the Resilon displayed a tendency toward higher mean

fracture loads and the gutta-percha groups lower mean fracture load values than the

control unfilled group; however, the differences were not significant. Although the



authors did not obtain a statistically significant difference, based on the higher mean

fracture loads obtained with Resilon, they concluded that filling the canals with Resilon

obturation material increased the in vitro resistance to fracture of endodontically treated

single-canal extracted teeth when compared with standard gutta-percha techniques.

However, since the difference was found to be non-significant, the authors’ conclusions

should be taken as nothing more than speculation. Although resin-based obturation

materials are still relatively new on the endodontic scene, their ability to help strengthen

roots and prevent root fracture appears promising.

Conclusions

From the data collected in this study, it can be concluded that there is no

difference in the modulus of elasticity or hardness of intertubular dentin between

endodontically treated and control teeth on the nanoscale. The results of this study,

therefore, indicate that the null hypothesis stated earlier cannot be rejected. Thus, the

clinically observed increase in the fracture rate of endodontically treated teeth is not due

to changes in mechanical properties of the dentin after root canal therapy, but rather is a

result of some other factor.
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