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“…we have to remember that what we observe is not nature in itself but 
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The metabolic activity of some oral microorganisms can lead to the

demineralization of both enamel and dentin (Takahashi 2015). This process,

if not hindered, could ultimately lead to the invasion of the dental pulp 

space by a complex and heterogeneous microbial flora (Chavez de Paz 

2007). The geometrical complexity of the root canal space (anatomical 

intricacies and tubular structure of dentin) provides sheltering to 

microorganisms (Nair 2006), which can organize themselves in biofilms 

exhibiting resistance strategies to the current debridement and disinfection 

procedures (Chavez de Paz 2007). The current disinfection methods are 

indeed unable to eradicate all microorganisms from the root canal space 

(Wu et al. 2006). As a consequence, the failure to effectively 

prevent/eradicate root canal infection can lead to the 

development/persistence of apical periodontitis, a microbe-sustained 

inflammatory process, which is accompanied by concomitant alveolar bone 

destruction (Wu et al. 2006).

One strategy to hinder the access of additional microorganisms 

from the oral cavity towards the periradicular tissues and to contain any

remaining infection is the placement of a filling material aiming to occupy 

the root canal space (Thoden van Velzen & Wesselink 2010). The 

radiopacity of the root canal filling also helps providing an approximate 

two-dimensional view of the shaping and filling procedures carried out in 

vivo. The radiographic quality of the root canal filling is a recognized

predictor of the treatment outcome (Ng et al. 2008). An adequate root canal 

filling, without visible voids and ending within 2 mm from the radiographic 

apex is considered to promote periapical health (Liang et al. 2013).
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Therefore, it is generally assumed that an improvement of the 

performance of the root canal filling may be beneficial to endodontic 

outcome, hence justifying laboratory research in this direction.

Root canal filling materials
“Gutta percha”

“Gutta percha” (GP) is currently considered as a standard of care in 

endodontic therapy and is widely used by dental practitioners (Savani et al.

2014). It is available in different shapes and sizes and can be compacted 

inside the root in order to make it fit the shape of the instrumented root 

canal and reduce the volume fraction of the sealer.

GP is mainly composed of zinc oxide with lesser amounts of trans-1,4-

polyisoprene (gutta percha), wax/resin and metal sulphates (Gurgel-Filho et 

al. 2003). Chemical variations of these components among brands are 

responsible for differences in physical properties (Moon et al. 2015).

Sealers

Root canal sealers are used together with GP. Characteristics such as 

relatively high flowing ability and low film thickness allow them to fill 

discrepancies between the GP and the dentinal wall, in order to improve the 

sealing ability of the root canal filling (Wu et al. 2004). Sealers are, 

however, often considered the weak component of the root canal filling 

since they may shrink upon setting and dissolve over time. Sealers represent 

a heterogeneous group of materials with characteristic properties.
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Epoxy resin-based root canal filling materials

Epoxy resin-based sealers are commonly used in conjunction with GP. 

Their setting occurs by an addition-polymerization process involving 

diglycidil ether of bisphenol-A and a di-secondary diamine (Klee et al.

1996). Low overall crosslink density as well as the presence of an oxirane 

ring in their molecular structure may provide stress relaxation reducing the 

polymerization shrinkage (Guggenberger & Weinmann 2000). They are 

considered to possess excellent physical properties such as low solubility,

good dimensional stability, high flowing ability and high radiopacity

(Balguerie et al. 2011; Zhou et al 2013). They are therefore often described 

as a “benchmark” in the endodontic literature.

Despite their advantages, epoxy resin sealers, similarly to the widely-used 

restorative resin composites, contain bisphenol-A groups that are known to 

be potential endocrine disruptors (Seachrist et al. 2015). Pulgar et al. (2002)

demonstrated in vitro an oestrogenic effect of AH 26, though not of AH 

Plus. The issue with the leaching of monomers, which has been mainly

investigated for restorative resin composites (Van Landuyt et al. 2011),

might also affect endodontic sealers, as demonstrated by Lodiené et al.

(2013), even though the contact area with the body fluids is much smaller.

Also, epoxy resins are a known cause of occupational allergic contact 

dermatitis (Geier et al. 2004) and have the potential to induce an allergic 

reaction when used as a root canal sealer in sensitive patients (Hørsted & 

Søholm 1976; Stutz et al. 2008). Nevertheless, they are generally considered 

as relatively biocompatible materials. The cytotoxic reaction they induce in 

vitro after mixing gradually decreases until it disappears within a few days

(Loushine et al. 2011). In addition, they seem unable to provoke DNA 

damage (Van Landuyt et al. 2012). Furthermore, little is known about the



Introduction

13 
 

long-term behaviour of these sealers within the root canal. In spite of being

hydrophobic (Ballal et al. 2013), the water sorption capacity of these 

materials has been shown to improve their sealing ability in the short-term 

as demonstrated in leakage studies that evaluated the material’s performance

over a time span of a few months (Santos et al. 2010). The water sorption

of epoxies is related to the presence of molecular-sized holes within the 

epoxy network as well as to the nature of the epoxy-water interactions (Moy 

& Karasz 1980). Water molecules could break hydrogen bonds within the 

polymeric mesh, provoke the swelling of the material and even irreversibly 

damage it by breaking ether linkages (Li et al. 2004). This could lead to the 

degradation of the material and affect its integrity and sealing ability in the 

long-term (Kontakiotis et al. 1997). Investigating the potential of alternative 

materials with more affinity for the root canal environment and better 

biologic profile could therefore be of interest.

Methacrylate resin-based root canal filling materials

Methacrylate-based resins are conventionally used in restorative dentistry 

when adhesion is required. The incorporation of methacrylate monomers 

into the composition of dental cements aims to provide them with the ability 

to bond to dental tissues (Leprince et al. 2013). In the past decades, several 

root canal sealers have been marketed with methacrylate resins in their 

formulations (Kim et al. 2010). Contrary to restorative dentistry, adhesion is 

not the primary requirement for the root canal filling, which is rather used as 

a bacteriostatic material that depletes microorganisms from a space they 

could otherwise invade (Thoden van Velzen & Wesselink 2010). However,

due to their small size and their affinity for moisture, methacrylate 

monomers can achieve intimate contact with intraradicular dentin that may 
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benefit the sealing ability of the root canal filling. Furthermore, the

relatively hydrophilic nature of these molecules is expected to promote their

penetration within dentin and allow hybridization with the potential for 

monomer-collagen chemical interactions (Nakabayashi et al. 1992, Hiraishi 

et al. 2013).

The curing process, which takes place by molecular polymerization is 

accompanied by the loss of intermolecular space resulting in polymerization 

shrinkage (Leprince et al. 2013). The amount of shrinkage is dependent on a 

number of variables, such as monomer size, polymerization mechanism, and 

polymer stretching ability (Kleverlaan & Feilzer 2005). Methacrylate resin-

based cements are subject to relatively high polymerization shrinkage and 

the concomitant establishment of adhesion between the core material (filling 

cone), the sealer and the bonding substrate (intraradicular dentin) results 

therefore in contraction stresses (Kim et al. 2010). These contraction 

stresses have been directly linked to the “configuration factor” (C-factor) of 

the cavity in which the polymerization occurs (Feilzer et al. 1987). The C-

factor is the ratio of the bonded surfaces of the material to the unbonded 

ones (Fig 1.1).

An increase of the C-factor of the cavity results in an increase of the

contraction stresses within the material and its direct surrounding (Jongsma 

et al. 2011). In a restorative cavity, a bulk of composite resin would 

typically be subjected to a C-factor ranging from 0.5-5.0 (Feilzer et al.

1987). Within a root canal, the C-factor has been calculated to

approximately 1000 when placed between a core material and the root canal 

wall (Tay et al. 2005). These extreme values are attributed to the particular 

geometry of the root canal space that corresponds to an elongated class I 

cavity with the only free surfaces of the material being its interfaces with the 
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coronal access of the canal and the apical foramen. The C-factor of the root 

canal may therefore be an obstacle to the use of methacrylate resin-based 

root canal sealers and alternative strategies that could modulate the C-factor 

are necessary to minimize contraction stresses and improve their adhesion to 

intraradicular dentin.

Figure 1.1 Schematic illustration of a root canal and presentation of one method to 
calculate the bonded and unbonded surface area for the C-factor calculation. Dap: apical 
diameter, h: height, T: taper in mm/mm, Su: unbonded surface area, SB: bonded surface 
area.

Calcium silicate-based root canal filling materials

Calcium silicate cements were introduced in dentistry with the development 

of “Mineral Trioxide Aggregate” (MTA) in 1993 (Lee et al. 1993). Despite 

its trade name, MTA is mainly composed of tricalcium and dicalcium

silicates with bismuth oxide as radiopacifier (Camilleri et al. 2005). The 

purity of the material and the addition of a radiopacifier are its main
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differences from the Portland cement used in the construction industry.

MTA needs water to set and is categorized as a hydraulic cement due to its

ability to set and remain relatively stable under water (Fridland & Rosado 

2005). The widespread use of this product in dentistry has driven the 

development of calcium silicate-based root canal filling and repair materials

(Darvell & Wu 2011). These cements are being aggressively promoted and 

sold at relatively high prices. So-called bioactive properties are often

attributed to these materials and documented by the formation of apatite-like 

crystals onto their surface when immersed in simulated body fluids (Reyes-

Carmona et al. 2009). Originally, and according to the European Society of 

Biomaterials Consensus Conference of 1987 (Williams 1987), bioactivity

was broadly defined as the ability of a material to induce a specific biologic 

activity. Later, Kokubo termed bioactive, a material having the ability to 

bond to bone by precipitating bone-like apatite on its surface (Kokubo 

1991). By extension, the precipitation of such crystals at the interface 

between the material and dentin has also been considered as an expression 

of bioactivity (Sarkar et al. 2005).

Hygro-expandable cones

Radicular dentin constitutes a relatively wet substrate against which root

canal filling materials are placed (Papa et al. 1994). Compared to the field 

of restorative dentistry (Tay & Pashley 2003), much less attention has been 

given to the affinity of the filling materials for their surrounding 

environment in Endodontology. Although the use of hydrophilic root canal 

filling materials would make sense because of the considerable water 

content of dentin, the current benchmark filling materials are gutta percha 
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and an epoxy resin-based sealer considered to possess a relatively 

hydrophobic profile (Ballal et al. 2013).

Recently a hygro-expandable cone (HEC), made of a nylon core coated with 

a hydrogel, and intended to be used, instead of gutta percha, with a single-

cone technique, has been developed and commercialized. The hydrogel is

made of copolymers of acrylonitrile and vinyl pyrrolidone, polymerised and 

cross-linked using allyl methacrylate (Didato et al. 2013). Both the 

hydrophilic nature of this cross-linked polymer and its potential for elastic 

deformation, promote water sorption from its surroundings (Swan et al.

2011). As a result, the hydrogel undergoes expansion and could seal the root 

canal imperviously. This material is designed to be used with a sealer. The 

first sealer provided by the manufacturer was an epoxy resin-based one

(Economides et al. 2012), but it was discontinued and replaced by a calcium 

silicate sealer. Thus, both the HEC and the new sealer had hydrophilic 

characteristics. However, this calcium silicate-based sealer is no longer 

provided with the cones, though being still manufactured by Brasseler USA 

(Savannah, GA, USA) under its original trade name, EndoSequence BC 

Sealer (personal communication with the companies). The manufacturer 

now recommends using the HEC with any calcium silicate-based sealer.

Both materials have a high affinity for moisture and should therefore benefit 

from the moisture present within the root and in the periapical area. The 

two-dimensional expansion of the HEC when immersed in water has 

already been verified in vitro (Didato et al. 2013). Nevertheless, it is still 

unknown whether this process will occur effectively within the root canal.

Hydrogels are materials with a complex and versatile behaviour (Ullah et al.

2015), so it is necessary to evaluate their performance inside the root canal.
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Root canal filling techniques
A root canal filling technique is the procedure to place the filling material 

inside the root canal space. Materials are sensitive to the many 

environmental conditions they encounter. Furthermore, the filling technique 

may also affect their properties (Viapiana et al. 2015). GP can be compacted 

inside the root canal with an array of techniques aiming to soften and 

deform it either by a chemical solvent, or heat, or force, or their 

combinations. However, the evaporation of the solvent could lead to the 

shrinkage of the material (Metzger et al. 1988). Heat could partially 

decompose the material (Marciano 1989) and also generate shrinkage upon 

cooling (Lottanti et al. 2014). The use of spreaders to apply force could 

create iatrogenic voids (spreader tracks) within the filling, which may 

remain unfilled (Souza et al. 2009), and also, generate stresses that could 

damage radicular dentin (Shemesh et al. 2010). Among the techniques used 

by dentists, lateral compaction of gutta percha with a sealer is still very 

popular; it is the most taught technique in dental schools across Europe 

(unpublished survey), the most widely used technique in the United States 

(Savani et al. 2014, Eleazer et al. 2015), and often considered as a 

benchmark in comparative studies. The single-cone technique, which 

consists of placing a single GP cone with a sealer in the root canal had gone 

out of fashion during the past decades. However, this technique can be 

considered as relatively conservative and less straining to radicular tissues 

compared to other techniques. The availability of GP cones with size and 

taper matching those of the final rotary files provides a very simple way of 

filling the prepared root canal. Furthermore, it is a technique that is 

relatively easy to perform and which does not require expensive investments 
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for dental practitioners. It would therefore be interesting to rigorously 

evaluate the ability of this technique to effectively fill the root canal space.

Testing methods
The clinically-relevant endpoint for endodontic therapy is the healing and/or 

prevention of apical periodontitis (European Society of Endodontology 

2006). Therefore, the ideal way to test a root canal filling would be to 

determine its effect on the success rate of the treatment. However, the multi-

factorial nature of human disease hinders studying the effect of isolated 

parameters in vivo; laboratory-based studies under well-controlled 

conditions can provide valuable initial data and help to generate hypotheses 

that could later be tested in vivo.

Among these methods, the fluid transport method has been used extensively 

in endodontic research to evaluate and compare the sealing ability of 

different filling materials and techniques. Recently, an improvement has 

been suggested through the use of a low surface tension liquid instead of 

water. As a result, the sensitivity of the model appears to have been

increased (Özok et al. 2013).

Another method to evaluate filling materials is the push-out test, which has 

lately attracted considerable interest (Chen et al. 2013, Pane et al. 2013). It 

is often claimed that this test measures the bond strength of materials to 

intraradicular dentin, while it actually measures their resistance to 

dislocation (Goracci et al. 2005). Thus, it is an interesting method for testing 

the “retentive properties” of endodontic materials that are placed and 

allowed to set within the root canal, therefore mimicking the clinical setting 

scenario (Goracci et al. 2004). Other adhesions tests, such as the 

microtensile bond strength test for example, require the application of the 
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materials directly on dentin slices, which have a different geometry than an 

intact prepared root canal. This critical difference could influence the 

adhesion process of some materials (Tay et al. 2005). Attempts to 

circumvent this limitation by having the materials set within the root canal 

prior to trimming the specimens would lead to significantly more premature 

failure than during the slicing procedure of the push-out test (Goracci et al.

2004).

Microcomputed tomography (microCT) has also gained popularity for 

evaluating filling materials placed inside the root canal space. The method is 

considered to be non-invasive and could generate a considerable amount of 

data about the internal structures of teeth. This approach is based on

mapping the variation of X-ray attenuation within an object of interest and

allows three-dimensional reconstructions at a relatively high resolution

(Stock 2008). For instance, at 10-µm voxel size it is possible to obtain 1000

virtual slices along a 10-mm root; this is a tremendous improvement over

the traditional invasive preparation of a limited number of axial slices using 

a low-speed saw. MicroCT is now used in endodontic research to compare 

the volumetric distribution of filling materials within the root canal (Jung et 

al. 2005, Zaslansky et al. 2011), but without strict standardization in the

data analysis protocols. This could lead to inconsistencies between studies.

Similarly, though based on a different setting, phase contrast-enhanced 

microcomputed tomography can also generate virtual reconstructions of the 

inner anatomy of teeth non-destructively. Three-dimensional images are 

produced by laser-like (partially coherent) X-rays, typically generated in 

large synchrotron facilities (Cloetens et al. 1997). Interference patterns in 

such radiographs improve the visibility of edges, voids and gaps compared 

to conventional microCT and provide sharp images that may be considered 
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as a gold standard for the evaluation of the morphology of root canal fillings 

(Zaslansky et al. 2011).

Scanning electron microscopy (SEM) alone or combined with energy-

dispersive spectroscopy (EDS), and X-ray diffraction (XRD) are also 

laboratory methods that could provide useful information about the 

ultrastructural morphology and composition of materials. SEM is able to 

produce high magnification images of the surface of specimens, by scanning 

them with a focused beam of electrons. These images have higher 

resolution, improved contrast and increased depth of field compared to light 

microscopy (Flegler et al. 1993). The X-ray emissions of atoms after being 

excited by electrons can also be used for energy-dispersive spectroscopy and 

provide semi-quantitative information about the elemental composition of

specimens. X-ray diffraction is a complementary approach that relies on the 

diffraction patterns of directed X-rays to characterize crystalline structures

(Bragg 1913).
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Aims and outline of this thesis
The work presented in this thesis aimed at evaluating the behaviour of 

specific contemporary root canal filling materials within the root canal, with 

a particular focus on filling techniques that could be easily implemented 

clinically by dental practitioners with minimum additional effort. A series of 

laboratory-based experimental models have been used in order to answer 

specific questions.

In chapter 2, the correlation between the sealing ability and the dislocation 

resistance of an adhesive root canal filling material was evaluated in an

attempt to throw some light on the relationship between adhesiveness and

sealing ability.

In chapter 3 the hypothesis that the layering of a methacrylate resin-based 

sealer within the root canal would reduce the shrinkage stresses, positively 

affecting its adhesion to root dentin, and consequently benefiting its 

dislocation resistance, was tested. 

In chapter 4, the ability of a single-cone technique to effectively seal the 

apical part of the root canal space following post space preparation was 

evaluated using the fluid transport method with a wetting fluid.

A novel standardized, observer-independent protocol for analysing the 

porosity of root canal fillings by microCT was elaborated and applied to 

compare two filling techniques in chapter 5.

In chapter 6, roots canals filled with a novel hydrogel-coated cone with 

hygro-expansive properties and a calcium silicate-based sealer were

evaluated by 2 different laboratory microCT methods, optical microscopy 

and phase contrast-enhanced micro CT and the outcomes of these 3 methods 

were compared.
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In chapter 7, a novel calcium silicate-based cement intended for retrofilling 

and perforation repair was characterized by EDS and XRD after its 

immersion in different simulated body fluids to understand the material’s

behaviour in vivo.

Finally, chapter 8 provides the reader with a general discussion followed by

a brief summary of the thesis
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Abstract

Aim To investigate the correlation between fluid transport and dislocation 

resistance in canals filled with a methacrylate-based filling material. 

Methodology The root canals in sixty-five single-rooted human teeth were 

prepared to size 40, 0.06 taper. Sixty roots were filled with a single-cone 

technique using RealSeal SE sealer and divided into 3 groups, whilst 5 roots 

served as fluid transport positive control. Group 1 (n = 20): correlation 

group. Specimens were consecutively tested with fluid transport for 90 min

and thereafter with the push-out test at coronal and apical root levels. Group 

2 (n = 20): push-out control. Specimens were only subjected to the push-out 

test at coronal and apical root levels. Group 3 (n = 20): fluid transport 

negative control. Specimens were totally covered with nail varnish. The 

correlation between fluid transport and dislocation resistance was assessed 

by Kendall’s tau-b coefficient. The Mann-Whitney U-test was used to 

compare dislocation resistance between groups 1 and 2, and fluid transport 

between groups 1 and 3.  Significance level was set at p < 0.05.

Results Kendall’s tau-b correlation coefficients between fluid transport and 

dislocation resistance were weak, being coronally 0.139 (p = 0.444) and 

apically -0.080 (p = 0.658). No significant difference in dislocation 

resistance could be detected between groups 1 and 2 at both root levels (p =

0.052 and p = 0.336, respectively). 

Conclusion No significant correlation could be identified between fluid 

transport and dislocation resistance, meaning that the corono-apical sealing 

ability of a methacrylate-based root canal filling is independent of its 

adhesive properties as indicated by its dislocation resistance.
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Introduction

A root filling is expected to perpetuate the microbial control achieved by the 

disinfection protocols and should therefore prevent micro-leakage. Several 

in vitro leakage models have been designed to evaluate the sealing ability of 

root filling materials (1), and the fluid transport model is able to detect the 

presence of continuous pores connecting both extremities of the root canal 

(1-4). Another property of root filling materials that is of potential 

importance is their adhesion ability, as demonstrated by numerous studies

(5-9). This parameter is commonly evaluated by the push-out test and 

expressed as dislocation resistance values. The justifications as to why the 

adhesion ability of a root filling material may be relevant to endodontic 

outcomes are scarce. It has been assumed that occlusal loads could generate 

separation forces between the filling material and dentine (10). Furthermore, 

as the necessary condition for adhesion between two dissimilar materials is 

their close contact (11), it can be hypothesized that materials with high 

adhesive characteristics may also possess good sealing properties because of 

their intimate contact with dentine.

The question of whether a relationship exists between the outcomes of 

sealability and adhesion tests has been raised in the field of operative 

dentistry without a definitive answer (12, 13). Hitherto, only one study has 

investigated a hypothetical relationship between the fluid transport and the 

push-out tests on filled roots (14). This study revealed a high negative 

correlation between these two methods, concluding that minimal leakage 

and high dislocation resistance values coincided. Such dependence would 

mean that root fillings with higher adhesive properties would also have 

better sealing ability and that adhesive properties could therefore be 

considered as a surrogate for sealing ability. 
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The aim of this study was to investigate whether any relationship exists 

between the sealing ability and dislocation resistance of a methacrylate-

based root filling material as evaluated, respectively, by fluid transport and 

push-out strength tests. This was achieved by consecutively performing both 

tests on the same root filled teeth and calculating the coefficient correlating 

both measurements. The null hypothesis was that fluid transport and 

dislocation resistance were correlated.

Materials and Methods

Sample size calculation

The G*Power (3.1.3 PC-version) was used to determine the required sample 

size (15). A correlation bivariate normal model belonging to the exact 

family was used for a priori sample size estimation. The input parameters 

were as follows: two-tailed distribution with correlation ρ H1 = 0.6, 

correlation ρ H0 = 0, α error probability = 0.05, and power = 0.8. The 

minimal estimated sample size was found to be 19 with a critical value r =

0.46 as upper limit for accepting the null hypothesis.

Specimen selection and preparation

Sixty-five recently extracted human single-rooted teeth stored into water at 

room temperature were selected. Mandibular incisors and teeth with a 

cement-enamel junction to apex distance < 15 mm were excluded. The teeth 

were radiographed in mesio-distal and bucco-lingual direction to confirm 

the presence of a single untreated canal. The bucco-lingual and mesio-distal 

diameters of each root canal were radiographically measured at 7 mm from 

the apex in order to homogeneously allocate the specimens to the different 

groups. The teeth were embedded in self-polymerizing acrylic resin except 
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for the apical third and were then decoronated axially at 15 mm from their 

apex with a diamond-coated disk. For the specimens intended to undergo 

fluid transport testing, following the canal instrumentation and filling 

procedures, the junctions between the resin and the root were sealed with 

cyanoacrylate glue (Permacol, Ede, the Netherlands). Apart from the 

coronal access and the apical foramen, the root surface uncovered by acrylic 

resin was covered with two layers of nail varnish. In the fluid transport 

negative control group, the entire root surface uncovered by acrylic resin 

was covered with the varnish. 

Root canal preparation and obturation

A size 10 K-file (Dentsply Maillefer, Ballaigues, Switzerland) was placed 

inside the canal and moved apically until it was visible at the apical 

foramen. The working length was obtained by subtracting 1 mm from this 

length. The root canals were then instrumented with Mtwo rotary nickel-

titanium instruments (VDW GmbH, Munich, Germany) using a torque-

control motor (VDW Silver, VDW GmbH) up to a standardized shape of 

size 40, 0.06 taper. Rinsing was performed with 2 mL of 2% NaOCl 

(Denteck, IL Zoetermeer, the Netherlands) at each change of file. A final 

rinse with 3 mL of 17% EDTA (Vista dental products, Inter-med Inc.,

Racine, WI, USA) for 2 minutes was followed by a 3-mL rinse of distilled 

water. The irrigants were delivered with a 27-G open-ended needle (Neolus 

NN-2719R, Terumo Europe, Leuven, Belgium) placed slightly short of the 

binding point. 

The specimens were randomly assigned to one experimental group and two 

control groups. Group 1 (experimental): fluid transport followed by push-
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out (n = 20). Group 2: dislocation resistance control (n = 20). Group 3: fluid 

transport negative control (n = 20). 

The canals were then dried with paper points and filled according to the 

following protocol. RealSeal SE sealer (Kerr Corporation, Orange, CA, 

USA) was placed in the root canals by means of a 2.5-mL syringe and a 

capillary tip (Ultradent Products Inc., South Jordan, Utah, USA) and further 

distributed with a size 25 EZ-Fill bi-directional spiral (EDS, S. Hackensack, 

NJ, USA) rotated at 300 rpm for 5 s at 3 mm from the working length. A

corresponding size 40, 0.06 taper RealSeal cone (Sybron Endo, Glendora,

CA, USA) fitted to canal length was inserted into the canal to working 

length.

Five specimens were filled with a loosely fitting cone without any sealer 

(fluid transport positive control (n = 5)).

Subsequently, the specimens were placed in humid gauze and sealed in a 

plastic test tube at 37°C for a week.

Wetting fluid and fluid transport measurements

A previously reported modified fluid transport model (16) was mounted. 

Fluid transport was measured by observing the movement of an air bubble 

entrapped within a 0.1-mL glass capillary tube (Witeg Labortechik GmbH, 

Wertheim, Germany). A 50-kPa input pressure was applied to the coronal 

end of the root, and the resulting output pressure at the apical end was 

measured with the capillary tube. Galpore (Benelux Scientific, Eke, 

Belgium), a perfluoroether presenting a very low surface tension (16 mN∙m-

1) and a viscosity of 4.4 mPa∙s, was used as the testing fluid. The fluid 

transport measurements were recorded at room temperature for a total of 90 

min at different time-points (t = 0, 1, 5, 15, 30, 60, 90 minutes). 
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Dislocation resistance by push-out strength testing

Each specimen was sectioned perpendicularly to its long axis with a water-

cooled, low-speed diamond saw (Isomet 1000 precision saw, Buehler; Lake 

Bluff, IL, USA) in order to prepare two slices of 1 mm thickness (at 6 and 9 

mm from the apex). The thickness of the saw (300 µm) was taken into 

account during this process. Each slice was marked on its apical surface. 

The root slices were then dislodged from the embedding material and digital 

calipers (Model 500-144, Mitutoyo Corp., Kawasaki, Japan) were used to 

measure the exact thickness of each slice. The diameters of the canal on the 

coronal and apical aspects of each slice were measured using a Stemi SV 

stereoscopic microscope (Carl Zeiss Microscopy GmbH, Göttingen, 

Germany). Each slice was then placed in a universal testing machine 

(Instron 6022, Instron Corporation, Canton, MA, USA). Three cylindrical 

stainless steel punchers of different sizes, with diameters of 0.3, 0.5, and 0.8 

mm, were made available. For each slice a puncher was chosen in order to 

cover the root filling as much as possible without touching the root canal 

walls. The puncher was advanced at a speed rate of 0.5 mm∙min-1 in an 

apico-coronal direction until dislocation of the filling material occurred. For 

each section the dislocation resistance value (MPa) was obtained by 

dividing the failure load (N) by the interface area (mm2) between the root 

canal filling and dentine. The tested sections corresponding to a truncated 

cone, the formula of the dislocation resistance can be calculated as follows:

Dislocation resistance = 
�

�(�+�)�

Where the slant height, s = �(� − �)2 + ℎ2

R and r being the radii of the bases of the frustum and h the slice thickness.
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Statistical analysis

The data were tested for normality by the Shapiro-Wilk test and found to be 

non-normally distributed. Results were therefore presented as median with 

interquartile range. The correlation coefficients between fluid transport and 

dislocation resistance values (group 1) were calculated with Kendall’s tau-b

coefficient. The Mann-Whitney U-test was applied to assess the difference 

in fluid transport rate between the negative control group (group 3) and the 

experimental group (group 1) as well as the difference in dislocation 

resistance between the control group (group 2) and the experimental group 

(group 1). The Wilcoxon test was used to evaluate the difference in 

dislocation resistance between root levels. Results were considered to be 

significant when the p-value was < 0.05 and highly significant when p < 

0.01. Effect sizes for pairwise comparisons were reported as absolute values 

of Pearson’s correlation coefficient r.  All statistical analyses were 

performed using SPSS v.21 (SPSS Inc., Chicago, IL, USA), Excel 2010 

(Microsoft Corp, Redmond, WA, USA) and Prism software version 4 

(GraphPad Software Inc., San Diego, CA., USA)

Results

Fluid transport

The surface tension of the wetting fluid was 16 dynes∙cm-2, the input 

pressure 50 kPa, and the contact angle of the wetting fluid close to 0. 

According to Young-Laplace’s equation, a pore can be seen as a cylindrical 

capillary of diameter d and Pc being the Young-Laplace’s capillary pressure 

of the entrapped air within the pore (17,18):
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�c =
4 σ cos θ

�
with σ the surface tension of the liquid-air interface and θ the wetting angle 

with dentine. The minimal pore diameter which could be detected was of 

1.28 µm. Leakage was detected in 35% of the specimens. This corresponds 

therefore to the percentage of the specimens presenting a continuous pore 

from coronal to apical with a minimal diameter equal or superior to 1.28 

µm. No fluid transport could be detected for all 20 specimens of the 

negative control group, whereas rapid bubble movement for all five 

specimens of the positive control group indicated massive leakage. The 

median fluid transport value with corresponding interquartile range for the 

experimental group was 0 [0-2.33] and was found to be highly significantly 

different than the negative control group 0 [0-0], (p = 0.009, r = 0.42) 

(Mann-Whitney U-test).

Dislocation resistance

No significant difference in dislocation resistance (in MPa) could be 

detected between the experimental group: coronal 1.03 [0.68-1.33], apical 

1.15 [0.72-1.62] and the dislocation resistance control group: coronal 0.18 

[0.05-2.28], apical 0.41 [0.11-3.01] at both tested root levels (p = 0.052, r = 

0.31 and p = 0.336, r = 0.16) (Mann-Whitney U-test) indicating no 

significant effect of the fluid transport on the dislocation resistance of the 

material. There was no difference in dislocation resistance between both 

tested root levels in the experimental group (p = 0.452, r = 0.12) (Wilcoxon 

test).
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Correlation analysis

The correlation analysis between fluid transport and dislocation resistance at 

the different root levels provided the following Kendall’s tau-b coefficients:  

τcoronal = 0.139 (p = 0.444) and τapical = -0.080 (p = 0.658). The scatter plot 

(Fig. 2.1) illustrates graphically the weak correlation. The dots representing 

each individual sample did not show any correlation.

Figure 2.1: Scatter plot showing the weak correlation between fluid transport and 

dislocation resistance values.

Discussion

In vitro, the dislocation resistance and sealing ability of filling materials 

have been extensively evaluated (9, 19). However, little interest has been 

shown in investigating a relationship between both outcomes. 

In the present study, a root filling material with adhesive properties was 

investigated by means of the fluid transport and the push-out tests and no 

correlation could be established between them, meaning that the sealing 

ability of the tested material along the whole root canal was independent of 
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its dislocation resistance at specific levels. The null hypothesis was 

therefore rejected.

Methacrylate-based sealers are designed to have adhesive properties. 

However, the polymerization shrinkage occurring within these materials 

because of the relatively high configuration factor inside root canals may 

provoke their detachment from dentine or from the obturation cone (5). The 

low concentration of dimethacrylates and the absence of free radicals within 

the RealSeal cone could also account for its weak bond with the sealer. 

Furthermore, the weak adhesion reported between the sealer and dentine 

could be increased by stress concentrators corresponding to locations whith 

geometric discontinuity within the material (5). This could affect the 

dislocation resistance of the material and lead to the creation of pores within 

or along the material. Whether these pores would affect the through-and-

through seal is unclear (20). In the context of the present study, the number 

of canals with through-and-through pores was limited. Furthermore, even 

though through-and-through pores will affect the fluid transport rate, it is 

not clear how their presence within the filling material may affect 

dislocation resistance (8).

The use of a low surface tension in the fluid transport model increases its 

sensitivity (16). This will, however, not overcome the inherent limitations of 

the model. Most endodontic leakage models, such as the fluid transport, the 

glucose, bacterial penetration and the capillary flow porometry, can only 

detect through-and-through pores (1). These are continuous from one 

extremity of the root canal to the other one. Any other type of void would 

result in a “no leakage” reading independently of the overall root canal 

filling quality. The fluid transport model has therefore a tendency to 

overestimate the sealing quality of root fillings.  Pores with a minimal 
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diameter below the detection limit will also fail to be detected and will 

result in a zero reading. This is commonly described as the floor effect (20).

A floor effect occurs when measurements are at or close to the lower 

detection limit of a method. It cannot be known if the zero readings 

correspond to the absence of through-and-through pores or to through-and-

through pores with a diameter below the detection limit. This potential loss 

of data could have influenced the correlation coefficient determination in 

this study. A potential way to overcome this limitation would be to test 

shorter root sections.

The push-out test gives the dislocation resistance of a material. The forces 

which resist dislocation are the bond strength of the material to the 

surrounding substrate as well as frictional forces. The push-out test provides 

therefore relevant information on the adhesion ability of a material to the 

surrounding dentine (22). It is, however, influenced by experimental factors 

(7) and the material properties (8, 9). In the present study the relationship 

between fluid transport and push-out tests was investigated at both coronal 

and apical root levels and no correlation was found. Importantly, the 

correlation coefficients were calculated for a single experimental group, 

separately for each root level. 

The findings of the present study are in contradiction with those of 

Neelakantan et al. (14) who found a high negative correlation between 

dislocation resistance and fluid transport. Differences in methodology such 

as, the type of sealer and its mode of placement, the appropriate use of 

control groups and the fluid transport testing fluid, may account for the 

difference in findings between both studies. Also, the correlation coefficient 

reported in that study may have been biased because of the lack of 

homogeneity in the sample. The effects of the experimental intervention on 
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both outcome variables in the different groups may have generated data 

clustering, leading to a spurious high correlation (absolute value). Such high

coefficient may in fact have been caused by the arrangement of the groups 

rather than by the true relationship between both outcome variables. This 

type of bias has been previously described by De-Deus et al. (23), who 

mentioned the risk of generating noise in correlation analysis when using 

more than one experimental group.

Even though the fluid transport model is considered as non-destructive, it is 

known from previous leakage studies that the root canal seal could be

modified over time. This phenomenon is generally attributed to water 

sorption [24]. It is not clear whether water sorption takes place because of 

the moisture left within the root canal after filling or because of the liquid 

compressed within the root canal filling pores during fluid transport testing. 

The use of a control group for the push-out test in the present study can 

therefore be considered as an attempt to control that the fluid transport did 

not significantly alter the dislocation resistance of the filling material. 

Whilst the fluid transport and push-out tests may provide pertinent 

information, respectively about the sealing ability and dislocation resistance 

of root canal filling materials, the fact that no relationship could be 

demonstrated between both methods does not per se mean that no 

relationship exists between adhesion and sealing ability, but only that the 

results of these two methods do not correlate. Future studies should aim to 

assess whether such correlation could be detected with other materials as 

well as on shorter root sections.
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Conclusion

The present study could not detect any relationship between the sealing 

ability and dislocation resistance of a methacrylate-based root canal filling. 

Under the conditions of the present study, the sealing ability of the tested 

material was independent of its adhesive properties as indicated by its 

dislocation resistance.
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Chapter 3

Effect of a two-step placement procedure on the 

dislocation resistance of a methacrylate resin-

based root canal sealer: a proof of concept

This chapter is published in Journal of Adhesive Dentistry: A.T. Moinzadeh, H. 

Mirmohammadi, T. Veenema, C. J. Kleverlaan, P. R. Wesselink, M.-K. Wu, H. 
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Abstract

Purpose To investigate whether the placement of a methacrylate root canal 

sealer or a conventional epoxy root canal sealer in two steps increases their 

dislocation resistance when compared to a one-step placement procedure.

Materials and Methods Eighty single-rooted teeth were randomly 

allocated to 4 groups (n=20). All canals were instrumented to size 40, 0.06 

taper and irrigated according to a standardized protocol. Root canal filling 

was conducted as follows. Group 1: methacrylate sealer placed in two steps. 

Group 2: methacrylate sealer placed in one step. Group 3: epoxy sealer 

placed in two steps. Group 4: epoxy sealer placed in one step.  After setting, 

thin slices at different root levels were obtained and submitted to push-out 

testing. Results were analysed with non-parametric tests to compare the 

two-step procedures to their one-step counterparts. Failure modes were 

determined by stereomicroscopy. Random untested methacrylate sealer 

specimens were also examined with scanning electron microscopy.

Results At each root level, dislocation resistance was significantly higher 

for the two-step procedure compared to the one-step procedure using the 

methacrylate sealer (p=0.003, p=0.005, p<0.001) but not for the epoxy 

sealer (p=0.83, p=0.1, p=0.06). Among root levels, there were no significant 

differences in dislocation resistance in the methacrylate sealer two-step 

group, while all other groups showed differences.

Conclusion A two-step placement procedure resulted in significantly higher 

dislocation resistance for the methacrylate sealer but not for the epoxy 

sealer.
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Introduction

Methacrylate resin-based sealers (MRBS) have been introduced to 

endodontics in an effort to improve the adhesion and sealing ability of the 

root canal filling. However, the polymerization shrinkage occurring within 

the material because of the high configuration factor (C-factor) encountered 

in root canals may be a severe limitation to their application (1). The C-

factor is the ratio of the bonded surfaces to the unbonded ones (2). The root 

canal could be regarded as a class-I cavity with an extremely high C-factor 

because of its elongated geometry (3). Such a constrained cavity is expected 

to hamper the flow of the sealer, and the shrinkage resulting from the 

polymerization may result in shrinkage stress, compromising the bonding 

and possibly leading to the detachment from dentin or from the obturation 

cone (4, 5). If this would occur, the root canal seal would be compromised

(6).

One strategy to minimize the polymerization shrinkage could be to reduce 

the C-factor by placing MRBS with an incremental technique. In the root 

canal, the two-step placement of restorative polymer resins has shown to 

significantly increase dislocation resistance compared to a single-step 

procedure (5, 7). However, none of the previous studies investigating two-

step placement procedures within the root canal, used controls with 

materials relatively impervious to the C-factor. Furthermore, root canal 

sealers present different properties than restorative materials and it would 

therefore be interesting to verify whether MRBS behave in a manner similar 

to restorative resins. Currently used root canal sealers present extended 

setting times, which precludes clinical applicability of this technique 

without the use of accelerators. Furthermore, an improvement in the 
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dislocation resistance by a two-step placement procedure could motivate 

manufacturers to implement relevant modifications in sealer properties. 

RealSeal SE (Kerr; Orange, CA, USA) mainly comprises ethoxylated 

bisphenol-A-dimethacrylate (EBPA-DMA), 2-hydroxyethyl methacrylate 

bisphenol-A-glycidyl dimethacrylate (bis-GMA) and acidic monomers. The 

degree of conversion of a resin relates to its monomeric conversion of 

carbon-carbon double bonds into polymeric carbon-carbon single bonds (8).

By decreasing resin viscosity and increasing monomer mobility, the bis-

GMA and acidic methacrylate monomers of the RealSeal SE increases its 

degree of conversion, which in turn results in better biocompatibility and 

bonding but also in higher polymerization shrinkage (9). The degree of 

conversion of the RealSeal SE is comprised between 74.53 % +/- 7.02 and 

77.20 % +/- 5.36 and the shrinkage stress its non-self-etch version 

(RealSeal) undergoes is 4.47 % +/- 0.15 (8, 10).

AH Plus is a bisphenol epoxy resin-based root canal sealer (BRBS) and is 

mainly composed of bisphenol-A-diglycidyl ether, adamantine amine, and 

diamines. It is considered a gold standard to which other sealers may be 

compared (11-13). Its degree of conversion lies between 74.4 % +/-16.6 to 

82.7 % +/- 1.9 and its dimensional change upon setting is -0.034 % +/- 0.01

(14, 15). Its molecular structure and polymerization mechanism make it 

indeed less susceptible to polymerization shrinkage compared to MRBS

(16), and it thus served as a suitable control for the purpose of the present 

study. 

The aim of the present study was to investigate whether the placement of a 

MRBS or a conventional BRBS in two steps increases their dislocation 

resistance when compared to a one-step placement procedure. The null 

hypothesis was that the two-step application of either MRBS or BRBS 
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would not result in different dislocation resistance values compared to their 

single-step application procedure.

Materials and Methods

Tooth selection and preparation

Eighty recently extracted single-rooted human teeth (excluding mandibular 

incisors) stored in water at room temperature were selected. Radiographs 

were taken. Inclusion criteria included the presence of a single straight (<10 

degrees, Weine method) untreated root canal; the absence of root caries, 

resorption, calcification; and complete apex formation. The mesio-distal and 

bucco-lingual thickness of each root was measured with calipers at 5 mm 

from the apex in order to achieve homogeneity of root bulk distribution 

among the 4 different groups (n = 20/group). An axial section was 

performed in order to standardize the roots lengths to 15 mm. All specimens 

were prepared and obturated by a single operator. A size 10 K-file (Dentsply 

Maillefer; Ballaigues, Switzerland) was placed inside the canal and moved 

apically until it was just visible at the apical foramen. Apical patency was 

verified at the beginning and at the end of the procedure. Working length 

(WL) was determined by subtracting 1 mm from this length. Files of 

ascending size were consecutively brought to working length starting from 

size 20, taper 0.06 until size 40 taper 0.06 with nickel-titanium instruments 

(Mtwo, VDW;, Munich, Germany) using a torque-control motor (VDW 

Silver, VDW). Irrigation was performed with 2 mL of 2% NaOCl (Denteck 

IL; Zoetermeer, the Netherlands) between each file and delivered with a 

27G open-ended needle (Neolus NN-2719R, Terumo Europe; Leuven, 

Belgium) placed slightly short of WL. A final rinse with 3mL of 17% 

EDTA (Vista Dental Products, Inter-med; Racine, WI, USA) for 2 min was 
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followed by a 3-mL rinse of distilled water. The canals were then dried with 

paper points and filled.

Root canal filling

Root canal filling was conducted as described below and illustrated in Fig

3.1.

• Group 1, MRBS 2-step placement (n=20):  RealSeal SE (RS) sealer

was placed in two steps. The sealer was introduced in the root canal 

by means of a 2.5-mL syringe (Terumo; Tokyo, Japan) and a 

capillary tip (Ultradent products; South Jordan, Utah, USA) placed 3 

mm from WL and gently withdrawn during sealer delivery. A size 

25 EZ-Fill bi-directional spiral (EDS; S. Hackensack, NJ, USA) was 

rotated at 300 rpm for 5 s at 3 mm from WL. A size 40, 0.06 taper 

custom-made polyoxymethylene cone (SKM Rapid Modelling;

Helmond, the Netherlands) was inserted in the canal to WL to 

increase the unbonded surface of the sealer in order to decrease the 

C-factor. Polyoxymethylene is an inert material that does not react 

with the sealers used in this study. The specimens were stored at 

37°C and 100% humidity for 1 week to allow the sealers to set. After 

1 week the polyoxymethylene cone was easily pulled out of the 

canal, fresh sealer was placed as previously described and a 

corresponding size RS cone size 40, 0.06 taper was introduced in the 

canal to WL.

• Group 2, MRBS 1-step placement (n=20): RS sealer was placed in

one step in the root canal by means of a 2.5-mL syringe and a 

capillary tip placed 3 mm from WL and gently withdrawn during 

sealer delivery. A size 25 EZ-Fill bi-directional spiral was rotated at 
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300 rpm for 5 s at 3 mm from WL. An RS cone size 40, 0.06 taper 

was placed in the canal to WL. 

• Group 3, BRBS 2-step placement (n=20): Root canals were 

obturated with AH Plus sealer and a single Mtwo gutta percha cone 

size 40, 0.06 taper (VDW) according to the same protocol as in 

group 1.

• Group 4, BRBS 1-step placement (n=20): Obturation was conducted 

with AH Plus sealer and a single Mtwo gutta percha cone size 40, 

0.06 taper according to the same protocol as in group 2.

Subsequently, all specimens were stored at 37°C and 100% humidity for 1 

week to allow the sealers to set.

Dislocation resistance by push-out testing and failure mode

Each specimen was placed vertically in a standardized plastic mold and was

embedded in self-curing polymethyl methacrylate resin (PMMA) (Vertex, 

Self-curing, cold curing acrylic, Vertex dental; Zeist, the Netherlands). After 

the acrylic resin set, each specimen was sectioned perpendicular to its long 

axis with a low-speed water-cooled diamond disk (Leica SP1600; Wetzlar, 

Germany) to yield 1-mm-thick slices at 3, 6 and 9 mm from the apex,

referred to as the apical, middle and coronal sections (n = 240). The 

thickness of the saw (0.3 mm) was taken into account during this process.

Each slice was marked on its apical surface. The root slices were then 

dislodged from the embedding material and digital precision calipers

(Model 500-144, Mitutoyo; Kawasaki, Japan) were used to measure the 

exact thickness of each slice. The diameters of the canal on the coronal and 

apical aspects of each slice were measured using a Zeiss Stemi SV 

stereoscopic microscope (Carl Zeiss Microscopy; Göttingen, Germany) and 
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the AxioVision software (Carl Zeiss). For each slice the diameter was 

calculated as follows. Since the canals rarely have perfect circularity, the 

largest diameter D1 was measured. Then the longest diameter perpendicular 

to D1 was also measured; this was D2. The diameters D1 and D2 were 

averaged and the result corresponded to the considered diameter of the 

canal.

Each slice was then placed in a universal testing machine (Instron 6022, 

Instron; Canton, MA, USA) on an epoxy plate with orifices of different 

diameters. For each slice, an orifice with a diameter smaller than that of the 

slice, but larger than of the diameter of the canal was chosen. Three 

cylindrical stainless-steel punchers with corresponding diameters of 0.3, 0.5, 

and 0.8 mm, were used. For each slice the puncher that could cover as much 

of the root canal was chosen. The puncher was advanced at a rate of 0.5 

mm/min in an apico-coronal direction until the root canal filling was 

dislodged, which was established by the appearance of a sudden drop along 

the load/time curve recorded by the universal testing machine monitor. For 

each section, the dislocation resistance value DR (MPa) was obtained by 

dividing the failure load F (N) by the interface area (mm2) between the root 

canal filling and dentin. The tested sections corresponded to a truncated 

cone, and dislocation resistance was calculated in Excel 2010 (Microsoft;

Redmond, WA, USA) as:

DR = 
F

π(r+R)s

Where the slant height, s = �(R − r)2 + h2
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R and r being the radii of the bases of the frustum and h the slice thickness 

(in mm).

Figure 3.1 Schematic representation of the conducted protocol. 80 roots were standardized 
and divided into 4 groups. After root canal preparation, obturation was conducted either 
with a two- or one-step technique. After sealer setting, 1-mm-thick slices were cut at 3, 6, 
and 9 mm from the apex. Each slice was tested in an apico-coronal direction with the push-
out test and the resistance to dislocation was calculated. Inert cone: standardized 
polyoxymethylene cone. MRBS: methacrylate resin-based root canal sealer (RealSeal SE). 
RS-cone: RealSeal cone, dimethacrylate-containing polycaprolactone-based thermoplastic 
cone. BRBS: bisphenol epoxy resin-based root canal sealer (AH Plus). GP-cone: Mtwo 
gutta percha cone.

After the push-out test, all the slices were examined with a Zeiss Stemi SV 

stereoscopic microscope at 50X magnification to determine the failure 

mode, which was classified as follows: adhesive between the cone and the 

sealer; cohesive within the sealer; adhesive between the sealer and dentin; 
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mixed (adhesive and cohesive); cohesive within dentin; cohesive within the 

cone.

Scanning electron microscopy (SEM)

Randomly selected untested slices from the MRBS groups were mildly air 

dried, and impressions of the cut surfaces were obtained using a vinyl 

polysiloxane impression material (Flexitime Correct flow and Flexitime 

Heavy Tray, Heraeus Kulzer; Hanau, Germany).  Replicas of the slices were 

fabricated using a self-curing epoxy material (Araldite DRL and Hardener, 

Ciba Geigy; Groot-Bijgaarden, Belgium). The replicas were mounted on 

aluminium stubs, gold-sputtered, and examined with an SEM (XL-20, 

Philips; Eindhoven, the Netherlands) at 80X and 250X magnification to 

visualize the MRBS behavior in the one- and two-step procedures. The use 

of an indirect method for scanning was favored to a direct one in order to 

avoid potential damage to specimens due to over drying.

Phase contrast-enhanced micro-CT

Two untested MRBS segments were scanned for 3D imaging using phase 

contrast-enhanced micro-CT on BAMline of the HZB BESSY-II storage 

ring (Helmoltz Zentrum, Berlin, Germany) (17). The slices, still embedded 

in PMMA, were mounted on the CT rotation stage and imaged using a 

monochromatic beam at an energy of 30keV using the beamline imaging

system set to an effective pixel size of 4.348 µm and a small propagation 

distance of 25 mm. The 1500 radiographs were normalized and 

reconstructed using the public-domain ESRF software-package PyHST.
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C-factor determination

The C-factor calculation was conducted to illustrate the benefits of the two-

step procedure. The filled root canal in the present study can be modelled as 

an inverted cone of apical diameter 0.40 mm, taper 0.06 and height h=15 

mm. With all the physico-chemical properties of the materials considered as 

remaining constant, the C factor is defined as:

C factor =
Bonded area (in mm2)

Unbonded area (in mm2)

Statistical analysis

The interface areas and the dislocation resistance values did not follow a 

normal distribution as determined by the Shapiro-Wilk test; therefore, non-

parametric tests were used. Comparisons between groups 1 and 2 and 

between groups 3 and 4 at the same root levels were made with the Mann-

Whitney U test. Different cross-sections within the same group were 

compared with the Friedman test. The interface areas were compared 

between the different groups using the Kruskal-Wallis test in order to verify 

dimensional homogeneity among them. The level of significance was set at 

p = 0.05. Statistical analyses were performed using SPSS version 21 (SPSS;

Chicago, IL, USA).

Results

Dislocation resistance and failure mode

The median dislocation resistance values with the interquartile ranges are 

summarized in Tables 3.1 and 3.2. Effect sizes for the pairwise comparisons 

were reported as absolute values of Pearson’s correlation coefficient r.
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The interface areas were not significantly different among the different 

groups (p = 0.32) meaning that the tested surfaces were comparable from a 

dimensional point of view.

At each root level, the dislocation resistance values were significantly 

higher for the two-step than for the one-step procedure for the MRBS (p = 

0.003, p = 0.005, p <0 .001) (Table 3.1), while no significant differences 

were found for the BRBS at any of the 3 root levels (p = 0.83, p = 0.1, p = 

0.06) (Table 3.2), meaning that a two-step procedure increased the 

dislocation resistance of MRBS but not of BRBS.

Table 3.1 Dislocation resistance (in MPa) in the MRBS groups

Root level MRBS 2-step MRBS 1-step

p-values 

(Mann-

Whitney U)

Effect sizes 

r

Coronal 2.28 (1.58-3.29)    0.18 (0.04-2.46) 0.003 0.48

Middle 2.82 (1.64-4.23) 0.41(0.11-3.07) 0.005 0.44

Apical 3.14 (2.54-5.71) 0.73 (0.41-2.75) < 0.001 0.60

p-values 

(Friedman)
0.086 < 0.001

Values are expressed as median with inter-quartile range between brackets. p<0.05 
significant



Two-step placement of a methacrylate resin-based sealer

63 
 

Dislocation resistance values were significantly different between the three 

root levels in groups 2, 3 and 4 (p < 0.001, p < 0.001, p = 0.015) (Tables 3.1 

and 3.2), illustrating varying dislocation resistance of the filling material 

along the root canal. In group 1 (Table 3.1), dislocation resistance did not 

differ significantly between all tested root levels (p = 0.086), reflecting a 

more homogeneous dislocation resistance along the root canal. 

Table 3.2 Dislocation resistance (in MPa) in the BRBS groups

Root level BRBS 2-step BRBS 1-step

p-values 

(Mann-

Whitney U)

Effect sizes 

r

Coronal 0.95 (0.42-1.66) 0.47 (0.39-0.58) 0.83 0.034

Middle 1.32 (0.72-2.48) 0.67 (0.54-1.58) 0.1 0.26

Apical 1.05 (0.52-2.89) 0.72 (0.56-1.85) 0.06 0.30

p-values 

(Friedman)
< 0.001 0.015

Values are expressed as median with inter-quartile range between brackets. p<0.05 
significant

Failure mode analysis (Table 3.3) revealed that the failure was mainly 

mixed (76% and 52%, respectively) in groups 1 and 2, indicating a complex 

response to push-out tests. In groups 3 and 4, the failure was mainly 
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adhesive between the sealer and the cone (85% in both groups), reflecting 

the weak adhesion between gutta percha and BRBS.

Table 3.3 Failure mode (%) for all groups after push-out testing

Group
Failure 

mode
1 2 3 4 5 6

MRBS 

2-step

18 0 4 76 0 2

MRBS 

1-step

39 2 5 52 0 2

BRBS 

2-step

85 0 7 7 1 0

BRBS 

1-step

85 9 2 4 0 0

Failure mode categories: adhesive between the cone and the sealer (1), cohesive within the 
sealer (2), adhesive between the sealer and dentine (3), mixed (adhesive and cohesive) (4), 
cohesive within dentine (5), and cohesive within the cone (6).

SEM

SEM examination revealed that two distinct MRBS layers can clearly be 

identified in the specimens of group 1 (Figs 3.2 and 3.3). The first MRBS 

layer seems to adhere homogeneously to dentin, while the second layer has 

a more heterogeneous aspect. Gaps were clearly visible at the junction 

between dentin, the RS cone, and the MRBS in group 2 (Fig 3.4). 
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Figure 3.2 SEM (80X magnification) of an untested slice replica of the MRBS two-step 
group. Two layers of sealer are distinguishable between the RS cone (RSc) and dentin (D). 
The thick and thin arrows point to the first and second layers, respectively. 

Figure 3.3 SEM (250x magnification) of the upper right quadrant of the slice described in 
Fig 3.1. The thick and thin arrows point respectively to the first and second MRBS layers, 
respectively.
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Figure 3.4 SEM (250X magnification) of an untested slice replica of the MRBS single-step 
group. In areas of geometrical discontinuity (arrows) where the RS cone (RSc) directly 
contacts dentin (D), the triangular region delimited by the RSc, D and MRBS (RSs) 
represents a stress raiser accentuating the polymerization shrinkage of the MRBS. 

Phase contrast-enhanced micro-CT

The phase contrast enhanced micro-CT reconstructions reveal examples of 

the relative dimensions and geometries of the cone, sealer, and canal wall in 

the one and two-step MRBS samples. They indicate the existence of a gap 

existing between the sealer and the RS cone in both MRBS groups (Figs 3.5

and 3.6). However, the MRBS seems however more evenly distributed 

within the root canal in group 1 (two-step placement) (Fig 3.5) than in group 

2 (one-step placement), where a thicker gap on one side is seen (Fig 3.6).
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Figure 3.5 Phase contrast-enhanced micro-CT (effective pixel size of 4.348 µm) of an 
untested segment of the MRBS two-step group. Thin gaps are visible (arrows) between the 
RS cone and the MRBS. 

Figure 3.6 Phase contrast-enhanced micro-CT (effective pixel size of 4.348 µm) of an 
untested segment of the MRBS single-step group. A thick gap (black arrow) is visible 
between the RS cone and the MRBS. An interface between the RS cone and dentin without 
any MRBS can be seen (white arrow). 
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C-factor

If we consider the shape of the root canal to be a cone of height h, slant 

height L and radius of the base R, then its lateral surface, which corresponds 

to the bonded area will be:

Bonded area = π · R ·  L

The unbonded area corresponds to the sealer layer’s axial area at the coronal 

aspect of the canal between the dentinal wall and the RS cone. It is the 

difference between a discus of radius R and one of radius R − r, as it is a 

crown of width r at the circumference inside the former discus. The 

unbonded area is therefore:

Unbonded area = π · R2 −π · (R − r)2 = π · r · (2R − r)

The C-factor corresponds to the ratio:

C factor =
Bonded area

Unbonded area

and is therefore given by the equation: 

C factor =
L. R

r · (2R − r)

with

lim
r→0

C factor =  ∞

and

lim
r→R

C factor = L
R

The thinning of the MRBS layer (r→0) would result in an increase in the C-

factor, whereas filling the whole root canal only with sealer (r→R) would 

result in a C-factor of:
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√R2 + h2

R
=
�1,69 + 225

1,3
= 11,58

The use of a two-step placement procedure allows controlling the C-factor 

for the first sealer layer. Indeed, when placed with the polyoxymethylene 

cone, the unbonded surface is:

Unbounded area = π · R · L +  π · r · (2R − r)

With the bonded surface being:

Bonded area = π · R · L

Therefore:

C factor =
R. L

R · L + r · (2R − r)

Considering the most unfavourable situation with r=0, the equation 

becomes:

C factor = R·L
R·L

= 1

Considering the most favourable situation with r=R, the equation becomes:

C factor = L
L+R

< 1 

Discussion

The purpose of the present study was to investigate whether the placement 

of a MRBS or a conventional BRBS in two steps increases their dislocation 

resistance when compared to a one-step placement procedure. The two main 

findings of the present study were an increase in dislocation resistance and a 

decrease in its variability along the entire root canal length when the MRBS 

was placed in two steps as compared to one. Conversely, no difference 

could be detected in dislocation resistance between the one- and two-step 

procedures with the BRBS sealer used as control.
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Our results are in line with those of the study of Bouillaguet et al. (7), in 

which a resin-based adhesive cement intended for crown restoration was 

used as a root canal sealer. Using restorative cements as the authors did is 

clinically possible, but may complicate retreatment procedures.

In the present study, the two-step placement of the MRBS was achieved by 

using a cone made of polyoxymethylene, an inert material, in presence of 

the sealer. Polyoxymethylene has no chemical reactivity and is therefore 

unlikely to allow adhesion if polished (18). Its removal is easy to achieve by 

pulling its free coronal extremity out of the canal, without any cement 

adhering to its surface. When the first layer of sealer is applied and the 

polyoxymethylene cone put into place, the surface of the sealer in contact 

with the polyoxymethylene cone is an unbonded surface. The lower C-factor 

compared to a single-step procedure reduces polymerization stress within 

the first layer of the sealer and allows better adhesion of the sealer to the 

root canal dentin (3). The second sealer layer placed with the RS cone is

much thinner and its volumetric shrinkage is consequently reduced, which 

in turn is expected to reduce shrinkage stress. The remarkable difference 

detected in this study between the one- and two-step placements of the 

MRBS illustrates the importance of the cavity configuration for adhesion 

inside root canals. While during the one-step procedure the polymerization 

shrinkage may provoke the detachment of the sealer from dentin or from the 

RS cone, in the two-step procedure the first layer of sealer could freely 

shrink towards dentin. The shrinkage of the second layer may have little 

influence on the dislocation resistance because it is relatively thin (19).

Another finding of the present study was reduced variability in dislocation 

resistance among root levels in group 1 (MRBS two-step procedure) as 

opposed to all the other groups, in which the dislocation resistance was 
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found to be heterogeneous among root levels. Contradicting results have 

been reported regarding dislocation resistance at different root canal levels

(20, 21). Methodological diversity in combination with anatomic variability

and the fact that the stress applied to the material during the push-out test is 

not evenly distributed on the root canal wall may partly explain these 

differences (19). Remarkably, the effect of the root canal level on 

dislocation resistance disappeared in the MRBS two-step group. The first 

layer of sealer may have standardized the shape of the canal to the shape of 

the obturation cone by flowing more freely while setting and adhering to 

root canal dentin. As a result, the adhesion along the entire root canal was 

homogenised (19). This was confirmed by the phase contrast enhanced 

micro-CT images which revealed a more homogeneous distribution of the

sealer within the root canal (Fig 3.5). To the best of our knowledge, the 

present study is the first to use micro-CT to demonstrate gaps between

MRBS and the obturation cone within the root canal. The presence of these 

gaps had until now only been described with SEM on resected root surfaces. 

It is assumed that these gaps result from the severe polymerization 

shrinkage MRBS undergo in cavities with a high C-factor (1).

Interestingly, in contrast to the MRBS groups, there were no differences in 

dislocation resistance between the one- and two-step procedures for the 

BRBS. This could be explained by the lower polymerization shrinkage that 

BRBS undergo compared to MRBS. Their molecular structure and their 

polymerization pattern make BRBS less prone to polymerization shrinkage 

compared to MRBS. At the molecular level, the lower overall crosslink 

density in the BRBS bisphenol epoxy molecules compared to the 

methacrylates present in MRBS limits the number of crosslink networks 

formation and thus polymerization shrinkage (22). Epoxy molecules contain 
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an oxirane ring. During the polymerization process, ring opening lowers 

shrinkage, while the delayed consumption of the reactive species could 

provide stress relaxation (23). Furthermore, BRBS polymerize by 

polyaddition of diglycidil ether of bisphenol-A and a di-secondary diamine

(16, 24). In the present study, the fact that the dislocation resistance of the 

BRBS was not influenced by the number of layers suggests that the increase 

in dislocation resistance observed in the MRBS two-step group could be 

attributed to a decrease in polymerization stress rather than simply to the 

presence of two sealer layers. 

The advantage of the push-out is that it evaluates materials which have set 

in cavities, presenting a C-factor corresponding to the clinical situation (25).

It measures a combination of forces which resist the dislocation of the tested 

material. In addition to the bond strength of the tested material, a frictional 

component, which is influenced by the material’s elastic modulus, plays a 

significant role (25, 26-28). Consequently, no attempt was made in the 

present study to compare the results of groups 1 and 2 with those of groups 

3 and 4 since MRBS and BRBS as well as gutta percha and RS cones have 

different elastic moduli.

BRBS do not have the ability to adhere to the polyisoprene composing gutta 

percha (29). This was confirmed by the high percentage of adhesive failure 

observed at the interface between gutta percha and the BRBS in groups 3 

and 4. The weak adhesion between MRBS and dentin as well as between 

MRBS and the dimethacrylate-containing polyester-based cones has already 

been demonstrated (29). The low concentration of dimethacrylates and the 

absence of free radicals within the RS cone may explain the weak bond 

between the RS cone and the MRBS. Furthermore, the already weak 

adhesion between MRBS and dentin could be weakened further by stress 
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concentrators corresponding to locations whith geometric discontinuity 

within the material (29). Jongsma et al. investigated the contraction stress 

occuring during post cementation with one- and two-step procedures by 

means of finite element analysis (19). They found that even though the 

maximum stresses were mainly located within the cement layer, they also 

propagated deeply into dentin and the post. This illustrates the complexity 

of the polymerization stress pattern and could clarify the relatively high 

proportion of mixed failure observed in the MRBS groups. 

The C-factor calculation revealed that with a two-step procedure, the C-

factor could be maintained below a value of 1 within the first layer. In 

comparison, during a single-step procedure the C-factor could not go below 

a value of 11.58, considering the dimensions of the investigated root canals. 

In comparison, the second sealer layer would polymerize in an environment 

with an extremely high C-factor. However, despite the high shrinkage stress 

that the second layer would endure, its thin width would limit its relative 

volumetric shrinkage and therefore its influence on the dislocation 

resistance values. 

Despite the improvement in dislocation resistance of the MRBS when a

two-step procedure was used, currently available root canal sealers present 

extended setting times, which prevents clinical application of this technique 

without the use of accelerators. Nevertheless, the results of this study may 

be considered as proof of concept and serve as a motive for the development 

of alternative root canal filling strategies with faster-setting MRBS sealers 

or the additional use of accelerators.
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Conclusion

Reducing the C-factor by layering the root canal sealer with a two-step 

procedure resulted in significantly higher dislocation resistance values as 

compared to a single-step procedure for a methacrylate resin-based sealer

but not for a conventional bisphenol epoxy resin-based root canal sealer.
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Abstract

Objectives: The aim of the present study was to compare the sealing 

efficacy of root fillings made by a single-cone technique with three different 

sealers and a cold lateral compaction technique with an epoxy sealer.

Materials and Methods: Eighty extracted single-rooted human teeth were 

assigned to four experimental groups: group 1, single-cone and epoxy 

sealer; group 2, single-cone and calcium silicate-based sealer; group 3, 

single-cone and methacrylate resin-based sealer; and group 4, cold lateral 

compaction and epoxy sealer. Twenty extra teeth served as negative and 

positive controls. After preparation of a coronal post space, the sealing 

efficacy of the root fillings was assessed on a fluid transport setup. The 

results were analyzed using Kruskal-Wallis and Mann-Whitney U test.

Results: No fluid transport was detected for the negative controls whereas 

all the positive controls showed rapid fluid transport. No significant 

difference was detected between groups 1, 3, and 4 whereas group 2 

demonstrated significantly more fluid transport than all the other

experimental groups.

Conclusions: Root fillings made by a single-cone technique with the epoxy 

or methacrylate-based sealers were as effective after post space preparation 

as those made by a cold lateral technique with the epoxy sealer in sealing 

the root canal.

Clinical Relevance: Specific root canal sealers in combination with single-

cone technique represent a noteworthy alternative to the use of cold lateral 

compaction technique when a post space is required. The use of effective 

endodontic procedures with simplified technical implementation may 

positively affect endodontic outcome
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Introduction

Endodontically treated teeth may require the placement of a post and core 

for restorative purposes (1). Preparation of a post space necessitates the 

removal of the coronal part of the root canal filling. The remaining apical 

root filling material then solely provides the seal between the post-build-up

complex and the periapical tissues. Since shorter sections of root filling may 

represent a weaker barrier to coronal leakage, it is essential to use materials 

and techniques that can provide an adequate seal of the apical root canal 

third when a post is required. The cold lateral compaction technique is often 

used as a gold standard to which other techniques are compared. This 

technique provides a relatively good adaptation of the filling material to the 

dentinal wall in the root canal apical third (2). It remains, however, 

operator-dependent, and the forces resulting from the compaction 

component may provoke damage to root canal dentin (3). A simple and 

most probably less damaging alternative to this technique is the use of a 

gutta-percha cone of greater taper with dimensions matching to those of the 

last instrument used during root canal preparation. This modus operandi is 

commonly named the single-cone technique and does not involve any 

compaction component. It can, therefore, be considered as a method that is 

less operator-dependent and potentially less damaging to the dentinal wall. 

When a single-cone technique is used, one relies on a sealer with adequate 

physical and chemical properties, to flow and fill the interfaces between the 

cone and dentin in order to provide a tight seal. Several commercially 

available sealers with different adhesive mechanisms have been designed to 

be used in this fashion. EndoREZ (Ultradent Products, South Jordan, UT, 

USA) is a dual-cure urethane dimethacrylate (UDMA)-based sealer. The 

close contact between UDMA molecules and the collagen fibrils of dentin is 
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partly responsible for its adhesive properties (4). AH26 (Dentsply DeTrey, 

Konstanz, Germany) is an epoxy amine resin-based sealer. The creation of 

covalent bonds between epoxy molecules and the amino groups of collagen 

may partly explain the relatively strong adhesion values observed with this 

sealer (5). Another type of adhesion has been described with calcium 

silicate-based sealers such as EndoSequence BC Sealer (Brasseler USA, 

Savannah, GA, USA). These are expected, by interacting with dentinal 

fluids, to create and deposit intrafibrillar apatite and form tag-like structures 

within dentin, characterizing thus their bioactivity (6). Improvements in the 

adhesive properties of sealers should however not overshadow the 

importance of their sealing properties (7). The role of the root canal filling is 

to prevent the displacement of fluids, within or along the filling material, 

which could carry microorganisms and their by-products within the root 

canal towards the periapical tissues. The molecular structure and setting 

pattern of different sealers is broadly responsible for their dimensional 

behavior. The UDMA molecules are known to undergo significant 

polymerization shrinkage during setting (8). Epoxy resins, on the contrary, 

demonstrate relatively good dimensional stability (9), and calcium silicate 

materials exhibit different degrees of porosity according to the 

characteristics of their setting environment (10). The fluid transport method 

has been widely used for measuring the sealing efficacy of root fillings non-

destructively and quantitatively (7, 11, 12). The fluid transport model has 

been commonly operated with distilled water as a testing fluid (12, 13). The 

introduction of a wetting fluid with a lower surface tension as testing fluid 

was a recent modification of the fluid transport method, which significantly 

improved its sensitivity (11). The aim of the present study was to compare 

ex vivo, by means of a modified fluid transport model, the sealing efficacy 
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of root fillings made by a single-cone technique with three different root 

canal sealers, after delayed post space preparation. As a control, a cold 

lateral compaction of gutta-percha with epoxy amine resin-based sealer was 

used.

Materials and Methods

Sample preparation

One hundred extracted intact human mandibular premolars with a single 

root were selected. The teeth were extracted for reasons not related to this 

study, and the donors gave their permission that these teeth would be used 

for research purposes. The teeth were stored in water after extraction. 

Radiographs were exposed to confirm the presence of a single straight canal. 

Root canal diameters were measured radiographically in buccal-lingual and 

mesial-distal directions at 4 mm from the apex. According to the obtained 

dimensions, teeth were distributed by stratified randomization among the 

experimental groups 1, 2, 3, and 4 (n = 20/group). Twenty more teeth were 

selected for the negative (n = 10) and positive controls (n = 10). Kruskal-

Wallis test (p > 0.05) confirmed the dimensional homogeneity among the 

groups. The teeth were embedded in self-polymerizing methyl methacrylate 

resin cylinders (Dentimex, Zeist, the Netherlands) leaving the apical third of 

the root uncovered and were decoronated at 14 mm from the apex using an 

Isomet 1000 saw (Buehler Ltd., IL, USA) under copious water cooling. The 

margins adjoining the root and the resin were sealed with cyanoacrylate glue 

(Permacol, Ede, the Netherlands). Except for the apical foramen and the 

coronal access, the entire specimen surface was covered with two layers of 

nail varnish. In the negative controls, the whole surface was covered.
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Root canal instrumentation

A size 15 K-file was inserted in the root canal until it was just visible at the 

apical foramen, and this length was recorded for each root. Working length 

was determined by subtracting 1 mm from this length and the preparation 

was conducted with a crown down technique using GT rotary instruments 

(Dentsply Maillefer, Ballaigues, Switzerland) to a size 40, 0.04 taper master 

file. At each change of file, canals were rinsed with 2 mL of 2 % sodium 

hypochlorite (NaOCl). After completion of the preparation, the canal was 

additionally rinsed with 2 mL of 2 % NaOCl, a size 15 ultrasonic K-file was 

inserted into the root canal 1 mm short of working length, and the irrigant 

was activated ultrasonically (P5-Suprasson; Satelec, Merignac, France) for 1 

min at a power setting 4. The canals were then flushed with 0.5 mL 17 % 

EDTA solution, which was left in place for 1 min. Subsequently, the canals 

were rinsed with 2 mL of 2 % NaOCl followed by a final rinse with 2 mL of 

deionized water. The patency of the apical foramen was confirmed by 

inserting the tip of a size 15 K-file through it. All the experimental 

procedures were performed by the same endodontist (D. D. S.) to eliminate 

operator variables.

Root filling

All root canal sealers were mixed and delivered according to the 

manufacturer’s recommendations. The tested sealers are listed in Table 4.1. 

• Group 1: Single tapered gutta-percha cone and AH26 (n = 20)

The canals were dried with size 40 paper points. The AH26 sealer was 

mixed on a glass slab. A lentulo spiral was swiped through the AH26 sealer 

once, inserted into the root canal slightly short of working length, and 

rotated at low speed. A size 40 taper 0.04 master gutta-percha cone (MTwo, 
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VDW GmbH, Munich, Germany) was lightly coated with the AH26 sealer 

and inserted to working length. The coronal excess of gutta-percha was 

severed with a heat carrier (Touch’n Heat, SybronEndo Corporation, 

Orange, CA, USA).

• Group 2: Single tapered gutta-percha cone and EndoSequence BC 

Sealer (n = 20)

The canals were dried with size 40 paper points. The intra canal tip was 

inserted until binding point, slightly withdrawn, and the sealer was injected 

by compressing the plunger of the syringe while slowly withdrawing the tip. 

A corresponding size 40 taper 0.04 gutta-percha master cone was lightly 

coated with BC Sealer and carefully inserted into the canal to working 

length. The excess part of the cone was severed with a heat carrier 

(SybronEndo, USA).

• Group 3: Single tapered EndoRez cone and EndoRez sealer (n = 20)

The canals were moderately dried with size 40 paper points as 

recommended by the manufacturer. The EndoREZ sealer (Ultradent 

Products, South Jordan, UT, USA) was injected in a syringe (Skini Syringe, 

Ultradent, USA) and injected into the canal with a NaviTip® needle placed 

slightly short of working length. The sealer was injected by compressing the 

plunger of the syringe while slowly withdrawing the needle. A size 40 taper 

0.04 master EndoREZ cone (Ultradent Products, South Jordan, UT, USA) 

was lightly coated with the EndoREZ sealer and inserted to working length. 

The EndoREZ sealer was then light cured for 40 s. The coronal excess of 

EndoREZ cone was severed with a heat carrier (SybronEndo, USA).
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Table 4.1 Composition of the tested sealers

Sealer Manufacturer Delivery/

mixture

Composition

AH26 Dentsply 

DeTrey, 

Konstanz, 

Germany

Powder/resin

manual

Bismuth oxide, methenamine, silver, 

titanium oxide, epoxy resin

EndoSequence 

BC Sealer

Brasseler, 

Savannah, 

GA, USA

Premixed 

paste

Zirconium oxide, calcium silicates, 

calcium phosphate monobasic, calcium 

hydroxide, filler, thickening agents.

EndoRez Ultradent, 

South Jordan, 

UT, USA

Paste/paste

automix

Urethane dimethacrylate (UDMA), 

triethylene glycol dimethacrylate 

(TEGDMA), dimethyl propiothetin 

(DMPT), triethylene glycol 

dimethacrylate, tolylimino diethanol, 

zinc oxide, barium sulphate, pigments

• Group 4: Cold lateral compaction and AH26 (n=20)

The canals were dried with size 40 paper points. The AH26 was mixed on a 

glass slab. A lentulo spiral was swiped through the AH26 sealer once, 

inserted into the root canal slightly short of working length, and rotated at 

low speed. An ISO 40 gutta-percha cone (Dentsply Maillefer, Ballaigues, 

Switzerland) was fitted at working length and used as master cone. Cold 

lateral compaction was performed using a size B nickel-titanium finger 

spreader (Dentsply Maillefer) placed up to 1 mm short of the working 

length with the master cone in place and ISO size 20 accessory cones 

(Dentsply Maillefer) lightly coated with sealer. This procedure was 

conducted until the tip of the spreader could not go further than 2 mm from 
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the coronal access. The filling material was then severed at the root canal 

entrance with a heat carrier (SybronEndo, USA).

• Positive controls (n = 10): instrumented root canals were filled with 

a loosely fitting gutta-percha cone without any sealer

• Negative controls (n = 10): instrumented root canals were filled in 

the same manner as in group 1. The whole apical and coronal 

surfaces were sealed with nail varnish.

All the samples were kept in 100 % humidity at 37 °C for 10 days to allow 

all the materials to set completely. The coronal part of the root filling was 

then removed with a heat carrier (SybronEndo, USA), leaving only the 4 

most apical mm of the root filling in place.

Fluid transport testing

A modified fluid transport model as previously described was mounted (Fig

4.1) (11). A 20-kPa input pressure was applied to the coronal end of the root 

and Galpore (Benelux Scientific, Eke, Belgium) was used as testing fluid. 

Galpore is a perfluoroether with a very low surface tension (16 mN m−1 ) 

and a viscosity of 4.4 mPa.s. Fluid transport was measured by two of the 

researchers by observing the movement of an air bubble entrapped within a 

0.1-mL glass capillary tube (Witeg Labortechnik GmbH, Wertheim, 

Germany). The fluid transport was recorded at room temperature at 30-min 

intervals for a total of 6 h. The mounting and measurements were performed 

in ventilated chambers, wearing gloves and goggles at all times.
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Figure 4.1 The schematic drawing of the fluid transport setup used in the present study

Statistical Analysis

The fluid transport values did not follow a normal distribution, as 

determined by the Shapiro-Wilk test; therefore, nonparametric tests were 

used, and the results were provided as median with interquartile range. The 

overall comparisons between the different groups were made using a 

Kruskal-Wallis test and pairwise comparisons using a Mann-Whitney U test 

with Bonferroni correction. Chi-square test was conducted in order to 

compare the percentage of leaking specimens in each group. The level of 

significance was set at p < 0.05. Statistical analyses were performed using 

IBM SPSS Statistics version 21.0 (IBM Corp., Armonk, NY, USA).

Results 

No fluid transport could be measured in the negative control group whereas 

rapid fluid transport in the positive control group prevented recording but 

indicated massive leakage. The median (interquartile range) in microliters 
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per hour for fluid transport values are displayed in Table 4.2. The amount of 

fluid transport was significantly different between all groups (p < 0.001). No 

statistically significant difference between groups 1, 3, and 4 (p > 0.05) was 

detected. Group 2 demonstrated significantly more fluid transport than 

group 1 (p < 0.001), group 3 (p = 0.002), and group 4 (p = 0.023). The 

percentages of specimens demonstrating fluid transport were significantly 

different between the groups (p < 0.001) and are presented in Table 4.2. No 

statistically significant difference in percentage of specimens with fluid 

transport could be detected between the three single-cone groups whereas 

significantly fewer specimens exhibited fluid transport in the cold lateral 

compaction group.

Table 4.2 Fluid transport measurements and percentage of leaking samples in each group 

with statistical comparisons.

Group 1

SC-

AH26

Group 2

SC-BC

Group 3

SC-ER

Group 4

LC-

AH26

p-value

n 20 20 20 20

% leaking 

samples

901 951 851 352 <0.001(CS)

Median 0.25 a 0.5 b 0.17 a 0 a <0.001(KW)

Interquartile 

range

0.15-0.33 0.42-0.6 0.08-0.25 0-3.13

SC: single cone, LC: lateral compaction, -sealers: AH26, BC (EndoSequence BC sealer), 

ER (EndoRez). Different letters indicate significant differences. CS=Chi-square, 

KW=Kruskal-Wallis
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Discussion

Fluid transport is based on the penetration of fluid in through-and-through 

pores within or between the filling material and the dentinal wall in a root 

canal under light pressure (12). Capillary action; entrapped air/liquid; and 

the fluid characteristics such as its pH, its molecular size, and its surface 

tension may affect the penetration of the fluid (11). Surface tension is the 

force between molecules that produces a tendency for the surface area of a 

liquid to decrease, and it tends to inhibit the spread of a liquid over a surface 

and penetration ability of the liquid in a capillary tube. The use of liquids 

with lower surface tensions will result in an increase of the fluid penetration 

into the pores. According to Young’s equation, a pore can be seen as a 

cylindrical capillary of diameter d, and Pc being the Young’s capillary 

pressure of the entrapped air within the pore:

�c =
4 σ cos θ

�

This equation can be reformulated as � = 4σcosθ
��

. At an applied pressure 

(Pc) of 20 kPa (20,000,000 mN m−2 ) and with a surface tension (σ) of 16 

mN m−1 for the wetting fluid and an ‘assumed’ wetting angle of the wetting 

fluid with dentine (θ) of 0°, the narrowest pore diameter that could be 

detected is approximately 3.20 μm. In the present study, fluid transport 

could be detected in a high proportion of the specimens. This could be 

explained not only by the use of a wetting liquid as testing fluid, which 

increases the sensitivity of the model (11), but also by the relatively limited 

length of the root filling. The placement of a post requires the removal of 

the coronal part of the root canal filling, which may decrease the sealing 

efficacy by reducing the length of the root filling and the area of the dentin-

filling interface. The sealing efficacy of EndoSequence BC Sealer was 
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inferior to the other materials tested in this study. EndoSequence BC Sealer 

is a calcium silicate-based root canal filling material with alleged bioactive 

properties. A bioactive material is supposed to have the ability to provoke a 

specific biological response at the interface of the material with its 

surrounding, which would result in a stable bond (10). Calcium silicate-

based sealers need water to form calcium silicate hydrate and calcium 

hydroxide and to achieve setting (14). While the presence of water in excess 

could create an unstable matrix resulting in high porosity, an insufficient 

amount of water could prevent complete setting (10, 15). The calcium 

hydroxide formed by reaction with water is expected to react with the 

phosphate ions present in the environment and/or within the sealer to form a 

crystalline deposit of calcium phosphate on the material surface (6). These 

deposits would be the base of a bond between the material and the dentin. 

The foundation of these reactions is the fluid present at the reaction sites. 

Thus, the type and amount of fluid available in the environment determine 

the rate and the end products of the reaction (10). Variability in root canal 

anatomy, as well as heterogeneity of root canal dentin along the same root 

canal or among different teeth, makes moisture control inside the root canal 

highly unpredictable (16, 17). Since dentin in the apical region of the root

canal is usually sclerotic (16), the amount of moisture available from 

dentinal tubules in the apical third could be insufficient for calcium silicate-

based sealers to achieve a proper setting. This may explain the difference 

between the present findings and a previous study that evaluated the sealing 

efficacy of a calcium silicate sealer in entirely filled roots (18). In such a 

design and contrary to the present setup, a proper seal of the coronal part of 

the root may have masked the quality of the apical seal. Another study using 

scanning electron microscopy has demonstrated the formation of a tag-like 
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structure on the surface of EndoSequence BC Sealer placed in 3-mm root 

sections immersed in phosphate-buffered saline (PBS) (6). However, images 

selected at specific loci describe only those specific regions and can hardly 

represent the whole root canal, especially in terms of sealing efficacy. 

Furthermore, immersion of root sections instead of whole roots in PBS is 

quite an unrealistic simulation of the available moisture within the root 

canal. EndoREZ is a methacrylate resin-based sealer with adhesive 

properties. Since it is hydrophilic and flowable, it can penetrate into the 

dentinal tubules (19). The highly unfavorable cavity configuration of the 

root canal, however, results in excessive polymerization stresses within the 

material. This could lead to the formation of gaps, caused by the detachment 

of the sealer from dentin or from the obturation cone (20). The distribution 

and dimensional patterns of these gaps are yet unknown. Their discontinuity 

along the root canal could provide an explanation for the similar 

performance of the methacrylate resin-based sealer specimens in 

comparison to the epoxy amine resin-based sealer specimens as evaluated 

by the fluid transport model. Epoxy amine resin-based sealers such as AH26 

are considered to possess excellent physical and chemical properties (21).

They present good dimensional stability and undergo limited polymerization 

shrinkage (9). This could be attributed to their molecular structure as well as 

to their pattern of polymerization. The lower crosslink density in the epoxy 

molecules compared to the UDMA limits the number of crosslink network 

formation and thus polymerization shrinkage (22). Also, epoxy molecules 

contain an oxirane ring. The ring opening during polymerization lowers 

shrinkage, while the delayed consumption of the reactive species could 

provide stress relaxation (23). They are, therefore, often used as a gold 

standard to which other sealers could be compared. Cold lateral compaction 
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is an operator-dependent technique, often associated with unfilled spreader 

tracks (2). These spreader tracks (voids) can serve as pathways of fluid 

transport and could explain the relatively high fluid transport values 

observed in few of the specimens in group 4. When the percentage of 

specimens with fluid transport was taken into account, there was no 

statistically significant difference between the number of specimens 

exhibiting fluid transport in the three single-cone groups, whereas 

significantly fewer specimens exhibited fluid transport in the cold lateral 

compaction group. Considering the similar (not significantly different) 

amount of fluid transport between the cold lateral compaction group and the 

single-cone group in combination with AH26, this is an interesting finding. 

One may speculate that through-and-through pores in the lateral compaction 

group were larger and more abundant in comparison to single-cone groups. 

The spreader tracks may be responsible for these larger pores. Furthermore, 

it is known that the forces generated during lateral compaction could also 

produce dentinal defects that could evolve into vertical root fracture (3). In 

this sense, the lack of compaction component with the single-cone technique 

could reduce the risks of causing dentinal defects during the filling 

procedure. A limitation of the present study is the fact that fluid transport 

was measured directly after the setting of the materials, and no longitudinal 

measurements were done. Since dimensional changes such as an increase or 

decrease in the diameters of the pores within and along the filling materials 

may occur over time, long-term measurements may provide different results 

(24).
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Conclusion

The sealing efficacy after delayed post space preparation of root 

fillings made by a single-cone technique in combination with the epoxy 

amine resin- or methacrylate resin-based sealers and that of root fillings 

made by a cold lateral compaction technique in combination with the 

epoxy amine resin-based sealer were similar and superior to that of root 

fillings made by a single-cone technique in combination with the 

calcium silicate-based sealer.
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Abstract

Objective. Gutta percha is commonly used in conjunction with a sealer to 

produce a fluid-tight seal within the root canal fillings. One of the most 

commonly used filling methods is lateral compaction of gutta percha 

coupled with a sealer such as calcium silicate cement. However, this 

technique may result in voids and worse, the filling procedures may damage

the root.

Methods. We compared the volume of the voids associated with two root 

canal filling methods, namely lateral compaction and single cone. Micro-

computed tomography was used to assess the porosity associated with each 

method in vitro. An automated, observer-independent analysis protocol was 

used to quantify the unfilled regions and the porosity located in the sealer 

surrounding the gutta percha.

Results. Significantly less porosity was observed in root canals filled with 

the single cone technique (0.445% versus 3.095%, p < 0.001). Porosity near 

the crown of the tooth was reduced6 fold, whereas in the mid root region 

porosity was reduced to less than 10% of values found in the lateral 

compaction filled teeth.

Significance. Our findings suggest that changing the method used to place 

the endodontic biomaterials improves the quality and homogeneity of root 

canal fillings.
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Introduction

Present-day approaches to the treatment of infected root canals combine 

chemo-mechanical disinfection and creation of a fluid-tight seal (1, 2).

Mechanical shaping of the internal root canal walls is necessary so as to 

make it possible to effectively clean and disinfect these internal root spaces,

and to facilitate sealing by placement of designated root canal (endodontic) 

filling materials. Adequate cleaning as well as complete filling of the root 

canal spaces are known to promote healing following root canal therapy. To 

be successful, the filling needs to extend along the entire canal length, 

ending just shortly shy of the root tip, where the system of canals end and

splay (3). Classical biomaterials used in endodontic therapy are not intended 

to provide structural/mechanical reinforcement of the roots. Rather, root

canal treatment biomaterials are typically biologically inert and have much 

lower elastic moduli than the tooth tissues that they fill (4). Their main

purpose is to prevent root canal reinfection, providing favorable conditions 

for post-treatment recovery processes that are expected to take place in the 

living tissues surrounding the root (the periodontal tissues) (1). The material 

most frequently used for sealing human root canals, is a polyisoprene-based

material termed gutta percha, the use of which is the standard of care (1).

Gutta percha is available in rigid semi-crystalline cone-shaped forms of 

various diameters, that can be easily inserted along the prepared root canal 

space. It can also easily be removed, in the event that root canal retreatment 

is necessary e.g. in cases of persistent or resistant infections. However, 

because of the complex shape of the root canal system, even after its 

preparation, prefabricated gutta percha cones often poorly fit the canal 

geometry. To solve this problem, slow-setting cements (commonly termed 

sealers) are used to seal remaining gaps between the cones and sur-rounding 
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root walls. In order to improve the adaptation of endodontic fillings to the 

root canal geometry during treatment, mechanical compaction techniques 

are often used to mold the biomaterials to better fit the prepared empty root

canal. Of the techniques available clinically for root canal treatment, the 

lateral compaction (LC) method is often quoted as being the gold standard 

against which other techniques are typically assessed (5). It is indeed the 

most common root canal filling technique used by general dental 

practitioners in the United States (6) and the main root canal filling 

technique taught in dental schools in Europe. The homogeneity of root canal 

fillings obtained by LC varies considerably, as they seem to rely on the 

skills of the dentist. Furthermore and unfortunately, the forces resulting 

from compacting adjacent gutta percha cones against the internal root walls 

by the LC method may even induce damage to root dentin (7). An emerging

alternative treatment approach relies on the use of a single cone (SC) 

technique with wider-taper gutta percha cones. This approach offers an 

interesting and simple treatment alternative, provided that one obtains an 

adequate adaptation of the filling material to the root canal geometry. The

SC biomaterial-placement technique requires insertion of a properly 

matched cone in conjunction with a root canal sealer to completely fill the 

entire canal. It may thus offer a sorely-needed robust treatment alternative 

that may also potentially reduce the propensity of treatment to damage the 

dentinal walls (8). Using both of the above mentioned root canal filling

approaches (LC or SC), a sealer is used to completely fill the gaps between 

the cones and the dental tissues. Several types of sealers are available for 

this purpose. Of these, calcium-silicate-based root canal sealers are of great 

interest as they rely on moisture for their setting mechanism and exhibit

potential bioactive swelling leading to improved sealing while forming a 
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bond with dentin (9). Their setting mechanism is based on the absorption of 

moisture from the surrounding root canal environment [10] and they 

typically contain zirconium oxide and various calcium-based compounds 

(Ca2SiO4, Ca(H2PO4)2, Ca(OH)2). Adequate wetting and full coating of

cones and dental surfaces by the sealer remains a treatment challenge, since 

voids and air bubbles often become entrapped within the filled root canal 

(11). Such voids are of great concern because they create porosity, reduce 

the quality of the filling, serve as hubs for microbial housing and may even 

link up to tunnel and transport contaminants along the filled root canal. All 

these lead to re-infection and treatment failure (12) with possible danger of 

tooth loss. The aim of this study was to evaluate and compare the voids 

associated with two endodontic filling techniques, namely the lateral 

compaction (LC) and single cone (SC) methods. Both methods were used 

by combining gutta percha and a calcium silicate based sealer. The tested 

null hypothesis was that there is no difference in the void (%) that result 

following the application of the 2 filling techniques.

Materials and methods

Treatment specimen selection

With the approval of the ACTA dental school ethical committee, 20 

maxillary and mandibular human canines, recently extracted for reasons 

unrelated to the present study, were selected and stored in thymol 0.1% at 

room temperature. A minimum of 7 teeth per group would suffice to detect 

a standardized effect of size r = 0.65 between the two experimental groups 

(determined based on the results of a previous study (13)) at 80% power and 

with a two-tailed probability of α-type error of 0.05. Criteria for tooth 

selection included the absence of root caries, lack of resorption and 
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calcification of the root canals and a complete (fully formed and 

undamaged) root tip anatomy. The presence of a single straight (curvature 

<10◦) untreated root canal was confirmed by radiographs examining the 

bucco-lingual and mesio-distal orientations along the tooth axis. The 

radiographs were used to estimate the root canal dimensions at 2, 5, 9 and 

12 mm from the root tip in order to exclude canals with severe ovality 

(diameter ratio > 2). Root canals presenting unusual anatomy (e.g. a 

diameter larger than the largest file used during instrumentation, placed to

the full canal length) were excluded. The tooth crowns were removed with a 

diamond bur mounted on a high-speed dental handpiece, to standardize the 

root lengths to 14 mm.

Root canal preparation: Instrumentation and irrigation

All specimens were prepared and filled by a single operator, according to 

the following procedures (schematically illustrated in Fig 5.1), following 

standard clinical practices. An ISOsize-10 K-file (Dentsply Maillefer, 

Ballaigues, Switzerland) was placed inside the canal to determine the 

treatment working length, about 1 mm short of the full root canal length. All 

root canals were instrumented to a size 40/0.06 taper using a series of 

nickel–titanium files with increasing diameters (Mtwo, VDW GmbH, 

Munich, Germany) and a torque-control motor (VDW Silver, VDW 

GmbH). Consequently, the internal canal diameter was enlarged along the 

root length, with the widest diameter found in the crown and the narrowest 

region, Ø = 400 µm, found near the root tip. To remove tissue remnants 

during instrumentation, the canals were repeatedly irrigated using2% NaOCl 

(Denteck, IL Zoetermeer, the Netherlands) after each instrumentation using 

a 30G needle (NaviTip, Ultradent Products Inc, South Jordan, UT, USA) 
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attached to a syringe (Terumo Europe, Leuven, Belgium). At the end of the 

preparation, 3 mL of 17% EDTA solution (Vista dental products, Inter-med 

Inc., Racine, WI, USA) was delivered into the root, and the solution was left 

in place for 3 min before flushing with 2% NaOCl. Ultrasonic activation 

was then performed by means of a size25 stainless-steel ultrasonic tip 

(IrriSafe, Acteon, Merignac, France), inserted to 1 mm short of the working 

length and driven by a piezoelectric dental ultrasonic device (Satelec 

P5booster, Acteon, Merignac, France) for 10 s at 35% of maxi-mum power 

setting (level 7/20). Ultrasonic activation of the irrigant was repeated 3 

times while flushing of the canals with NaOCl between each activation 

phase, followed by rinsing with distilled water to remove remnants of 

chemicals. The canals were briefly blotted with size 40/0.02 taper paper

points.

Root canal filling

Specimens were allocated to two groups by simple randomization with the 

help of a true randomness generator (www.random.org). Smartpaste Bio®

(DRFP Ltd., Barnack, Stamford, U.K), a pre-mixed calcium-silicate sealer, 

was used. The treatment biomaterials were placed in the canals, 

recapitulating standard clinical practices as follows (Fig 5.1e–i):

• SC group: The sealer was injected in the root canal to about 4 mm 

short of the working length using the syringe and plastic needle 

supplied by the manufacturer; the plunger of the syringe was pressed 

while slowly withdrawing the tip. A single size 40/0.06 taper gutta 

percha cone (Mtwo, VDW GmbH, Munich, Germany) was adjusted 

to the length of the canal (SmartGauge, EndoTechnologies LLC, 
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MA, USA)and then seated (Fig 5.1e), reaching the full preparation

length.

• LC group: The same sealer and placement procedure was used as in 

the SC group. A size 40/0.02 taper gutta percha cone (Dentsply 

Maillefer, Ballaigues, Switzerland) was fitted to the canal working 

length (Fig 5.1g) and used as a master cone. Lateral compaction was 

performed with a smooth size-B nickel-titanium finger spreader 

(Dentsply, Maillefer) (Fig 5.1h)placed up to 1 mm short of the 

working length, to compact the master cone laterally and create 

space for the insertion of size 25/0.02 taper accessory cones 

(Dentsply Maillefer), dipped into the sealer prior to placement. This 

process was repeated incrementally until the root canal was 

completely filled. The filling material was trimmed at the root canal 

entrance using a warm instrument, and gently condensed into the

root canal using an endodontic plugger instrument (Dentsply

Maillefer).Subsequently, the crown sides of all roots in both groups

were cleaned from material remnants. The upper canal walls were 

etched for 10 s using Ultra-Etch 37% phosphoric acid(Ultradent, 

South Jordan, UT, USA) and rinsed with water for5 s before being 

sealed by a dentin bonding system (Clearfill Photobond, Kurary, 

Tokyo, Japan). The root filling was covered with a flowable dental 

composite resin (DC Core, Kuraray, Tokyo, Japan) in order to seal 

the root opening, simulating the usual clinical conditions in the 

mouth (Fig 5.1e and i). The roots were then stored at 37◦C and 100% 

humidity conditions for 10 days, to allow the sealer to set completely 

before further analysis.



Porosity distribution in filled root canals

107 
 

Figure 5.1 Specimens preparation. (a) Roots of standardized length were instrumented (b) 
and irrigated (c) to obtain standard, clean and disinfected canals (d). The prepared roots 
were randomly allocated to the two experimental groups: the “single cone” (“SC”) group,
filled using a single cemented tapered gutta percha cone (e) followed by sealing of the 
crown side as described in the main text (f); and the “lateral compaction” (“LC”) group, 
filled by first placing a master (primary, size 40, 0.02 taper) gutta percha cone (g), followed 
by compaction and insertion of additional cones (h) and ending with sealing of the crown 
side (i). 

Three dimensional data acquisition

The specimens were mounted on stubs fitting the specimen stage of a µCT 

scanner (Scanco 40 µCT, SCANCO Medical AG, Brüttisellen, Switzerland). 

In order to avoid any movement during scanning, the root-tip side of each 

specimen was embedded in self-curing acrylic resin (Vertex Self-curing, 

Vertex dental, Zeist, The Netherlands) taking special care to leave the root-

tip canal exit uncovered and visible. Silicone tubes matching the external 
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diameter of the acrylic stubs were fitted and filled with phosphate buffered 

saline, in order to prevent dehydration of the roots during the scanning 

procedures in the µCT. Each specimen was scanned using a 10-µm spatial

resolution and acquisition times of 300 ms. The scan peak voltage was set at 

70 kV (114  _A). A 0.5-mm aluminium filter and a correction algorithm of 

the manufacturer software were used to reduce beam-hardening artifacts. 

The system was calibrated following company directives using phantoms 

with densities of 0, 100, 200, 400 and 800 mg HA/cm3. Two scans were 

performed for each tooth: one performed immediately after canal 

preparation/instrumentation, and a second scanwas performed 10 days after 

root canal treatment completion.

Data visualization and image processing

The reconstructed pairs of datasets were visualized using CTvox (v2.4, 

BrukerCT-Skyscan, Kontich Belgium) and cross-correlated with Amira 

(v5.3, FEI Visualization Sciences Group, Bordeaux, France) with additional 

image processing per-formed with ImageJ (v1.49 Wayne Rasband, NIH, 

U.S.A) and its free implementation Fiji. Fig 5.2 shows pseudocolor 

renderings of typical samples (one per group) as well a schematic 

illustration of the image analysis steps performed. For each sample, the two 

3D reconstructed datasets (one prior to and one after biomaterial placement) 

were mutually co-aligned along the root canal (long) axis, by cross-

correlation and spatial realignment of the volumes (employing a scaled 

mutual information method). The datasets were cropped and mildly filtered 

in 3D (using a small Gaussian filter, sigma = 2.0). Each of the now 3Dco-

aligned datasets were segmented (binarized) as depicted in Fig 5.2 panels 

(d) and (g) using Otsu’s algorithm, applied at every slice corresponding to 
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different heights along the root. This resulted in binary images (Fig 5.2d and 

g) further used in a series of morphological operations to identify and 

quantify voids within the 3D data. The threshold for dentin (T1) was

obtained from the first of each pair of scans, and used on this data to 

automatically determine the empty root canal volume (VC) and the diameter 

in every slice along the entire root, using the multi-measure function of Fiji.

The threshold for the filling biomaterials (T2) was deter-mined from the 

second scan of the same samples and used to determine the filling 

dimensions. A “fill holes” procedure applied to the binarized data from the 

first scan provided a “tooth + canal” mask (Fig 5.2e). By multiplication 

between the segmented datasets (see Fig 5.2d and g) and after removing the 

surrounding air (the large “void” surrounding each root) we obtained the 

voids within the filled root canal (Fig 5.2h).

The volume of the voids (VV) was determined similarly to the empty root 

canal volume. The percentage of voids (void %) was calculated as:

void (%) = 100 ×

For quantitative comparative analysis of the different roots, three regions of 

interest (ROIs: apical (root tip), middle and coronal, see Fig 5.2) were 

defined in each dataset, within the9 mm of filling above the edge of the 

instrumented section of the canal (about 1 mm from the tooth root tip), 

extending coronally toward the crown. These regions in the root are of 

paramount concern for root canal therapy (7). The accumulation and leakage 

of pathogens, particularly difficult to eradicate in these regions, typically 

lead to chronic infection and ultimately to tooth loss (14). Fig 5.3 shows 

typical plots of two analyzed canal diameters, revealing the gradual taper 

and reduction in the lateral dimension along the length of the root. Beyond 
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the working length, no treatment takes place and the canal diameter 

suddenly drops as it is not mechanically enlarged.

Statistical analysis

The void% were considered separately for the coronal, middle and apical 

ROIs in each sample and revealed a non-normal distribution, validated with 

the Shapiro-Wilk test. The results are therefore reported as medians with 

[interquartile ranges]. The median void distributions at different root heights 

were com-pared using the Friedman-Rank test. Differences between the

treatment groups were analyzed with the Mann-Whitney test. Effect sizes 

for pairwise comparisons were reported as absolute values of Pearson’s 

correlation coefficient r. Statistical analysis was performed using SPSS (v 

22.0 SPSS Inc., Chicago, IL, USA). Graphs were plotted using SciDavis 

(v.1.D8 Free Soft-ware Foundation Inc., Boston, MA, USA) and GraphPad

Prism (v 4.0 GraphPad Software, La Jolla, CA, USA). A p-value <0.05 was 

considered as statistically significant.
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Figure 5.2 Typical 3D data and automated data processing steps: Pseudocolor renderings of 
typical tomographies of SC (a) LC (b) filled teeth, corresponding to Fig 5.1f and Fig 5.1i, 
respectively, marked with the analyzed regions of interest (ROIs). A typical 2D cross-
sectional virtual slice in the volume data obtained from a scan prior to root filling (c) and 
the corresponding thresholded slice (d) illustrate the 1st threshold selection process used to 
identify dentin (T1). A mask of the volume of the “tooth+canal” (e) were obtained by 
applying a “fill hole” process (FH) to mark the surrounding air ‘void’. A 2D slice observed 
in the same tooth following filling (f) demonstrates the 2nd threshold step (T2) used to 
identify the filling material (g). 14 Multiplication of the binarized images of the segmented 
dentin and the segmented filling material followed by removal of the surrounding air 
resulted in 2D binary images (h) of the voids along the root. Note that for presentation, the 
contrast range in c and f differs so as to facilitate visual identification of the root structure 
and biomaterial cross-sections. 
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Figure 5.3. Examples of typical canal diameter measurements and the corresponding void
% distribution along the length of representative SC (panel a) and LC (panel b) treatment 
samples. The canal diameter smoothly decreases along the root length, with a sudden 
decrease in the diameter which can be observed in the vicinity of the root tip (marked by 
the black arrow). This corresponds to the limit of the instrumentation length in the canal 
and defines the edge of the apical ROI (corresponding to the origin of the y-axis in Fig 5.4). 
Note in panel b the appearance of increased void % corresponding to disruption of the 
material homogeneity by the instruments, forming so-called spreader tracks (marked by 
asterisks, see discussion). A sharp peak (arrowhead) in panel a, corresponds to the position 
where an unfilled lateral canal was found, appearing in this representation as a void. 
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Results

The void distribution along all slices within the different teeth for both 

treatment groups are shown topographically in Fig 5.4. Note that values

above 25 % are truncated for ease of graphical representation. Fig 5.5 plots 

the median void % of the different ROIs of both experimental groups. When 

considering the void%, pooling the 3 ROIs, the SC group exhibited 

significantly lower median void% than the LC group (0.445 [0.168–0.825] 

versus 3.095 % [1.027–5.072] respectively, p = 0.001, r = 0.727). 

Considering each ROI separately (apical, middle, coronal), the SC group 

exhibited significantly less void% than the LC group in the coronal and

middle ROIs (0.254 % [0.052–0.648] versus 1.569 % [0.915–4.643], p =

0.001, r = 0.744 and 0.167 % [0.011–0.223] versus 2.057 % [1.348–4.189], 

p < 0.001, r = 0.811, respectively). In the apical (near root-tip) ROI 

however, the median void% in both groups were not significantly different, 

despite an observed trend for fewer voids% appearing in the SC group 

(0.493 % [0.297–2.213] versus 2.260 % [0.379–8.536], p = 0.096, r =

0.372). Within each group, no significant difference could be detected 

between the median void % of the different ROIs (p > 0.05).
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Figure 5.4 Pseudo 3D representation of the distribution of void/pores along the different roots in the 
(a) SC and (b) LC treatment groups. Note that the void % is plotted along the root treatment length, 
starting at the root tip side, as defined for the ROIs shown in Fig 5.2. The coronal, middle and apical 
ROIs are marked by black lines sketched across all samples. The origin of the y-axis was determined 
by the narrowing of the instrumented canal (see Fig 5.3). Significantly higher void % observed in the 
coronal and middle ROIs for the LC technique. Void % greater than 25 % are truncated for ease of 
graphical representation. 
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Figure 5.5 Box-plot representing the void % with the SC and LC techniques at the different 
ROIs. X-axis: The defined ROI’s at different root canal levels (SC and LC plotted in pairs 
to ease comparison), Y-axis: Median void percentage (%), SC: Single cone, LC: Lateral 
compaction, Horizontal lines with asterisks represent pairs that are significantly different 
with * p < 0.05 and ** p < 0.01. Note that the median value of the SC group of the apical 
ROI coincides with the lower rim of the box.  

Discussion

Our results show a systematic difference between the distribution of voids in 

roots treated by SC and conventional-LC root canal treatment techniques. 

The SC technique exhibits far less porosity. Unfilled zones in the filled root 

are of great concern, as such spaces may lead to regrowth of 

microorganisms or allow their ingression by microleakage (15). Indeed,

several studies have demonstrated an association between the presence of 

voids within the filled root canal and poorer clinical, long-term treatment

outcomes (3). The use of techniques capable of reducing the prevalence of 

empty spaces is therefore a goal for improving root canal therapy outcome.

Clinically, the presence of gaps in root canal fillings is typically determined 

from the radiographic homogeneity of root canal filling biomaterials (16).
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The extent to which endodontic biomaterials are able to be seated and 

occupy the root canal volume has been investigated by a wide array of 

methods ex vivo that have been so far unable to evaluate the sealing ability

of the root canal filling in an objective and reproducible way (1).The use of 

quantitative and objective methods to evaluate the root canal treatment 

biomaterials and thus potentially lead to the improvement of clinical 

outcomes is still in sore demand. µCT is a widely-used imaging tool capable 

of providing high-resolution 3D views of the internal structure of many 

objects (17) and is well suited to visualize and evaluate the root canal filling 

nondestructively (11). Recent years have witnessed an increase in its 

applications to endodontic research although clearly-defined and 

comprehensive 3D analysis protocols are still lacking. While scan energy 

and other settings are easily standardized between different samples and 

treatments, the data processing steps and data interpretation, particularly 

during the quantification processes, may significantly influence the results 

and conclusions of such studies. In the present study, we identified the two 

important structures of interest (tooth material, and filling biomaterials) 

using different scans to maximize contrast and we used the automated Otsu 

method of threshold determination, which is an observer-independent

objective method to obtain reproducible segmentation of both structures of 

interest, separately. Otsu’s algorithm finds the threshold that separates 

pixels into two classes in such a way that it minimizes the ‘intraclass

variance’ (18) typically separating two different distributions of gray values. 

The method basically automatically finds the value separating two different 

densities in the images and can therefore be considered as highly 

standardized and observer independent. In comparison, a visual threshold 

assignment may be considered highly subjective (19). Further alignment of 
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the 3D datasets by digital image correlation made it possible to directly 

compare the different zones of each tooth at micrometer resolution. One 

particularity of the present study is the method used to accurately select and 

compare identical ROIs in different teeth. Selecting the outer (physically 

visible) root tip(apex) as a reference point for comparison would bias the

results because of the variability of the anatomical location of the root canal, 

ending somewhere on the apex surface (20). Furthermore, the geometric 

variability of the root canal anatomy at the apex complicates any attempt to 

reproducibly define a standard reference point among different samples and 

even more between different studies, when considering the high resolution 

measurements provided by µCT (19). To allow comparison between teeth 

with different treatments, we thus selected ROIs that matched the internal 

specimen anatomy, based on precise canal geometries. The diameter of the 

instrumented root canal measured along the whole sample length facilitated 

discrimination of the untreated tooth region from the treated one. As is 

required for standard-of-care preparation procedures for root canal therapy, 

the working length is slightly shorter than the canal length and hence no 

tooth-material removal takes place beyond this length (near the root tip) 

such that a sharp reduction in canal diameter is expected and is indeed 

observed (Fig 5.3, black arrows). Our study thus goes well beyond classical 

material distribution studies comparing slices obtained at fixed distances 

from the tooth apex (21), as it facilitates analysis of the exact same ROIs 

between different samples and guarantees unbiased comparisons of the 

treatment groups. Future studies using such a methodology will promote 

inter-study comparability. To our knowledge, the present study is the first to 

compare the SC and LC methods using the same sealer by means of µCT 

analysis. Previous studies have shown that the SC technique provides a 
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filling result equivalent to thermoplasticized filling techniques (22, 23) 

while the LC technique on the other hand is unable to fill the root canal as

effectively (21, 22). In the present work, a calcium silicate sealer was used

with both treatment methods. Calcium silicate cements are thixotropic 

pseudo-plastic materials with relatively low viscosity (24). They have 

therefore good flowing properties, particularly when delivered at relatively 

rapid rate. The placement of a tapered gutta percha cone prior to sealer 

setting results in hydraulic displacement of the sealer toward the confines of 

the root canal system. The LC method requiring the repeated insertion of a 

spreader instrument that compacts the endodontic biomaterials in the canal, 

further displaces the sealer and, according to our findings, increases the 

percent-age of voids rather than improving the seal. Interestingly, the effects 

of compaction in LC can graphically be identified as periodic spreader 

tracks, appearing as peaks along the void % plots (Asterisks (*) marked in

Fig 5.3b). These tracks are thus produced as a result of conventional LC 

treatment, presumably degrading the filling quality, and merit revisiting this 

treatment approach, so as to improve its outcome. A larger volume of sealer, 

as was used in the present study, has been advocated with the SC technique 

in order to fill all the interfacial spaces between the cone and the canal walls 

(25). Noteworthy is the exquisite homogeneity of the filling material 

distribution along the root in the SC group, as compared to the LC group.

The 3D data provided by µCT is an ideal approach to observe this 

difference. The LC technique demonstrated significantly more void % than 

the SC method in the main part of the root (coronal and middle ROIs) and 

hints to this same trend in the apical ROI, although the void % was not

statistically significantly different (p = 0.096) between the two techniques.

Previous findings have indeed shown that a higher percentage of the root 
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canal space can be filled by LC in round geometries as compared to oval 

ones (26) and that root canals tend indeed to be more circular in the apical 

region (27). While a larger sample size might demonstrate a statistically 

significant difference between the LC and SC methods, both methods reveal 

voids near the tooth root apex and hence the apical region of the filling 

remains a shortcoming of root canal treatment, requiring further 

improvement (see Figs 5.3 and 4). The apical zone of the root canal is 

notorious for having an irregular anatomy which is a serious limitation of all 

current cleaning and filling strategies during root canal treatment. Canal

branching and ramifications are frequent (28) and branching creates ‘side-

canals’, (see video (b) in Supplementary material), that serve as hubs where 

microorganisms can grow and lead to chronic inflammation. It is therefore 

essential to further develop filling strategies with high sealing ability of the 

apical region, in order to entomb the microorganisms remaining after the 

shaping and disinfecting procedures. Our findings clearly demonstrate the 

superiority of the SC technique on LC in its ability to volumetrically fill the 

root canal space. Further studies need to evaluate the impact of the present 

findings on the long term outcome of root canal therapy.

Conclusions

The present study compares the void% associated to SC and LC root canal 

filling techniques with gutta percha and a commonly-used calcium silicate 

cement sealer. Our findings are based on 3D data with 10 µm voxel size, 

obtained from each sample both before and after treatment and analyzed

with an observer-independent, reproducible image-analysis protocol. The 

void% associated with the LC technique was found to be significantly 

higher than with the SC technique. Within the limitations of the present 
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study, the SC filling technique can thus be regarded as a superior alternative 

to the commonly used LC filling technique, suggesting that the current gold 

standard needs to be reconsidered by dental practitioners.
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vivo
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Abstract

Introduction This study evaluated the integrity of fillings made with hygro-

expandable cones (HEC) known commercially as ‘Cpoint’ or ‘Smartpoint’, 

and calcium silicate sealer, used as root canal filling materials. 

Methods Fourteen human canines with a single straight root canal were 

prepared according to a standardized, conventional endodontic treatment 

protocol and filled with the HEC/calcium silicate sealer. 3D imaging was 

performed with a laboratory microCT (µCT) at its highest resolution and 

was compared with synchrotron phase contrast-enhanced µCT (PCE-CT) 

scans of the treatment extending 1 to 7 mm from the apex. A conventional 

‘destructive’ method using optical microscopy validated observations in 

virtual slices in the tomographic data. 

Results Conventional laboratory µCT at 10 µm resolution did not reveal the 

existing voids and defects within the root canal fillings. PCE-CT revealed 

elongated interfacial delamination localized mainly at the HEC-sealer 

interface forming extended through-and-through gaps along the root canal 

filling. 

Conclusions Endodontic studies using conventional laboratory µCT may 

underestimate thin defects and delamination within root canal fillings made 

with HEC due to limited resolution and contrast of the lab-based broad-

spectrum with low intensity X-ray sources. These limitations favor use of 

high-brilliance, monochromatic synchrotron based PCE-CT to reveal the 

important micrometer details within large (mm sized) samples. PCE-CT 

revealed the existence of a range of significant structural defects in the 

recently placed HEC fillings, which was confirmed by optical microscopy 

following physical sectioning. Substantial delamination spanning 20-40% of 
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the circumferential interface as well as other structural defects were 

identified within root canal fillings made of HEC and calcium silicate sealer.  

Introduction

There is concern about some root canal filling compaction techniques, that

may lead to mechanical stress (1) resulting in irreversible damage to root 

dentin, e.g. by root fracture (2). Filling materials and techniques that do not 

require significant compaction forces are therefore desirable and are the 

focus of a new class of materials introduced recently into clinical 

endodontic use. An example is the Propoint system (DRFP Ltd., Barnack, 

Stamford, UK), also commercialized as the Cpoint system (Endo 

Technologies, LLC, Shrewsbury, MA, USA) and which consists of hygro-

expandable cones (HEC) made of a nylon carrier coated by a hydrogel of 

copolymers of acrylonitrile and vinyl pyrrolidone (3). Allyl methacrylate is 

used for crosslinking the copolymers, reducing the dissolution of the 

hydrogel and stiffening it while limiting water absorption. The hydrophilic 

nature of the cross-linked hydrogel promotes water absorption with the 

result that after placement, the filling undergoes gradual swelling. The 

Propoints are currently recommended for endodontic use with a calcium 

silicate-based root canal sealer such as EndoSequence® BC SealerTM

(Brasseler USA, Savannah, GA, USA) or Smartpaste Bio (DRFP Ltd., 

Barnack, Stamford, UK). Calcium silicate sealers are hydraulic cements that 

require water for setting (4). Both the HEC and the calcium silicate sealer 

may thus benefit from the moisture that is permanently present within dentin 

in teeth in the oral cavity. The use of a swelling polymer in conjunction with 

a hydraulic cement for root canal treatment is thought to produce a 
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functional filling, capable of adapting to the internal root morphology 

attaining a good seal.  

The dynamics of HEC expansion has been investigated in vitro revealing 

significant swelling within the first 20 minutes after immersion in water (3), 

considered to represent the maximal expansion capacity of HEC. Adaptation 

to the internal canal structures as well as closure of internal gaps is thus one 

huge potential advantage of these materials. Whether adaptation and shape-

change of the fillings is reversible or not, is still unknown. Previous research 

has pointed to antagonism between materials with affinity for water, when 

such materials were juxtaposed (5). 

Laboratory source microcomputed tomography (µCT) is capable of 

providing high-resolution three-dimensional non-destructive images of the 

internal structures of objects (6). Recent years have witnessed an increase in 

the utilization of µCT in endodontic research (7-9), with applications such 

as visualization and quantification of the distribution of porosity in 

conventional root canal fillings (9). However, a previous study has 

questioned the ability of laboratory-based µCT to clearly reveal the voids 

related to specific root filling materials (10). Phase contrast enhanced 

microCT (PCE-CT) is a form of µCT that utilizes radiographs produced by 

laser-like (partially coherent) X-rays, typically found in synchrotron 

radiation facilities. Interference patterns therein enhance edges (11), 

revealing voids and gaps in internal structures such as root canal fillings that 

are often undetectable by conventional µCT (10). 

The aim of the present study was twofold: 1. To study the structural 

integrity of HEC fillings several weeks after placement, specifically 

examining the interface between the material and the sealer. 2. To compare 
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the 3D data generated by a widely-used laboratory-µCT system, with PCE-

CT and validated by destructive, 2D optical microscopy. 

Materials and Methods 

Specimen selection 

Fourteen maxillary and mandibular human canines were stored in thymol 

0.1% at room temperature. Criteria for tooth selection included the absence 

of visible root caries, lack of signs of resorption/root fracture/calcifications 

of the root canals as well as a complete (fully formed and undamaged) root 

tip anatomy. The presence of a single straight root canal was confirmed by 

bucco-lingual and mesio-distal radiographs. Canals with pronounced ovality 

(diameter ratio > 2) were excluded. The tooth crowns were removed to 

standardize the root lengths to 14 mm. 

Root canal preparation: instrumentation and irrigation 

An ISO 10 K-file (Dentsply Maillefer, Ballaigues, Switzerland) placed 

inside each canal was used to determine the working length, about 1 mm 

short of the full root length. The canals were instrumented to a size 40, taper 

0.06 using Mtwo nickel-titanium files (VDW GmbH, Munich, Germany). 

The canals were repeatedly irrigated with 2% NaOCl (Denteck, IL 

Zoetermeer, the Netherlands) during instrumentation. At the end of the 

preparation, 3 mL of 17% EDTA solution (Vista dental products, Inter-med 

Inc., Racine, WI) was delivered and left in place for 3 min before flushing 

with 2% NaOCl. A size 25 stainless-steel tip was used for ultrasonic 

activation (IrriSafe, Acteon, Merignac, France) for 3⨉10 s while flushing 

the canals with NaOCl between each activation phase (12). A final rinse 

with distilled water was followed by brief blotting with paper points. 
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Root canal filling  

Smartpaste Bio was injected in the root canal to about 4 mm short of the 

working length. The plunger of the syringe was pressed while slowly 

withdrawing the tip from the canal. A single size 40, 0.06 taper Propoint, 

previously adjusted to the length of the canal (SmartGauge, 

EndoTechnologies LLC, MA, USA), was fitted along the full preparation

length. The coronal access was sealed by a bonded composite (Clearfil and 

DC Core, Kuraray, Tokyo, Japan). The roots were then stored at 37°C and 

100% humidity for 10 days. All teeth were then moved to sealed vials 

containing water at room temperature. Imaging was performed at least 3 

weeks after treatment, assuming complete setting of the sealer.  

Laboratory µCT imaging 

10 specimens were mounted on custom-made stubs fitting a standard 

phantom-calibrated laboratory µCT (Scanco 40 μCT, SCANCO Medical 

AG, Brüttisellen, Switzerland). The specimens were immersed in phosphate 

buffered saline during scanning. Each specimen was imaged using a 10 μm 

resolution with 300 ms acquisition time, an energy of 70 kV (114 μA) and a 

0.5 mm aluminium filter. Standard reconstruction was used employing 

routine beam hardening correction provided by the manufacturer (SCANCO 

Medical AG, Brüttisellen, Switzerland). 

Phase-contrast enhanced microtomography (PCE-CT) 

Several weeks after treatment, four other specimens were scanned by PCE-

CT using the Helmholtz-Zentrum Geesthacht operated, partial-coherence, 

P05 imaging beamline of the Deutsches Elektronen-Synchrotron (DESY), 

Hamburg, Germany. An energy of 35 keV was used, and 1000 radiographs 
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were obtained by rotating each sample 180° on its axis. An imaging system 

with an effective pixel size of 2.41 μm was used situated 50 mm behind the 

sample, for phase contrast-enhancement. Due to the limited field of view, 

imaging was restricted to the root regions extending 1~7 mm from the apex. 

All data were normalized and reconstructed conventionally into slices along 

the root axis (NRecon, Bruker CT, Kontich, Belgium). 

HEC-sealer interface delamination quantification 

Virtual slices were selected every 100 µm along the four PCE-CT scans, 

each representing ~2.4 μm thick sections across the root. Wherever a clear 

gap was observed in multiple consecutive slices, the length of delamination 

was measured and normalized to the total perimeter of the HEC-sealer 

interface. Measurements were performed along the filling axes by analyzing 

stacks of reconstruction slices using Fiji V2.0.0 (13) and delamination was 

expressed as “interfacial gap percentage”. In total, 62 slices were analyzed 

manually by a single observer (ATM). The data were pooled to produce 

histograms of “interfacial gap percentage” that show the prevalence of 

different degrees of delamination along the filing. Descriptive statistics are 

reported as median with interquartile range. Statistical analysis was 

performed with SPSS V22.0 (SPSS Inc., Chicago, IL). 

Validation of gap presence 

Two specimens initially scanned by PCE-CT and exhibiting delamination 

(interfacial gap), were scanned by laboratory µCT (Skyscan 1172, Bruker-

CT, Kontich, Belgium), to aid in sample preparation for light microscopy. 

The physical existence of gaps observed in the HEC fillings was identified 

in several slices cut in root segments embedded in quick-set poly-methyl-
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methacrylate (Bosworth Trim, Bosworth, Skokie, IL). Root slices were 

obtained using a slow speed water-cooled diamond wheel (Isomet Buehler 

LTD, Lake Bluff, IL) followed by gentle grinding and polishing, as 

previously described (10). Optical images were obtained using a Leica 

DVM2500 multi-focus light microscope (Leica Microsystems, Wetzlar, 

Germany).

Results 

Filling architecture 

PCE-CT reconstructions revealed exquisite details within and around the 

fillings, as shown in renderings of 3 different roots in Fig 6.1.

The virtual slices along the filling axis further revealed the nylon core 

(marked C) the hydrogel layer (H), the sealer (S) and dentin (D). Many 

regions exhibited a clear delamination line within the filling, all along the 

H-S interface. The filling layers can also be identified in cross-sectional 

reconstructions at a resolution of 10 µm (see Supplementary information Fig 

6.S1) appearing to completely seal the treated canal space. Thus the 

conventional lab µCT reveals the overall geometry and adaptation of the 

fillings, but not subtle defects.



Phase contrast-enhanced µCT evaluation of water-expandable root canal fillings
 

133 
 

 
Figure 6.1: Renderings of 3 different HEC filled roots scanned with PCE-CT. The lower 
right image is a 2D slice along one of the teeth demonstrating the continuity of
delamination between the sealer and polymer sheath of the filling (arrow). The different 
layers of the filling obtained with the HEC and calcium silicate sealer are clearly 
distinguishable (lower right panel: C: nylon core, H: hydrogel, S: calcium silicate sealer, 
D:dentin). The yellow arrow points to a delamination running corono-apically.
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Supplementary Figure 6.1: Typical (10 µm) lab µCT reconstruction slices exhibiting 
limited contrast in zones of the fillings. Dark shadows provide hints to the existence of 
damage in the fillings (arrows). 

Defect observations 

PCE-CT-based reconstructions reveal, in addition to the materials 

comprising the filling, a host of different radiolucent geometries 

corresponding to defects within the filled root canals. We found four 

different types of defects/discontinuities within the HEC fillings. These are 

shown in Fig 6.2 and include large-scale delaminations, internal gaps/voids, 

tears in the hydrogel and voids/bubbles in the sealer layer. 
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Figure 6.2: HEC filling observations by PCE-CT in cross sections (a) Filling zones and 
delamination (arrow) observed between the HEC and the calcium silicate sealer. The 
different layers of the filling materials (C, H, S) are clearly distinguishable, D 
corresponding to dentin. Other types of defects were also observed. These include: (b) 
gap/rupture within the hydrogel layer (arrow), (c) tearing within the copolymer layer 
(arrows) associated with a non-uniform misalignment of the nylon core perimeter 
(arrowheads). (d) voids within the calcium silicate sealer (arrow).

Gaps at the H-S interface (Fig 6.1 inset, Fig 6.2 a) appear as continuous 

delamination extending tens to hundreds of µm in many regions of the 

fillings. A typical example of this delamination is shown in Fig 6.2a and a 

schematic representation is given in Fig 6.3a. The results of “interfacial gap 

percentage” were converted into distributions of gaps found within the 

apical 5 mm regions of the 4 PCE-CT imaged teeth. These are plotted in Fig 

6.3b. The median interfacial gap percentage is 22.5% [with an interquartile 

range of 0-32%]. Curiously, one of the treated teeth did not demonstrate any 
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interfacial gap. However, close inspection revealed a myriad of other types 

of defects including hydrogel tearing and internal structural disruptions (Fig 

6.2. b, c, d). 

Figure 6.3: (a) Schematic representation of the different layers of HEC filled roots and a 
typical delamination. (b) Histograms representing the frequency of interfacial delamination 
percentages in HEC root fillings by PCE-CT. Root 3 did not exhibit any interfacial 
delamination but did contain significant signs of damage by other types of defects (see Fig
6.2 a, b).

Validation of HEC voids revealed by PCE-CT 

Gaps revealed by PCE-CT were also observed by microscopy and by direct 

comparison with observations by careful examinations of laboratory µCT 

rescans (Supplementary Fig 6.S2). The renderings presented in Fig 6.S2 

demonstrate limitations of laboratory µCT in providing a reliable 
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morphological characterization of the different layers and interfaces present 

in roots filled with the HEC.

Discussion 

The results of this study raise concerns regarding integrity of HEC root 

canal fillings. HEC filling materials were developed because of their ability 

to expand and change shape when in contact with water. The extent of 

hygroscopic expansion of this material was demonstrated by Didato et al. 

(3) using HEC cones that were fully immersed in water. Whether the 

environment provided by coronally sealed root canals in vivo allows such 

expansion is not clear. In the present study, delamination between the cone 

and the sealer, as well as other structural defects such as tearing of the 

hydrogel were clearly observed in 3D in most although not all regions of the 

fillings. Hydrogels usually contain a network of crosslinked polymer chains

(14) and it is known that uncontrolled expansion may ultimately lead to the 

rupturing of such hydrogels (15, 16) resulting in defects similar to those 

observed in one of the HEC specimens in the present study. A previous 

study evaluating the behaviour of a calcium silicate material placed against 

glass ionomer cement suggested that water was drawn away from the 

calcium silicate towards the glass ionomer (5).  
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Supplementary Figure 6.2: Cross section of HEC root canal fillings with different 
imaging modalities. a) a cross-section of a root canal filled with the HEC and calcium 
silicate sealer visualized under optical microscopy. The different layers comprising the 
filling can barely be discerned visually because of low colour contrast: (C) Central core of 
nylon, (H) hydrogel, (S) calcium silicate sealer, (D) dentin. A gap is observed between the 
hydrogel and the calcium silicate sealer (yellow arrow). b, c) Comparison of an example of 
identical (b)  optical and (c) X-ray tomography (at 10 µm resolution) cross-sectional images 
of a HEC and calcium silicate sealer root canal filling. d,e) Same specimen location, 
scanned by lab CT at (d) 10 µm effective pixel size (Skyscan 1172 microCT scanner, 
similar settings as used in the SCANCO scans) (e) PCE-CT (P05, Petra III, DESY) at 2.41 
µm effective pixel size, demonstrating increased contrast and detail due to some phase 
contrast-enhancement. An interfacial gap (white arrow) that is barely detectable by 
laboratory µCT can clearly be delimited by PCE-CT is clearly identifiable Gaps and voids 
are far easily identified and quantified.
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In the case of HEC fillings, we cannot rule-out the possibility that water 

present within the hydrogel may be extracted by the calcium silicate sealer 

causing hydrogel shrinkage and delamination (Fig 6.2a, d). Excessive water 

uptake by the hydrogel might, in other cases, provoke tearing defects similar 

to those observed in one of the specimens (Fig 6.2b, c). Either way, further 

work is needed to understand the causes for delamination and tearing that 

we observed in multiple HEC fillings.  

Laboratory µCT examinations allow imaging of root canal fillings non-

destructively however contrast differences between the root canal filling 

materials and dentin (10) remain a challenge. Enhanced contrast and higher 

resolution are needed to characterize small voids and porosity/damage in 

root canal fillings with low-density (e.g. polymer-based) materials such as 

HEC. We observed that the same root scanned with laboratory µCT at 10 

µm and using PCE-CT at 2.41 µm revealed different detail due to the higher 

spatial and density resolution. PCE-CT could thus clearly demonstrate gaps 

that were almost invisible using 10 µm settings. This illustrates the 

limitation of conventional laboratory µCT for the analyses of specific types 

of root canal fillings. Defects, which were identified in 3D tomograms, were 

also confirmed by optical microscopy following physical sectioning of 

representative samples. However a limitation of such destructive methods is 

that sample preparation may be causing the observed damage. Similar to 

other tomographic methods, PCE-CT does not require sample slicing or 

polishing, an advantage for studying root filling structures. 

It is important to note that PCE-CT imaging has limitations, and in

particular phase contrast-enhancement may result in strong artefacts. It is 

also difficult to gain access to the needed synchrotron X-ray sources and 

such imaging experiments require extensive and non-trivial processing and 
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computations. Still it appears essential to use such methods to elucidate the 

small density differences and poor contrast that exist between the HEC 

hydrogel and voids.  

In conclusion, this work reveals the existence of significant defects, 

observed in root canal fillings made with HEC (Cpoint/Prosmart) and a 

calcium silicate sealer. Such defects are not easily detectable by 

conventional laboratory µCT. A better understanding of the behaviour of 

these materials in the root canal environment is necessary in order to 

improve their clinical and long-term performance. 
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Abstract

Objective The aim of this study was to characterize and assess the 

interaction of EndoSequence BC RRM-putty in contact with blood and 

simulated body fluid. Tricalcium silicate-based materials are in contact with 

blood and tissue fluids during and after their setting. These materials are 

hydraulic thus their properties improve in moist conditions. However, 

specific environmental conditions may modify the material setting. 

Methods EndoSequence BC RRM-putty was characterized by scanning 

electron microscopy, energy dispersive spectroscopy and X-ray diffraction

analysis. This was done before setting and after contact with water, Hanks 

balanced salt solution (HBSS) and heparinized whole blood. Furthermore 

characterization of an explanted material from a failed root-end surgery was 

performed.

Results The EndoSequence BC RRM-putty was composed of tricalcium 

silicate, tantalum oxide and zirconium oxide. The tricalcium silicate reaction 

led to the formation of calcium hydroxide and this was evident over the 

putty in contact with water and HBSS. In the latter there was also the 

formation of globular crystals synonymous with hydroxyapatite formation. 

The material in contact with blood exhibited a poorly crystalline surface 

with additional peaks for calcium, phosphorus and chlorine while the 

material retrieved from the failed root-end surgery had deposition of 

calcium carbonate on its surface.

Conclusions The environmental conditions affect the hydration of the 

EndoSequence RMM-putty and consequentially the material interaction 

with the environment. However, in vitro material assessment may not be 

representative of the clinical situation because the carbon dioxide present in 
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vivo leads to the formation of calcium carbonate rather than the 

hydroxyapatite reported in in vitro studies.

Introduction 

Materials based on tricalcium silicate (TCS) are hydraulic as they have the 

ability to set in the presence of moisture (1). This property is very well 

recognized for Portland cement used in the construction industry and was 

thus behind the inception of mineral trioxide aggregate (MTA) which was 

introduced as a root-end filling material for this purpose (2). Recently 

developed materials are based on tricalcium silicate cement. One 

particularity of TCS-based materials is their potential to express bioactivity, 

which is considered as a surrogate for bone-bonding ability (3). Several 

studies have evaluated the ability of different TCS-based materials used in 

dentistry to precipitate apatite onto their surface when immersed in 

simulated body fluid (SBF) (4-6). However, immersion in SBF represents a 

situation that may be far from the clinical reality in which the material 

comes concomitantly into contact with fluids such as blood plasma, 

irrigation and body fluids. Therefore, it seems fair to question whether such 

an environment could effectively promote the hydration of the material and 

ultimately its bioactivity.

EndoSequence BC RRM-putty (ERRM) (Brasseler USA, Savannah, GA, 

USA) is a TCS-based material that is commercialized as a root repair

material that can be used for perforation repair, resorption repair, root-end 

closure procedures, pulp capping and retrograde filling material during 

surgical procedure (7). It is available in paste or putty consistency and the 

manufacturer claims that it has osteogenic potential.
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The aim of this study was to characterize and assess the interaction of 

ERRM in contact with heparinized blood and SBF and thus evaluate 

whether the particular environments effect the hydration and bioactivity of 

the material.

Materials and methods

ERRM regular set was investigated. One sample of the material was 

retrieved from a failed root-end restoration after having been in function for 

6 months. The other groups tested included unset putty and putty immersed 

in water, Hank’s balanced salt solution (HBSS, H6648, Sigma Aldrich, St. 

Louis, MO, USA) and whole heparinized blood for a period of 28 days at 

37°C. The solutions were refreshed daily. 

Retrieval of material from failed root-end restoration 

A 33 year-old female patient was seen in consultation with chief complaint 

of pain with chewing and a sinus tract buccal of tooth #8 (Fig 7.1a). The 

tooth was painful on percussion and palpation. The mobility and probing 

depths recorded were within normal limits. A periapical radiograph revealed 

a radiolucency at the apical third of tooth #8 (Fig 7.1b) that had been 

microsurgically treated 6 months earlier because of persistent apical 

periodontitis after conventional root canal treatment. Briefly, the root tip had 

been resected, 3 mm retro-prepared and retrofilled with ERRM putty. 

According to the patient, a sinus tract appeared shortly after the surgical 

treatment. At this point and after discussing all alternative treatment options, 

the patient opted for a new surgical retreatment. 

The root-end filling material was retrieved following a submarginal incision 

and raising a mucoperiosteal flap to expose the previously resected root tip 
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(Fig 7.1c). The previous apical retrofilling was carefully removed using an 

ultrasonic tip (Apical Surgery set; Satelec, Mérignac, France) and was 

sealed in a container and placed in a carbon dioxide-free environment. The 

tooth was retrofilled again and the flap sutured in place. 

Material characterization

The ERRM putty was characterized by X-ray diffraction (XRD), scanning 

electron microscopy (SEM), and energy-dispersive spectroscopy (EDS). 

The fresh putty was shaped into diskettes 5 mm in diameter with a 1-mm 

height. One group was tested without any further preparation. The materials 

stored in water, HBSS and heparinized blood were first removed from the 

soaking solution. All the subgroups with set materials including the 

explanted putty were dried in a vacuum desiccator in a carbon dioxide-free 

environment. XRD analysis was performed first because this was a non-

destructive technique. This was followed by SEM and EDS analysis.

XRD

Phase analysis of materials was performed using a Bruker D8 diffractometer 

(Bruker Corp., Billerica, MA, USA) with Co Kα radiation (1.79A˚). The X-

ray patterns were acquired in 2θ (15–45°) with a step of 0.02° and 0.6 

seconds per step. Phase identification was accomplished using search match 

software using the ICDD database (International Centre for Diffraction 

Data, Newtown Square, PA, USA).

SEM and EDS Analyses

The samples were mounted on aluminum stubs, carbon coated, and viewed 

with a scanning electron microscope (Zeiss MERLIN Field Emission SEM, 
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Carl Zeiss NTS GmbH, Oberkochen, Germany). Scanning electron 

micrographs of the material microstructural components at different 

magnifications in secondary electron mode were captured and EDS was 

performed.

Results

The scanning electron micrographs, EDS and XRD analyses of the unset 

putty and the putty exposed to different environmental conditions are shown 

in Fig 7.2. The unset putty exhibited a smooth surface topography. EDS 

analysis showed peaks for calcium, silicon, oxygen, tantalum, and 

zirconium with minor peaks for sodium and sulphur. XRD analysis showed 

the phases present, namely monoclinic tricalcium silicate (ICDD: 00-049-

0442) with the main peaks at 29.30, 32.13, 32.46, 34.28°2θ. Zirconium 

oxide (ICDD: 00-037-1484) with the main peaks at 28.17, 31.47°2θ, and 

tantalum oxide (ICDD: 01-081-8067) at 22.83, 28.26 and 36.64°2θ were 

also present. 

Specimens in contact with water exhibited a smooth surface topography 

with clusters of elongated crystals, which exhibited peaks for calcium and 

oxygen and were identified as calcium hydroxide (ICDD: 00-004-0733) 

with the main peaks at 18.09 and 34.09°2θ. The material soaked in HBSS 

exhibited similar calcium hydroxide deposits in addition to globular deposits 

over the material surface shown in the high-power micrograph of the 

material surface. The globular deposits are typical of hydroxyapatite. 
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Figure 7.1: Scanning electron micrographs, EDS analysis and XRD scans of Endosequence 

BC RRM putty exposed to various environmental conditions showing the deposition of 

crystalline structures on the materials surface (CC: calcium carbonate, CS: calcium silicate, 

CH: calcium hydroxide, TO: tantalum oxide, ZO: zirconium oxide).

The specimens in contact with whole blood were discolored. The surface 

had a dark brown/black colour after removal from the blood. Globular 

surface deposits with peaks of calcium, phosphorus, and oxygen and minor 

peaks of chlorine, sodium, magnesium, and potassium were present. The 

material surface deposit was amorphous as seen by the lack of specific 

peaks present on the XRD scan.

The specimen retrieved from the patient with the failed root-end surgery 

exhibited surface deposits. EDS analysis of the material’s surface exhibited 

peaks predominantly for calcium oxygen, and carbon with the presence of 

silicon, chlorine, sodium, and zirconium. The XRD plot exhibited peaks that
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did not coincide with the main peaks exhibited by the unset material. The 

peaks were identified as calcium carbonate (ICDD: 01-080-2809). 

Figure 7.2: Clinical and radiographic findings of the failed root-end filling case; A: 

persistent sinus tract; B: preoperative radiograph demonstrating the presence of a periapical 

radiolucency; C: view of the previously treated apical third after flap reflection.

Discussion

The unset ERRM was composed of tricalcium silicate, tantalum oxide, and 

zirconium oxide. This was verified in the EDS analysis showing the 

elemental composition and XRD plots which gave the crystalline phases. 

The manufacturer indicates that the material is composed of both calcium 

silicates and calcium phosphate monobasic, which makes the material a 

biphasic cement (7). The presence of phosphate was not shown on the EDS 

analysis and XRD scans. The phosphorus peak coincides with the zirconium 

peak in EDS analysis; thus, it is difficult to distinguish between the 2

elements using this testing methodology. This limitation of testing 

methodology has already been reported for EndoSequence BC Sealer (8) 

and other materials containing both phosphate and zirconia additives (9). 

The phosphate phase could not be identified by XRD, thus indicating that it 

is either present in low amounts or it is amorphous and thus not detected by 

XRD.
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The setting of the material in water led to the release of calcium hydroxide, 

which is reported for all TCS-based materials (10). The setting in HBSS and 

whole blood also showed the precipitation of amorphous deposits 

corresponding to calcium phosphate. Amorphous calcium phosphate is 

known to be a precursor of apatite. Depending on whether CO3
- groups 

replace the OH- or PO4
3- groups, the resulting apatite will be either α- or β-

type apatite, the β-type carbonated apatite corresponding to that found in 

osseous tissues (11). A material capable of precipitating carbonated apatite 

on its surface would be considered as potentially bioactive, having the 

potential to create a bond with bone. The precipitation of apatite crystals or 

even calcium phosphate on the surface of biomaterials immersed in SBF has 

indeed often been considered as a proof of their bioactivity (4, 5, 12). 

Current methods for investigating the so-called bioactivity of endodontic 

materials consist in immersing them in SBF for a relatively long period of 

time and observing the precipitation of these crystals on the material surface 

and/or at its interface with bone or dentin, as was done in the present study. 

However, this is setting aside the fact that SBF are metastable systems that 

precipitate apatite crystals to reach thermodynamic stability (13). The 

detection of these crystals in these in vitro models as a surrogate for 

bioactivity is questionable, and the role of environmental factors, such as 

temperature, pH, carbon dioxide partial pressure, and agitation, has often 

been overlooked as reported by several authors (11, 14, 15). Also, the ratio 

of the specimen surface area to the volume of the SBF solution could affect 

the tendency to form apatite and/or calcite. This ratio will influence the 

availability of the phosphorus and therefore the formation of apatite (16).

The concentration of carbonate ions in the solution is correlated to the 

environmental carbon dioxide, and will influence the carbonation of the 



Chapter 7

154 
 

apatite by replacing phosphate or hydroxyl ions (14). Also, the increase in 

pH resulting from the hydroxyl ions release, could provoke a 

supersaturation (which will favor apatite nucleation. This is typically 

observed when pH ≥ 7.65 for SBF with ions concentration close to that of 

human blood plasma (11). Therefore, it is important to realize that the local 

increase reached in vitro with samples immersed in SBF solutions in static 

conditions could result in hydroxyl ions saturation, provoking a local 

increase in pH and the subsequent apatite nucleation. 

The specimen retrieved from the surgical site was covered by crystals rich in 

calcium, which were identified as calcium carbonate by XRD analysis.  

Calcium carbonate is the result of the reaction between released calcium 

hydroxide and environmental carbon dioxide (14). Calcium carbonate is 

frequently observed on the surface of phosphorus-free glasses immersed in 

SBF, has the ability to make direct contact with bone, and will influence the 

ability of the material to form apatite (17). Calcium carbonate can also 

coexist with a Si-, Ca- and P-rich layer (18). Whether calcium carbonate is 

formed or not is dependent on the HCO3
-/CO2 equilibrium in vitro (14). In 

the present study, only the in vitro models revealed the formation of an 

apatite precursor, namely calcium phosphate. This could be explained by the 

availability of the phosphates ions and their stagnation for the samples 

tested in vitro as well as the HCO3
- concentration of the testing media. The 

interactions with the body environment in vivo are overlooked in the current 

in vitro models. Such interactions are the contact with the blood in 

physiological context, the adsorption of biological molecules onto the 

surface of the material, and the migration of mesenchymal cells at the 

wound site and their potential attachment to the material via protein 

mediation (19). Further interactions occurring in vivo when grafting the 
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material on tooth structure are the loading of the material, its fatigue, and

changes in the surrounding tissues (e.g. bacterially-induced periapical 

inflammation) (20). All these interactions are not evaluated in the settings of 

the current in vitro models and could account for the differences observed 

between the in vitro results with the samples immersed in the different 

media and the sample retrieved from the patient. 

The current study also investigated the effect of blood on material hydration.

No calcium hydroxide peak was detected on the material in contact with 

blood as opposed to that observed with the putty in contact with water and 

HBSS. This is in accordance with previous studies investigating the 

hydration of MTA in contact with blood in which blood contamination was 

shown to result in the absence of calcium hydroxide crystals and reduction 

in formation of ettringite, both of which are by-products of hydration of 

Portland cement (21). In the latter study, the absence of calcium hydroxide 

was interpreted to indicate lack of hydration. However the calcium 

hydroxide may have reacted to form other phases, which may not 

necessarily be easily identified on XRD analysis due to their amorphous 

nature as is indicated in the current study. Investigation of hydration of 

tricalcium silicate cement in water and HBSS showed that hydration was 

similar to that of Portland cement (22) and corroborates the present findings 

that the presence of blood both in vitro and in vivo (clinically) modified the 

setting and reaction kinetics of the materials. 

Based on the present findings, the clinically placed ERRM neither exhibited 

any bioactivity nor led to a successful outcome. However, no conclusion can 

be drawn on a single case, and more research is necessary to evaluate and 

understand the observed difference between in vitro and in vivo tests for this 

material.
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Conclusions

TCS-based materials are hydraulic, and the material properties improve in 

the presence of water. The environmental conditions affect the material 

hydration and consequentially the material interaction with the environment. 

Calcium phosphate-type deposits were observed on the EndoSequence 

RMM-putty in blood and HBSS in vitro, but the formation of calcium 

carbonate was detected in the in vivo case. In vitro material assessment may 

not be representative of the clinical situation. 
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Chapter 8

General discussion and summary

CONTEMPORY ROOT CANAL FILLING 

STRATEGIES
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Filling the root canal space effectively is a challenging procedure. 

Filling materials interact concomitantly with each other and with

intraradicular dentin. Also, the filling technique influences the distribution 

and behaviour of the filling material inside the root canal (Camilleri 2015, 

Moinzadeh et al. 2015a). The complexity of all these interactions can affect 

the ultimate performance of the root canal filling. The present thesis 

addressed the performance of contemporary root canal filling strategies,

including novel materials and alternative filling techniques, by a panel of 

laboratory tests. We were interested in techniques that could easily be

implemented, from a technical point of view, in clinical practice while being 

innocuous to radicular tissues. Particular attention was also given to specific 

methodological aspects of the laboratory tests that were used.

Nowadays, the launching of newly developed root filling materials 

together with enthusiastic advertising campaigns for their promotion has 

become a trend in dentistry. Clinically, it has been so far impossible to claim 

the superiority of any specific material or filling technique. Laboratory

research can be considered as important and necessary for rapidly screening,

and understanding the behaviour of new filling materials and techniques.

Even though direct extrapolation to therapeutic outcome should be exercised 

with care, the obtained information could still be useful to clinicians when 

clinical trials are lacking. For instance in laboratory tests, it is assumed that 

a filling with adequate sealing properties will hinder microorganisms from 

penetrating the periradicular tissues in vivo and therefore, will reduce the 

likelihood of microbe-induced inflammation. While this assumption seems

reasonable, others may not be. It is indeed ambiguous how an improvement 

in the adhesive properties of a root canal filling material (determined by a 

push-out test) could lead to improvements in treatment outcome, especially 
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if only a weak correlation exists between adhesiveness and sealing ability as 

described in chapter 2. It is possible that a relationship between these two 

properties may exist but could not be identified because of limitations of the 

testing methods. The development of more elaborate methods for porometry

able to test thin slices could improve our understanding of the materials’

sealing properties and allow further investigation of possible associations

between adhesiveness and sealability.

Currently the push-out method is widely used in order to rank 

endodontic filling materials according to their adhesiveness (Collares et al

2105, Moinzadeh et al. 2015b). Materials demonstrating higher adhesive 

values are considered by some authors as superior to materials less apt to 

adhere to intraradicular dentin (Oliveira et al. 2015). Contrary to restorative 

filling materials, it is rather unclear how the adhesive/retentive properties of 

a root canal filling material can affect the outcome of root canal therapy. 

Bishop et al. (2008) have postulated that tooth loading may provoke the 

detachment of root canal filling materials from intraradicular dentin, 

resulting in the creation of a void that could allow leakage. However, in that 

study the loads were directly applied on the coronal aspect of decoronated 

roots, a scenario unlikely to occur in the oral cavity where the occlusal loads 

are distributed and dissipated.

In addition, the push-out test mainly measures the frictional 

resistance to the sliding of the material and not its true bond strength 

(Goracci et al. 2005). This friction component is influenced by the 

material’s properties such as its elasticity modulus. Due to the Poisson 

effect, when a material is compressed in one direction, it has a tendency to 

expand in the two perpendicular directions (Lakes 1993). Poisson’s 

expansion increases the contact pressure, necessitating an increased load to 
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overcome friction (Chandra & Ghonem 2001). Materials with different 

elastic moduli will therefore undergo different amounts of frictional shear 

and any attempt to compare their true adhesion abilities by the push-out 

method could consequently be biased (Chen et al. 2013, Pane et al. 2013).

Despite these limitations, the dislocation resistance measured by the 

push-out test conducted on thin slices is still indicative of the material’s 

adhesive properties (Pane et al. 2013) and could provide insights on the 

interactions occurring between filling materials and intraradicular dentin.

Relative changes in dislocation resistance for a given material may be 

attributed to changes in dentin surface or material distribution following the 

use of different conditioning protocols or filling techniques. In chapter 3 it 

was demonstrated that a two-step placement procedure could improve the 

dislocation resistance of methacrylate resin-based root canal fillings, which 

indicates improved adhesion. While this increase may not be clinically 

relevant, it was assumed to reflect a reduction in polymerization shrinkage 

stress compared to a one-step (conventional) placement. This effect could 

not be detected in the control group using an epoxy resin-based sealer that is 

known to undergo a different polymerization process, subject to less

shrinkage (Klee et al. 1996, Tuttle 2008). The benefit of the two-step 

placement method was demonstrated as a proof-of-concept that could 

represent an interesting direction for research on the reduction of the 

polymerization shrinkage stresses that some resin-based sealers undergo 

within root canals.

A root canal filling with high sealing properties is supposed to have 

low porosity. Three main types of pores can be distinguished within filled 

root canals (Fig 8.1), namely transport pores (open at both ends) that 

connect the coronal aspect of the root canal to its apical end; closed pores
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(closed at both ends) located inside the bulk of the filling material or 

between the filling and the intraradicular dentin, with no connection with 

the peri-apex or the coronal access of the canal; and cul-de-sac pores (open 

at one end) communicating either with the peri-apex or with the coronal 

access and ending in a dead-end inside the canal/material (Marsh 1989).

Because of its set-up, only transport pores can be identified by the fluid 

transport method. In chapter 4, we evaluated the sealing ability, after post 

space preparation, of root canal fillings made with gutta percha and different 

sealers using either the single-cone or the lateral compaction techniques.

The fluid transport method with a wetting fluid was used and revealed

significantly less fluid flow through the root canals filled either with lateral 

compaction with an epoxy resin sealer, or with the single-cone using an 

epoxy or a methacrylate resin sealer, compared to the root canals filled with 

the single-cone technique and a calcium silicate-based sealer. These findings 

hint towards the ability of the single-cone technique as a potential 

alternative for the lateral compaction technique. The fluid transport method 

only provides the summed fluid flow of all transport pores with no 

possibility of morphologically characterizing pore geometry.
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Figure 8.1: Schematic representation of the main types of pores in filled root canals

Contrary to the fluid transport method, microCT could theoretically 

detect all types of pores and represent a promising method for quantifying 

and morphologically characterizing them. Hence our next objective in 

chapter 5 was to develop a standardized protocol for the analysis of the 

porosity associated with root canal fillings as revealed by laboratory 

microCT and to apply it to the analysis of root canal fillings ex vivo. The

protocol was based on well-established computer algorithms and does not 

require any subjective visual estimation of thresholds for segmentation.

Subsequent research should confirm the repeatability and reproducibility of 

this analytical method. This protocol was then successfully applied to

compare the void fraction associated with the lateral compaction and with

the single-cone techniques, using gutta percha and a calcium silicate sealer.

Our findings demonstrated that the placement of a calcium silicate sealer,
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with a single gutta percha cone matching the shape of the last instrument

used to shape the root canal, is associated with a lower void fraction than 

lateral compaction. The presence of iatrogenic voids (spreader tracks,

illustrated in Fig 8.2) resulting from the inability of accessory gutta percha 

cones to effectively fill the space created by the spreader, appeared to 

contribute to the high porosity observed with this technique. Anatomically, 

these tracks could easily lead to the creation of “transport pores”. The 

simplicity of the single-cone technique, as well as the absence of spreader 

tracks and of strain-inducing forces due to compaction may represent a 

valuable alternative for the widely-used lateral compaction technique.

Nevertheless, an important limitation of the single-cone technique is its 

reliance on the sealer to occupy a relatively large volume fraction in oval

canals. 

Hygro-expandable cones (HEC) made of hydrogel-coated nylon 

could represent a way to circumvent this problem. Some hydrogels are able 

to take up significant amounts of water from their surrounding and undergo 

swelling (Kabiri et al. 2003). The swelling ability of the HEC has been 

demonstrated in vitro by immersing the cones in water (Didato et al. 2013). 

In chapter 6, we resorted to several laboratory imaging methods to evaluate 

the behaviour of a HEC in root canals. The fillings made with the HEC and 

a calcium silicate sealer appeared to have filled the root canal space 

perfectly based on laboratory microCT. However, phase contrast-enhanced 

microCT and stereomicroscopic examination revealed important 

delamination defects at the interface between the hydrogel and the sealer as 

well hydrogel tearing. It is likely that the relatively poor contrast inherent to 

the laboratory microCT method could not discriminate the moderate

differences in greyscale values between the hydrogel, voids and dentin.
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Figure 8.2: Three-dimensional rendering of root canal filling made with lateral compaction. 

The arrows point to a spreader track.

This illustrates the physical limitation of conventional microCT in the 

evaluation of structures presenting low contrast. The delaminations could,

however, clearly be demonstrated by the other two methods. The observed 

delaminations are reminiscent of defects previously identified in

methacrylate resin-based filling due to their polymerization shrinkage (Kim 

et al. 2010), as illustrated in 3.6. The mechanism behind the present finding 

should, however, be a different one. Hydrogels consist of a network of 

crosslinked polymer chains representing a 3D mesh with the interstitial 

space filled with fluid. The water transport in this space will provoke the 
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swelling or deswelling of the hydrogel (Swan et al. 2011). In the root canal, 

the loss of water from the hydrogel in favour of the hydrophilic calcium 

silicate sealer could provide a plausible explanation for the delamination 

that may have been caused by the shrinkage of the hydrogel. The

delamination defects ran along the whole specimen, representing transport 

pores, which are clear pathways for leakage. Interestingly, in one specimen 

no delamination was observed, but tearing of the hydrogel, revealing the 

possible presence of internal tension within the material. These findings 

illustrate the complexity of the interactions between different materials

when placed against each other as well as the effect environmental 

conditions could have on specific materials.

The role played by the environment is again illustrated in chapter 7.

The behaviour of a calcium silicate repair material kept in different in vitro

conditions, namely immersed in water, HBSS and blood, was evaluated.

Different hydration patterns were observed with each test fluid, and calcium 

phosphate deposits could be demonstrated on the specimens that had been 

immersed in HBSS or blood. The presence of these deposits is believed to

indicate the bioactive potential of a material, i.e. its ability to create bonds 

with osseous tissues (Niu et al. 2014). A specimen retrieved from a patient 

during a surgical procedure demonstrated the presence of calcium carbonate 

onto its surface, which results from the reaction between calcium hydroxide 

and environmental carbon dioxide. Calcium carbonate has theoretically the 

ability to make direct contact with bone but without an apatite layer at the 

interface as expected from a bioactive material (Neo et al. 1992). Evaluating 

more explanted specimens would allow a better understanding of the 

material’s interaction with the human tissues and could shed some light as 

to whether there are really differences in behaviour between in vivo and
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laboratory conditions and to which extent. The current laboratory settings 

used for testing the bioactivity potential of endodontic materials may indeed 

be unrepresentative of the in vivo conditions. The simulating body fluids 

used in vitro are supersaturated metastable systems that tend to precipitate 

apatite crystals in order to reach thermodynamic stability (Bohner & 

Lemaitre 2009) and may thus overestimate the materials’ ability to exert 

biological activity when placed against osseous tissues in vivo. Current 

studies evaluating the bioactivity of endodontic materials are often

conducted by simply immersing them in simulated body fluids. It is 

therefore necessary to improve the current methodology in order to improve 

our understanding of the mineral interactions between calcium silicate 

filling materials and dental-osseous tissues.

Currently, clinicians can choose from a wide range of root canal 

filling materials and techniques, some of which have been evaluated in this 

thesis.

Methacrylate resin-based sealers suffer from polymerization 

shrinkage stresses. This limitation may partly be overcome by a two-step 

cementation procedure. This alternative placement technique results in an 

increase and homogenization of the adhesion of the material to 

intraradicular dentin. Subsequent research should aim at developing sealers 

with shorter setting times for clinical implementation and confirm the 

present proof of concept. 

It remains to be proven whether an increase in adhesion could be 

considered as a surrogate for improved sealing ability. With the used 

methodology, we could not demonstrate any association between the sealing 

ability and the adhesiveness of an adhesive root canal filling material. 



General discussion

169 
 

Using the low surface tension fluid transport method, the sealing 

ability of the single-cone technique, after post space preparation, was found 

to be material dependent, with the epoxy and methacrylate resins providing 

a better seal than the calcium silicate-based sealer.

Roots canals filled with a single-cone technique using gutta percha 

and a calcium silicate-based root canal sealer were less porous than root 

canals filled with lateral compaction of gutta percha and the same sealer.

Delamination and tearing defects could be observed in root canals 

filled with hydrogel-coated hygro-expandable cones and a calcium silicate-

based sealer. Hydrogels are smart materials that may currently be 

inadequate for endodontic use with calcium silicate sealers.

The use of simulated body fluids for testing the bioactive potential of 

calcium silicate-based fillings leads to the deposition calcium phosphate. 

This phenomenon may however be simply reflecting a thermodynamic 

process rather than expressing bioactivity potential. An explanted specimen 

revealed the formation of calcium carbonate (calcite) and the absence of

calcium phosphate on its surface.
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Samenvatting
 

Tegenwoordig kunnen clinici kiezen uit een brede waaier van 

wortelkanaal-vulmaterialen en technieken, waarvan er enkele in dit 

proefschrift werden bestudeerd. 

Methacrylaat -gebaseerde cementen hebben te lijden onder 

polymerisatie krimpkrachten. Deze beperking kan ten dele voorkomen 

worden door een twee-stap cementatie procedure. Deze alternatieve 

techniek zorgt voor een verhoogde en homogenere adhesie van het materiaal 

aan het intraradiculair dentine. Alvorens deze techniek in de klinische 

praktijk kan geïmplementeerd worden, moet dit nieuwe concept bevestigd 

worden en moet verder onderzoek wortelkanaalcementen ontwikkelen met 

kortere uithardingstijden.(Hoofdstuk 3) 

Het is niet duidelijk of een hogere adhesie van een vulmateriaal kan 

beschouwd worden als een surrogaat voor betere afdichting. Met de 

toegepaste methodologie konden we geen associatie aantonen tussen 

afdichtings- en adhesie- mogelijkheden van een adhesief wortelkanaal 

vulmateriaal. (Hoofdstuk 2)

Door gebruik te maken van het lage oppervlaktespanning vloeistof-

transportmodel, toonden we aan dat de afdichting met de single-

conetechniek, na post ruimte preparatie, materiaalafhankelijk is. Epoxy- en 

methacrylaat cementen voorzagen een betere afdichting dan een op

calciumsilicaat gebaseerd cement. (Hoofdstuk 4)

Micro-CT analyse heeft aangetoond dat wortelkanalen die opgevuld 

werden met een single-conetechniek met gutta percha en een calciumsilicaat 

wortelkanaalcement, minder poreus waren in vergelijking met 
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wortelkanalen die opgevuld werden met gutta percha en hetzelfde cement 

met laterale compactie. (Hoofdstuk 5)

Wortelkanalen die opgevuld werden met hydrogel-gecoate hygro-

expandeerbare stiften en een calciumsilicaat cement vertoonden delaminatie 

en scheuren. Hydrogels zijn slimme materialen die in hun huidige vorm dus 

niet geschikt zijn voor gebruik in de endodontologie in combinatie met een

calciumsilicaat cement. (Hoofdstuk 6)

Het gebruik van gesimuleerde weefselvloeistoffen om bio-activiteit 

van op calciumsilicaat gebaseerde vulmaterialen te bestuderen, leidt tot 

neerslag van calciumfosfaat. Dit fenomeen zou eerder het gevolg kunnen 

zijn van een thermodynamisch proces dan wel een uiting van bio-activiteit. 

Onderzoek van een geëxplanteerd staal bracht de formatie van 

calciumcarbonaat (calciet) ter hoogte van het oppervlak aan het licht in 

plaats van calciumfosfaat. (Hoofdstuk 7)
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