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Preface	

The regulations of the University of Western Australia provide the option for candidates 

for the degree of Doctor of Philosophy to present their thesis as a series of papers that 

have been published in refereed journals, manuscripts that have been submitted for 

publication but not yet accepted, or manuscripts that could be submitted for publication.  

All manuscripts presented in this thesis are ready to be submitted for publication. They 

are related to the study of the fracture susceptibility of root-filled teeth in a modified in-

vitro experimental model that involves chewing simulation. The literature review has 

been presented in a logical format so as to address the issues raised in the manuscripts. 

The general discussion integrates the manuscripts and puts the work in context of 

clinical practice. However, a separate introduction and discussion was presented in each 

manuscript and the original internal heading, figures and tables were maintained. For 

ease of reading and flow, each manuscript has its own bibliography and so do the 

literature review and the general discussion. However, the formatting in the thesis is 

uniform.  

All the studies were the candidate’s own design in consultation with the candidate’s 

supervisors. The experimental work was performed in the School of Dentistry, within 

the Oral Health Centre of Western Australia, and in the School of Mechanical and 

Chemical Engineering within the University of Western Australia, Perth, Western 

Australia. The contribution of others is presented below. Supervisors and co-authors 

assisted with the correction and proof reading of manuscripts following completion of 

drafts.   

 

 



Manuscripts	arising	from	this	thesis		

 ii 

Manuscripts	 arising	 from	 this	 thesis	 that	 are	 ready	 to	 be	

submitted	for	publication	 

First manuscript (Chapter 2): 

Haddadin R, Abbott PV, Boyd N, Sercombe T, Nazim Khan R. Effect of simulated 

chewing on the force required to fracture root-filled teeth. Manuscript to be submitted 

for publication in the Journal of Endodontics. 

Author contributions:  

RH designed and performed the research and wrote the manuscript. PVA was involved 

in the concept and the design of the study and supervised all aspects of the study and 

manuscript preparation. NB assisted in the experimental design. TS assisted in the 

experimental design and supervised the mechanical aspect of the study. RNK provided 

statistical advice and carried out the statistical analysis. 

 

Second manuscript (Chapter 3): 

Haddadin R, Abbott PV, Boyd N, Sercombe T, Nazim Khan R. Influence of access 

cavity designs and simulated chewing on the force required to fracture root-filled 

mandibular molars. Manuscript to be submitted for publication in the International 

Endodontic Journal.  

Author contributions: 

RH designed and performed the research and wrote the manuscript. PVA was involved 

in the concept and the design of the study and supervised all aspects of the study and 

manuscript preparation. NB assisted in the experimental design. TS supervised the 

mechanical aspect of the study. RNK carried out the statistical analysis. 

 

  



Manuscripts	arising	from	this	thesis		

 iii 

Third manuscript (Chapter 4):  

Haddadin R, Abbott PV, Boyd N, Sercombe T, Nazim Khan R. Influence of the degree 

of root canal enlargement on the force required to fracture root-filled mandibular molars 

Manuscript to be submitted for publication in the International Endodontic Journal. 

Author contributions: 

RH designed and performed the research and wrote the manuscript. PVA was involved 

in the concept and the design of the study and supervised all aspects of the study and 

manuscript preparation. NB assisted in the experimental design. TS supervised the 

mechanical aspect of the study. RNK carried out the statistical analysis. 

 

Fourth manuscript (Chapter 5) 

Haddadin R, Abbott PV, Boyd N, Sercombe T, Nazim Khan R. The force required to 

fracture root-filled mandibular molars after short-term exposure to calcium hydroxide 

intracanal medicament. Manuscript to be submitted for publication in the International 

Endodontic Journal  

Author contributions: 

RH designed and performed the research and wrote the manuscript. PVA was involved 

in the concept and the design of the study and supervised all aspects of the study and 

manuscript preparation. NB assisted in the experimental design. TS supervised the 

mechanical aspect of the study. RNK carried out the statistical analysis. 

 

 





Abstract		

 v 

Abstract	

Introduction  
Tooth fracture is a common cause of tooth loss. Endodontic treatment is associated with 

loss of tooth structure when an access cavity is cut and the root canals are enlarged. 

Intracanal medicaments can change the structure and quality of dentine which also 

affects the tooth’s mechanical properties.  

Fracture susceptibility is routinely assessed in-vitro with the Instron Universal Test 

Machine. The effects of access cavity preparation, root canal preparation and calcium 

hydroxide on the force required to fracture teeth have been assessed with this method. 

Unfortunately, the effect of mastication has been overlooked and the models lack 

clinical relevance when dentine specimens or roots without coronal tooth structure 

and/or restorations have been used, root canal treatment was not or was only partially 

performed, the load was applied from an angle or vertically via D11 spreaders in the 

canals, and periodontal ligament and alveolar bone simulation were not considered. The 

use of simulated chewing prior to testing for fracture may provide more precise 

information about the clinical performance of root-filled teeth.  

Aims 
The aims were to investigate whether the force required to fracture root-filled and 

restored mandibular molars is affected by: 

(1) simulated chewing, 

(2) access cavity designs, 

(3) degree of root canal enlargement, and 

(4) short-term exposure to calcium hydroxide.  

  Methods 

An in-vitro controlled trial was conducted using human mandibular molars without 

previous restoration. Quantitative methods were used to measure the forces required to 

fracture the teeth after root-filling and access cavity restoration. Generally, all samples 

had standardised endodontic treatment (except the variable being tested) and an 

amalgam restoration. Teeth were mounted in acrylic with a simulated periodontal 



Abstract		

 vi 

ligament.  Forces required to fracture the teeth were determined with an Instron 

Universal Test Machine and results were statistically analysed. 

Experiment (1): Thirty-one samples were used - one group had the equivalent of three 

years’ mastication with a chewing simulator while the others did not.  

Experiment (2): Consisted of 10 intact control teeth (NT) and 31 experimental teeth in 

each group. Two access cavity designs (CONS and SLA) were tested with and without 

simulated chewing groups. 

Experiment (3): Consisted of four groups (n = 15). Controls had no mechanical root 

canal preparation. Hedström files (HF), ProTaper Ni-Ti rotary files (PT), and ProTaper 

plus SystemGT Ni-Ti rotary files (GT) were used to prepare canals. All samples were 

subjected to simulated chewing prior to testing.  

Experiment (4): Thirty-two samples were used. Ca(OH)2 paste was placed in the canals 

of the experimental group for four weeks prior to root canal filling and amalgam 

restoration. Controls received similar treatment without Ca(OH)2. The samples were 

exposed to simulated chewing prior to testing.  

Results 

Experiment (1): Mean forces were 2708 ± 711N and 2757 ± 783N in experimental and 

control groups, respectively, without significant difference. 

Experiment (2): Mean forces were 2708 ± 711N, 2931 ± 685N, 3360 ± 309N, 2757 ± 

783N, 2715 ± 740N, 3224 ± 650N in CONSc, SLAc, NTc, CONSnc, SLAnc and NTnc, 

respectively. Differences were not significant between CONS, SLA, NT groups, and 

between groups with and without simulated chewing. The influence of access cavity 

design was not dependent on simulated chewing and vice versa. 

Experiment (3): Mean forces were 2972 ± 793N, 2931 ± 685N, 2883 ± 958N, 2884 ± 

661N in the control, HF, PT and GT groups, respectively. These differences were not 

significant.  

Experiment (4): Mean forces were 2949 ± 904N and 2708 ± 711N in experimental and 

control groups, respectively. The differences were not significant.  
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Conclusions 

In mandibular molars with intact marginal ridges and amalgam restorations in the 

access cavity:  

(1) Simulated chewing had no effect on the force required to fracture the teeth. 

(2) Extent of access cavity preparations and simulated chewing did not affect the 

force required to fracture teeth.   

(3) Mechanical preparation of the root canals had no influence on the force required 

to fracture the teeth, regardless of the degree of root canal enlargement.  

(4) The use of calcium hydroxide as a short-term intracanal medicament had no 

effect on the force required to fracture the teeth.   

These results suggest that the increased fracture risk of teeth is mainly associated with 

loss of coronal tooth structure.  
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Terminology	

The author would like to clarify the definition of several terms that will be used in this 

thesis. 

• ‘Vital’ teeth or teeth with vital pulp 

This term is widely used by researchers and clinicians to describe teeth that have an 

intact pulp whether it is clinically normal or inflamed. It is not a precise term to use 

because “vitality” is determined by the blood supply and not nerve innervation. 

Clinically, pulp sensibility tests (i.e. thermal and electric pulp tests) determine the nerve 

innervation of the pulp and not the blood supply. Vitality of the pulp can only be 

determined by using laser Doppler flowmetry or pulse oximetry which are not a routine 

clinical tests. Hence, the term ‘vital’ should be avoided and the terms ‘clinically normal 

pulp’, ‘reversible pulpitis’ or ‘irreversible pulpitis’, should be used instead depending 

on the history, symptoms, clinical signs and pulp sensibility test results. Where 

appropriate, the author has used the term ‘teeth with intact pulp’ when there is no 

clinical information about the status or degree of pulp inflammation.    

• Pulpless teeth 

This term reflects the absence of pulp tissue in the root canal system whether it is a 

result of progression of pulp disease after infection of necrotic pulp tissue or 

iatrogenically when removing the pulp tissue during endodontic treatment. The author 

would like to clarify the use of the term ‘pulpless’ or ‘teeth without pulps’ for teeth that 

had no pulps and no root canal filling. If a root canal filling is present, then the terms 

‘root-filled’ or ‘endodontically-treated teeth’ are used. 

• Strength 

Strength is defined as the ability to resist deformation or show stiffness to load. Strength 

is invariably a stress representing a material's resistance to non-recoverable (for 

example, plastic) deformation (at least in ductile materials).6 The strength of a material 

is its ability to withstand an applied stress without failure. The applied stress may be 

tensile, compressive, or shear. Compressive strength is the amount of resistance of a 

material to fracture under compression. Tensile strength is the amount of stress a 

material is able to withstand when being pulled lengthwise before permanent 
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deformation results - i.e. resistance to pulling forces. Punch shear strength is the 

maximum stress that a material can withstand before failure in a punch shear mode of 

loading. 

• Ultimate strength 

The ultimate strength of a material is the maximum stress that a material can withstand 

before fracture (Figure 0.1) It can be compressive, tensile or shear, depending on the 

type of load being compression, tension, or shear, respectively. 

• Fracture resistance 

In materials science, this term does not exist and has no definition. However, this term 

has been used in many dental studies to describe the load required to fracture a tooth or 

sample when tested using the Universal Test Machine or similar. The ability of a 

material to withstand an applied stress (i.e. a result of load) without fracture is the 

strength of the material. The fracture strength stands for the load required to fracture a 

material which is the load at fracture point. The term “Fracture resistance” should be 

avoided and replaced by fracture strength or load at fracture.  

• Elastic or Young’s modulus 

Elastic modulus is the ratio of stress to strain within the elastic limit in a stress-strain 

curve. i.e. the slope of the linear portion of the curve (Figure 0.1). It is an indicator of 

the stiffness of a material. 

• Toughness 

Toughness is defined as the ability to absorb energy without fracturing or the total 

energy absorbed by a structure before it fractures. It is measured as the area under the 

elastic and plastic portions of the stress-strain curve when the material is loaded until 

fracture (Figure 0.1). This area corresponds to the energy per unit volume needed for 

fracture. It is the true indicator of a materials ability to resist fracture under externally 

applied stress and therefore it is considered a more appropriate approach than using 

strength to study fracture of teeth.7 
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• Brittle material 

A material which has little or no plastic deformation before fracture. 

• Ductile material 

A material that undergoes plastic deformation after the elastic limit is reached. 

• Work to fracture 

Work to fracture corresponds to the energy per unit of crack advance area needed to 

extend a pre-existing crack. The (Wf) is determined from the area under the load versus 

extension curve, that is the work done, which is divided by the area of the two fractured 

surfaces.8 

• Fracture toughness 

Fracture toughness is the ability of a material to resist fracture caused by the extension 

of an existing crack.9  

It describes the energy dissipation by an existing crack which moves. ‘Fracture 

toughness’ is different to ‘toughness’, which is the area under a stress/strain curve 

corresponding to energy required for fracture, including initiation/nucleation of 

macroscopic crack. It can be measured using fracture-mechanics methods, which 

evaluate the critical value of a crack-driving force - for example, the stress intensity K, 

strain-energy release rate G, or nonlinear elastic J-integral - required to initiate and/or 

propagate a pre-existing crack.6 

• Hardness 

Hardness is defined as the resistance of a material to permanent deformation, usually to 

penetration by an indenter. It is different from stiffness.  

• Viscoelastic behaviour  

This combines elastic and viscous behaviour. An elastic material deforms under stress 

but returns to its original size and shape when the stress is released i.e. there is no 

permanent deformation. A plastic material does not flow until a threshold stress has 

been exceeded. A viscous material is one that deforms steadily under stress. Purely 

viscous materials like liquids deform under even the smallest stress.       
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Stress-relaxation (i.e. the fall in stress at a constant strain), and strain relaxation or creep  

(i.e. an increase in strain over time under a constant stress) are characteristics of 

viscoelastic material.   

• Anisotropic material  

A material that has different mechanical properties in different directions.  

• Isotropic material 

A material that has similar mechanical properties regardless of direction. 

              

                                

 

	Figure	0.1.	A	schematic	stress-strain	curve.	
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1. Literature	review	

1.1 Introduction	

The principal aim of endodontic treatment is to eliminate bacteria from the root canal 

system since the presence of bacteria leads to conditions such as pulpitis and apical 

periodontitis.10, 11 Bacteria usually enter the root canal system via caries, cracks, 

fractures and/or breakdown of coronal restorations. Eliminating these pathways, 

performing chemo-mechanical preparation of the canals and placing intracanal 

medicaments with sufficient temporisation, after gaining access to the root canal 

system, reduces the bacteria in the root canal system to the lowest possible level.12-14 

This status is further maintained when a biocompatible root filling and a definitive 

coronal restoration are placed.15  

Root-filled teeth are considered to have increased susceptibility for fracture, which often 

leads to tooth extraction.16, 17 Historically, this increased susceptibility has been 

attributed to the decreased moisture content, consequently resulting in changes in the 

mechanical properties of dentine. This view was then contradicted and thinking shifted 

to the belief that it was due to reduction in tooth structure after endodontic and 

restorative procedures. More recently, the reasons for tooth fracture after endodontic 

treatment have been described as multifactorial.18, 19 Of importance, these factors will be 

described in terms of the phases that teeth experience prior to, during and after root 

canal treatment in addition to the tooth’s physiological and anatomical status.  

 Endodontic treatment itself may affect the tooth’s ability to resist fracture from 

different aspects. Therefore, the contribution of each stage of endodontic treatment to 

this overall effect should be assessed separately. Endodontic treatment is usually 

associated with loss of tooth structural integrity when an access cavity is cut through the 

tooth and mechanical preparation of the canals is performed.20 Further loss of tooth 

structure can occur during the removal of caries, cracks and/or fractures prior to the 

commencement of endodontic treatment. Different root canal preparation techniques 

may initiate dentinal defects (micro-cracks) in the canal wall and apical root surface. 

Excessive force used during root canal filling techniques and post cementation may also 

cause similar defects or lead to their propagation. Alternatively, propagation of these 

defects may occur when the teeth are exposed to function or undergo endodontic 
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retreatment. Chemical irrigants and intracanal medicaments can change the structure 

and the quality of dentine and so affect its mechanical properties. Under normal 

function, loss of tooth structure and/or change in dentine properties can lead to tooth 

fracture.  

Teeth undergoing endodontic treatment and those that have received definitive 

restorations are exposed to masticatory forces in the oral cavity. Masticatory forces have 

horizontal and vertical components that may be hard to replicate in-vitro. Typically, in-

vitro studies have used continuous or repeated vertical forces to simulate normal 

function. Such loading does not replicate the masticatory forces applied to teeth and can 

give misleading information on the performance of root-filled teeth in the oral cavity. 

The use of chewing simulators can mimic the oral function to some extent and may be 

incorporated into experimental models to achieve closer replication of the in vivo 

conditions.   

Current trends in endodontic treatment tend to satisfy the operators’ needs whilst 

overlooking the tooth’s need for minimal invasive procedures. These trends exert an 

effect on the likelihood of tooth fracture. Therefore, the problem of tooth fracture is of 

increasing importance. As an example, some clinicians tend to avoid the use of calcium 

hydroxide intracanal medicament in order to reduce the risk for fracture.  

For these reasons, this review of the literature will emphasize the understanding of the:  

(1) biocomposite structures that form the tooth and their relevant properties,  

(2) importance of inner cervical dentine in tooth integrity, 

(3) available links between root canal treatment and the incidence of tooth fracture, 

(4) aims of  root canal treatment, and the current trends used to achieve these aims,  

(5) potential predisposing factors for fracture in root-filled teeth, particularly those 

related to root canal treatment, 

(6) the shortcomings of the studies that have attempted to evaluate the influence of 

various stages of root canal treatment on fracture susceptibility of teeth, 

particularly access cavity preparations, root canal preparation and calcium 

hydroxide dressing, 

(7) clinical relevance of the methods available for assessment of fracture 

susceptibility of teeth and will discuss aspects that require modifications. 
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A tooth is a complex biological unit that consists of composite biological tissues 

(enamel, dentine, cementum and pulp) and it is surrounded by the periodontal ligament 

and alveolar bone. It is relevant to briefly review enamel and dentine in order to better 

understand how these tissues interact to form the bulk tissue/unit (i.e. the tooth), and 

how the loss or change in their structures during endodontic treatment can contribute to 

tooth fracture. Cementum, periodontal ligament and alveolar bone are not reviewed in 

this thesis.   

1.2 Enamel		

1.2.1 Composition	and	structure.	

Enamel is the most highly mineralised hard tissue of the body, consisting of 

approximately 96% inorganic component, 1% organic component and 3% water by 

weight.21 The inorganic mineral comprises long, thin carbonated hydroxyapatite 

crystallites (25 nm thick, 100 nm wide and 500-1000 nm long thick).21 The organic 

component consists of enamel proteins. However, the component volume varies 

gradually across the thickness of enamel - from the outer tooth surface towards the DEJ, 

the mineral density decreases whilst the water and protein content increase.22-24 

At the structural level, the hydroxyapatite crystallite plates are arranged and bundled 

together in continuous but different orientations to form the typical “rod unit” that 

consists of two regions: the “rod” (~5µm in diameter) and “interrod” enamel        

(Figure 1.1).21, 25 The orientation of the crystallites varies within the rod unit. Along the 

longitudinal axis of the rod unit, the hydroxyapatite crystallites are parallel in the rod 

centre.25 However, towards the interrod region, the orientation of the crystallites 

continues to flare until they are almost perpendicular to the rod (Figure 1.1).21 The 

cross-sectional outline of the rod unit has been described to mimic a keyhole shape. The 

rod is encapsulated by a thin sheath of enamel proteins, known as the “rod sheath”, 

except at the junction between the interrod enamel and a particular rod.21 
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Figure	1.1.	Schematic	illustration	of	enamel	rod	structure.	(Courtesy	of	He	&	Swain25)	

 

 

Figure	1.2.	SEM	images	of	the	cross-section	of	enamel	samples	(A)	in	inner	enamel	region	(B)	outer	enamel	
region.	(C)	Schematic	illustration	of	the	sinusoidal	path	of	one	rod	unit	from	the	DEJ	to	the	surface.		
(Courtesy	of	He	&	Swain25)	
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The complexity of the structure is also superimposed by the rod arrangement and 

orientation in enamel. Generally, the rods are arranged in a parallel direction 

perpendicular to the dentino-enamel junction (DEJ) towards the outer tooth surface, 

with slight inclination towards the cusp.21 However, each rod follows an irregular or 

sinusoidal path in different directions as it runs towards the surface (Figure 1.2 [C]). 

Furthermore, bundles of rods intertwine and cross one another. This complex pattern is 

known as ‘enamel decussation’ and is mainly seen near the DEJ in the inner enamel 

region26 (Figure 1.2 [A]). Enamel decussation has been proposed to be an adaptation to 

the functional demands in mammalians.27 In outer enamel, the rods are oriented in an 

orderly manner and they are almost perpendicular to the surface (Figure 1.2 [B]). As an 

exception, the rods in the cervical enamel are horizontal and straight along their path.21 

In conclusion, enamel is not a homogeneous tissue at the compositional and structural 

level. The variations in composition and microstructure of enamel lead to regional 

alterations in the mechanical properties; however, they endow this bulk biocomposite 

tissue with superior mechanical behaviour under function.  

1.2.2 Mechanical	and	fracture	properties	of	enamel	

 Enamel is considered the most durable load-bearing hard tissue in the body. Its 

mechanical properties are adapted to withstand functional grinding and biting, in order 

to protect the underlying dentine and pulp, and to maintain the integrity of the tooth.  

The superior mechanical properties of enamel have been attributed to its chemical 

composition and structural features. Although the primary component of enamel is the 

inorganic mineral, enamel exhibits relatively lower elastic modulus and hardness, plus 

higher creep ability, toughness and resistance to fracture than pure hydroxyapatite.28-31 

These features highlight the role of the minor organic protein component and the 

complex hierarchal structure of enamel.29-31 Deformation of the proteins between the 

crystallites and rods results in energy absorption and stress dissipation, and thereby 

maintain the integrity of the enamel structure.29, 31 The role of the water content has also 

been demonstrated, to some extent, in enhancing the anti-wear properties of enamel.32 

Overall, the high stiffness and hardness of enamel results from its inorganic component. 

The organic component accounts for the toughness and is essential for resistance to 

fracture.  
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The structural organisation of the compositional components also influences the 

mechanical properties. The embracing thin ‘organic’ sheath has lower elastic modulus 

and hardness than the ‘inorganic’ rod and acts as a cushion between the neighbouring 

rods.33 Enamel rods form a three-dimensional shape that can deflect a crack and resist 

crack propagation. Therefore, the cracks grow more easily along the organic sheath of 

the rods rather than across them.34 Enamel decussation increases the surface area of the 

rods per unit volume; thus, a high amount of fracture energy will be required in order 

for a crack to propagate, as the crack has to extend not only along the rod but also 

across it.26, 34 Furthermore, fracture-toughening mechanisms have been identified in 

enamel decussation regions - such as microcracking, crack bridging and crack 

deflection.28, 35, 36 Hence, this unique complex hierarchal structure has endowed enamel 

with high fracture toughness.28   

Enamel has been naturally designed with property gradients. It exhibits graded 

mechanical properties within its thickness. From the outer tooth surface toward the DEJ, 

the hardness, the elastic modulus and the yield strength of enamel decrease whilst creep 

ability, inelastic/plastic deformation and fracture toughness increase from the outer to 

the inner enamel.22, 36-38 This property gradient has been related to the compositional 

gradients (i.e. less inorganic, more organic and water content) towards the DEJ, and the 

microstructural changes (i.e. crystallites and rod alignment and decussation) throughout 

the thickness of enamel.22 

By the virtue of its brittleness, enamel is vulnerable to cracking under functional load.39 

Several crack patterns have been identified in enamel: longitudinal, chipping and 

transverse cracking.40 Longitudinal cracking occurs upon near-axial loading along the 

long axis of the tooth, where cracks extend downwards from the occlusal surface 

towards the CEJ (radial-median cracks) or vice versa (margin cracks).39, 41-44 Chipping 

cracks usually result from off-axial occlusal loading where a crack runs from a 

concentrated contact and propagates laterally towards a side wall.45 Transverse cracking 

results from laterally applied loads.46 These cracks appear to originate within enamel 

from intrinsic microstructural flaws at the DEJ (enamel tufts) or from extrinsic defects 

within a quasi-plastic deformation region below the occlusal contact.44, 47, 48 All these 

cracks develop at relatively low occlusal loads and extend incrementally with increasing 

load, indicating stable crack growth.44 However, each of these cracks remains contained 
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entirely within the enamel in the presence of normal biting forces - that is, well below 

the maximum bite forces.39, 44 Only at extremely high occlusal loads, longitudinal 

enamel cracks may propagate into dentine causing the entire tooth to split.45, 49 Chipping 

cracks propagate laterally to cause a fragment of enamel to split away.43, 45 Transverse 

cracks may penetrate directly into underlying dentine and break off a large portion of 

the tooth.46 Overall, the resilience of enamel is attributable to its capacity to contain 

cracks rather than to prevent them.42  

Although the presence of these enamel cracks can act as a precursor to tooth fracture, 

enamel remains highly effective in its capacity to protect the underlying dentine-pulp 

interior. The natural property gradient of enamel is essential in the mechanical and 

fracture behaviour of enamel under function. Outer enamel has high resistance to 

penetration due to its high stiffness and hardness. However, it has limited capacity for 

energy dissipation as a result of its decreased plastic/inelastic deformation and it is more 

likely to crack under functional cyclic load.37, 50 The protein-rich content in inner 

enamel facilitates energy dissipation by plastic/inelastic deformation.37 As a result, 

stresses will be lower at the DEJ and thereby the integrity of the enamel-dentine 

interface and the bilayer tooth structure is maintained.22 Simultaneously, the decussation 

of enamel promotes fracture toughening mechanisms and prevents the propagation of 

cracks that commences at the enamel surface from reaching the dentine.26       

The junction between enamel and dentine (DEJ) can further resist the propagation of 

enamel cracks into dentine by its inherit toughening mechanisms such as crack 

deflection.51 Enamel cracks can be arrested at the DEJ.52 This results from the high 

toughness of the DEJ, being higher than that of enamel and dentine, which is mainly 

attributed to its high organic content.52 However, the mismatch in the mechanical 

properties of enamel and dentine also accounts for crack arrest in enamel and delayed 

penetration into the dentine interior.52  

In summary, enamel, along with the DEJ, forms the outer protective hard layer that 

embraces the dentine from all directions. However, enamel is a relatively brittle tissue 

and it cannot withstand masticatory forces without the support of the underlying 

resilient dentine that compensate for its brittleness. 
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1.3 Dentine		

Dentine is a complex hydrated biological composite material that forms the major bulk 

of a tooth. Its structural components and properties vary with location and undergo 

alterations with disease and age.53 It is essential to briefly review the composition, 

structure, mechanical properties and mechanisms of fracture resistance of dentine in 

order to better understand the changes that the dentine substrate undergoes after loss of 

pulp tissue and how such changes may predispose fracture of root-filled teeth.  

1.3.1 Composition		

Dentine is composed of approximately 70% inorganic component, 20% organic 

component and 10% water by weight,54, 55 and approximately 50%, 30% and 20%, 

respectively, by volume.56 The inorganic component is comprised of poorly crystalline-

carbonated hydroxyapatite that are approximately 5 nm thick, with varying shape 

according to the distance from the DEJ (plate-like at the DEJ and needle-like at the 

pulp).57 The organic component is primarily composed of scaffolds of type I collagen 

fibrils (about 90%),57 in which the apatite crystals are embedded within the intra-

fibrillar (within the fibril) and extra-fibrillar (between the fibrils) gaps.58 The 

mineralised collagen fibrils have diameters ranging from 60-200 nm and are oriented 

perpendicularly to the tubules.57 In radicular dentine, the collagen fibrils are relatively 

larger in diameter. The collagen content is comparable between coronal and radicular 

dentine, but more collagen cross-linking is present in the root.59 

Similar to enamel, the mineral density varies throughout the dentine thickness. It 

gradually decreases from the outer dentine (near the DEJ) towards the inner dentine 

(near the pulp).60 As an adaptation to the imposed functional demands, this natural 

gradient is especially evident in the cervical and mid-region of root dentine, mainly on 

the buccal (with higher mineral density) and the lingual sides, as shown in Figure 1.3 

and Figure 1.7.60 The degree of mineralisation is more homogeneous in the proximal 

sides and in the apical region of the root.60 Also, the degree of mineralisation gradually 

increases from the cervical towards the apical regions of the roots.60  
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Figure	1.3.	Schematic	diagram	showing	the	mineral	distribution	across	dentine	cross-sectional	thickness	at	the	
cervical	level.	
(Courtesy	of	Kishen	et	al.61)	

Water molecules in dentine exist in two forms: free or ‘unbound’, and tightly ‘bound’. 

Free water molecules are present in the dentinal tubules, dentine matrix porosities and 

pulp space.62 This water may be completely removed under vacuum or by heating to 

150oC.62 Tightly bound water molecules are adsorbed to the surface of apatite crystals 

and they are incorporated in the triple helix of the collagen structure (as two molecules 

per tripeptide), filling the inter-fibrillar spaces.63 In contrast to free water, this water 

may be removed after prolonged heating at high temperature of more 600oC,64 resulting 

in collapse of the interfibrillar spaces and fibril shrinkage.65 Nevertheless, the exact 

arrangement and distribution of water molecules within the dentine complex framework 

is not well understood.  

	

1.3.2 Structure		
The most distinct morphological feature of dentine is the dentinal tubules, which 

represent the course taken by the odontoblasts from the pulp to the DEJ or the dentino-

cemental junction (DCJ).53 They contain the odontoblastic processes for part or all of 

their course, plus the dentinal fluid.66, 67 Each tubule is surrounded by a highly 

mineralised cuff known as ‘peritubular’ dentine.53 The regions between the tubules are 

filled with ‘intertubular’ dentine that mainly consists of an interwoven network of 
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collagen fibrils aligned perpendicularly to the tubules and embedded with apatite 

crystallites.7, 53, 57 The positive intra-pulp pressure of the pulp tissue results in an 

outward flow of the fluid through the tubules.68 The tubules contain approximately 

75.2% of the water content, existing as free water in the dentinal fluid.62 

In teeth with intact healthy pulps, free water fills the tubules and the pulp space - i.e. 

bulk dentine structure - and is held under hydrostatic pressure. Kishen18 described the 

structure of the bulk dentine as a ‘confined environment’ in which free water exists due 

to the presence of the highly mineralised peritubular dentine around the tubules and the 

less permeable enamel and cementum from the periphery. The majority of this free 

water is contained in the pulp space and the highly porous inner dentine (Figure 1.4). 

Hence, the inner dentine is more hydrated than the outer less permeable dentine.  

Figure	1.4.	A	cross	section	of	bulk	dentine	highlighting	the	confined	nature	of	free	water	in	dentinal	tubules	and	
pulp	space	that	is	held	under	hydrostatic	pressure.		
(Courtesy	of	Kishen18)	
	

The structural characteristics of dentine vary in relation to the proximity to the pulp 

(lateral direction) and at different corono-radicular levels (axial direction). Of primary 

importance are the tubule diameter and density because they are the main determinants 

of dentine permeability, water content and bonding ability.69, 70 The amount of 

intertubular dentine, the thicknesses of peritubular dentine, tubule branching and 

orientation are also discussed below.   
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(1) Tubule diameter 

Progressive deposition of peritubular dentine results in slightly tapered dentinal tubules 

towards the DEJ and the DCJ - i.e. there is a decrease in the diameter of the tubules 

outwards from the pulp. The mean tubule diameter was evaluated in various extracted 

human teeth (Table 1.1). In coronal dentine, the mean diameter of the tubules ranges   

from 2.9 - 1.8 µm near the pulp and decreases progressively to 0.8 - 1.0 µm near the 

DEJ.66, 67, 71 Similarly, the mean diameter of radicular dentinal tubules decreases from 

approximately 1.56 µm near the pulp to about 1.07 µm at the DCJ.69 Furthermore, the 

tubule sizes in the inner dentine decreases in the apical direction (coronal vs. radicular 

dentine in   Table 1.1). The cervical third has greater tubule diameter than the middle 

and apical thirds of the root,72 as shown in Figure 1.5. 

	
Table	1.1.	Overview	of	the	tubular	diameter	(in	µm)	of	coronal	and	radicular	human	permanent	dentine	
according	to	the	proximity	to	the	pulp	(inner,	middle,	peripheral)	

	 Author(s)	 Tooth	type	 Donors’	age		
(years)	

Tubular	diameter	(µm)	

Inner	 Middle	 Peripheral	

Co
ro
na
l		

Brännström	&	
Garberoglio66			
(1972)		
	

Premolar	 Not	specified	 1.8-2.0	 1.5	 1.0	

Garberoglio	&	
Brännström67		
(1976)		
	

Mix	 8-25	
40-60	

2.5	
	

1.1	
	

0.8	
	

Schilke	et	al.71		
(2000)		 Third	molars	 18-23	 2.90	 2.65	 -	

R
ad
ic
ul
ar
		

Fogel	et	al.69	
(1988)		 Third	molars	 19-23	 1.56	 -	 1.07	

Since most of the free dentinal water is found in the tubules, it is logical that larger 

tubules harbour more water than smaller tubules. Also, the tubule diameter is one of the 

factors that influence dentine permeability.69, 70 Hence, inner dentine is more hydrated 

and more permeable than the outer dentine. Of particular importance is the inner dentine 

in the cervical area.  
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Figure	1.5.	Scanning	electron	micrographs	of	human	radicular	dentine	specimens	(treated	with	EDTA	for	3	min):	
cervical	third	(a	and	b),	middle	third	(c	and	d),	apical	third	(e	and	f),	(1,000	X	and	5,000	X	magnifications).		
(Courtesy	of	Camargo	et	al.72)	

 

(2) Tubule density 

The dentinal tubules converge as they approach the pulp. As a result, the number of 

dentinal tubules increases progressively towards the pulp (Figure 1.6). Beneath the 

enamel, the tubules are spaced more, occupying about 4% of the tissue volume. In 

contrast, close to the pulp, the tubules are close to each other, occupying more than 28% 

of the tissue volume.67 The percentage area of dentine occupied by dentinal tubules 

increases progressively from 3.63% near the DEJ to 10.2% near the pulp.73 The mean 

tubule density (the number of the tubules per unit area) has been evaluated in various 

studies of extracted human teeth (Table 1.2). In coronal dentine, it was reported to vary 

from 21,343 - 77,000 tubules/mm2 near the pulp and from 13,458 - 22,244 tubules/mm2 

further out near the DEJ. The radicular dentine has 40,691 tubules/mm2 near the pulp 

and 20,895 tubules/mm2 at the DCJ. The differences between the tubule densities of 

inner and outer dentine are more remarkable in the crown than in the root,74 with a 4:1 

ratio for coronal dentine and a 2:1 ratio for radicular dentine.69, 75  
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Figure	1.6.	Number	of	dentinal	tubules	in	human	dentine	at	various	levels	and	regions.		
(Courtesy	of	Mjör	&	Nordahl74)	
	

As shown in Table 1.2 and Figure 1.6, there is a progressive reduction in the tubular 

density from the crown towards the apex.72, 74, 76-78 For example, the number of tubules 

decreases from 59,000-76,000 in the occlusal dentine to 44,000-77,000 at the level of 

the CEJ and to 26,000-48,000 at the mid-root level.78 At different root levels, two 

independent studies have confirmed that the number of tubules decrease from about 

23,931 to 17,615 tubules/ mm2 and 42,360 to 8,190 tubules/ mm2, from the cervical 

third towards the mid-apical and apical third, respectively.76,77 Hence, the inner 

radicular dentine at the cervical third not only has the largest tubule diameter but also 

the highest number of tubules compared to the middle and apical thirds (Figure 1.5).72 

This is significant as it further promotes the degree of hydration and the permeability of 

the dentine in that area. The outer radicular dentine has the lowest density but without 

distinct differences at different root levels (Figure 1.6).74 
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Table	1.2.	Overview	of	tubular	density	(tubules/mm2)	of	coronal	and	radicular	human	permanent	dentine	
according	to	the	proximity	to	the	pulp	(inner,	middle,	peripheral).	

	 Author(s)	 Tooth	type	 Donors’	age	
(years)	

Tubular	density	(tubules/mm2	)	

Inner	 Middle	 Peripheral	

Co
ro
na
l	d
en
ti
ne
	

Garberoglio	&	
Brännström67	
(1976)		

Mix	 8-25	
40-60	 45,000	 30,000	 19,000	

Carrigan	et	al.77	
(1984)		 Incisors	

20-	34	
35-	44	
45-	54	
55-	79	
80-over	

44,243	 -	 -	

Fosse	et	al.79	
(1992)		 Premolars	 10-14	 40,297-	61,586	 33,819-	

43,177	
13,458-	
22,244	

Schellenberg		
et	al.78	(1992)	

Premolars	
Third	
molars	

Young	
adolescents	
Adults	

59,000-76,000	
(Occlusal)	

44,000-77,000	
(CEJ)	

-	 -	

Dourda	et	al.73	
(1994)		

Third	
molars	 18-28	 48,000	 37,000	 22,000	

Schilke	et	al.71	
(2000)		

Third	
molars	 18-23	 21,343	 18,781	 -	

R
ad
ic
ul
ar
	d
en
ti
ne
	

Carrigan	et	al.77	
(1984)		 Incisors	

20-34	
35-44	
45-54	
55-79	
80-over	

42,360	
(cervical	third)	

39,010		
(middle	third)	

8,190						
(apical	third)	

-	 -	

Fogel	et	al.69	
(1988)		

Third	
molars	 19-23	 40,691	 -	 20,895	

Schellenberg		
et	al.78	(1992)		 Premolars	

Young	
adolescents	
Adults	

26,000-48,000		
					(mid-root)	

	
-	 -	

Mannocci						
et	al.76	(2004)		

Incisors	
Canines	 45-51	

23,931	(cervical	
third)	
17,615	

(mid-apical)	

-	 -	

Camargo	et	al.77	
(2007)		 Premolars	

10-15	
16-30	
31-	45	
46-80	

-	 -	 -	

Komabayashi	
et	al.75	(2008)		 Canines	 Unspecified	

25,300-32,300	
(1-2	mm				
below	CEJ)	 -	

13,700-
16,800	
(1-2	mm	
below	CEJ)	
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(3) Amount of intertubular dentine  

The increase in the number of dentinal tubules towards the pulp occurs at the expense of 

the intertubular dentine.79 In other words, the increase in tubule density towards the pulp 

results in a lower percentage of intertubular dentine per unit volume of tissue and vice 

versa. For the same reason, the percentage of intertubular dentine increases towards the 

apex - i.e. higher in radicular dentine compared to coronal dentine.  

(4) Thickness of peritubular dentine 

The thickness of peritubular dentine slightly decreases towards the pulp.66, 79                 

In comparison to coronal dentine, radicular dentine has a smaller peritubular dentine 

cuff.9   

(5) Tubule branching 

Mjör & Nordahl74 classified the tubule branches into three types according to the size, 

location and direction: major branches, fine branches and microbranches. Major 

branches (0.5 - 1.0 µm diameter) are mainly found near the DEJ and DCJ as typical 

delta-form or Y-form branching. Fine branches (0.3 - 0.7 µm diameter) are numerous in 

radicular dentine and areas of low tubule density - such as apical and peripheral dentine. 

They branch off at a 45o angle to the main tubule and often anastomose with similar fine 

branches and/or neighbouring tubules. Microbranches (0.025 - 0.2 µm diameter) are 

found anywhere in dentine and they run perpendicularly to the main tubule.  

(6) Orientation of tubules 

The orientation of dentinal tubules changes in different sites within the dentine.             

In coronal dentine, dentinal tubules have a gentle S-shape that runs continuously 

between the pulp and the DEJ.70 These curvatures result from the crowding of the 

odontoblasts as they converge towards the centre of the pulp during dentinogenesis. In 

radicular dentine and at the incisal edge and cusps tips, the tubules are almost straight.55 

In conclusion, dentine is not a homogeneous tissue. The regional variations in 

composition and structure lead to variations in the characteristics of dentine in different 

locations, mainly to meet the functional demands imposed on the tooth. These features 

undergo further variations as part of the host defence against disease and/or the aging 

processes. 
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1.3.3 Biomechanical	properties	of	dentine		

Human dentine is a porous fluid-filled mineralised structure that provides mechanical 

support to overlying enamel. It serves as a cushion for the hard, wear-resistant enamel 

during mastication and is able to absorb a great amount of energy. Understanding the 

mechanical properties of dentine is crucial for maintaining the strength of teeth 

undergoing treatment and for predicting their performance under masticatory function. 

Further understanding of the fracture mechanics in dentine is another important factor in 

predicting prognosis.  

1.3.3.1 Mechanical	properties		

The mechanical properties of dentine have been widely studied in the literature. The 

majority of the studies have investigated the ‘localized material properties’ of dentine at 

tissue-level by conducting various nano- and micro-mechanical tests on uniformly 

shaped and/or sized specimens. However, these properties may be influenced by the 

specimen geometry, sectioning techniques, sensitivity for flaws, orientation of dentine 

tubules and degree of hydration. Thus, considerable inconsistency in the estimated 

values of these properties results from the lack of standardisation among the studies. 

Nonetheless, these properties may provide some insight into the bulk properties of 

dentine but it does not reflect the actual biomechanical behaviour of the bulk dentine 

that is dependent on the geometry of the tissue (i.e. the tooth) as a whole anatomical 

unit. Therefore, the bulk properties of the dentine structure will be discussed after a 

brief review of the nano- and micro-mechanical properties of dentine tissue.  

The mechanical properties of dentine are affected by its composite nature. At this level, 

the inorganic mineral, organic matrix and water components contribute differently to the 

mechanical properties of dentine (Table 1.3).80 The inorganic mineral has been 

considered the element responsible for the stiffness, hardness and ultimate compressive 

strength of dentine.7, 81, 82 The organic matrix (collagen type I) has been regarded as the 

element that contributes to the toughness, ultimate tensile strength,65 punch shear 

strength,83 and viscoelasticity of the dentine.56, 84 The matrix stability of dentine is 

enhanced by the covalent intra- and inter-molecular crosslinks of the collagen fibres, 

which also provide resistance to crack propagation in dentine.18, 53  
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Table	1.3.	The	contribution	of	dentine	compositional	constituents	to	the	mechanical	properties	of	dentine			

Dentine	

Inorganic	minerals Organic	matrix Water 

• Elastic	modulus	(stiffness)	

• Hardness	

• Ultimate	compressive	

strength		

• Ultimate	tensile	strength		

• Shear	strength	

• Viscoelastic	behaviour		

• Plastic	deformation	and	

Toughness	

• Fracture	toughness	

• Extrinsic	toughening	

mechanisms		

 

• Viscoelastic	behaviour		

• Provide	plasticising	and	

toughening	effect	

• Enhance	ability	to	absorb	

stress	

• Fracture	toughness	

• Uniform	stress/strain	

distribution	across	bulk	

dentine	structure		

The contribution of water to the mechanical properties of dentine can be either via the 

interaction of water with collagen fibrils or via the dynamic movement of water in the 

tubules. As mentioned before, water is incorporated in the triple helix of collagen as two 

molecules per tripeptide. When the level of hydration exceeds two molecules per 

tripeptide, the molecule starts to swell laterally exerting a plasticising effect.63 Also, 

dehydration causes collapse of the interfibrillar spaces (that are filled with water), 

shrinkage of collagen fibrils, and the formation of new interpeptide forces that could not 

be formed in aqueous environment.65 These new interpeptide forces endowed the dried 

demineralised collagen matrix with increased stiffness and strength.65 Therefore, 

hydration of collagen fibrils is important to maintain a soft and pliable matrix.18 The 

inherent viscous effect of dentine enables the movement of free water from one site to 

another when subjected to stress. It has been suggested by Pashley65 that movement of 

movement of dentinal fluid (i.e. free water) inside dentine tubules may function to 

hydraulically transfer and relieve the stresses applied to teeth during loading. This 

suggestion has been confirmed by the biomechanical studies of bulk dentine structure, 

which will be discussed later (in section 1.3.3.3).  

The mechanical properties of dentine are also influenced by its complex microstructure. 

The dentinal tubules are surrounded by a collar of highly mineralised peritubular 

dentine and are embedded within the less mineralised intertubular dentine (collagen 
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matrix).53 As a result, the peritubular dentine exhibits a higher - spatially homogeneous 

- hardness and elastic modulus compared to that of intertubular dentine.81, 82, 85 Unlike 

peritubular dentine, intertubular dentine demonstrates a spatial gradient in elastic 

modulus and hardness, increasing towards the DEJ.81 At this level of nano-mechanical 

evaluations, these regional variations in stiffness were attributed to the heterogeneous 

distribution of the apatite in the collagen matrix of intertubular dentine, as well as a 

reduction in the crystal size from the DEJ to the pulp.57 In contrast to peritubular 

dentine, the elastic properties of intertubular dentine vary depending on the hydration of 

the collagen matrix. This was evident when hydrated and dehydrated dentine specimens 

were compared in the Kinney et al. studies.81, 82 The elastic modulus of intertubular 

dentine was lower in hydrated specimens compared to that of dehydrated specimens 

while similar values were reported for peritubular dentine. The minimal hydration-

induced variations in peritubular dentine could be attributed to the relatively low protein 

content. Therefore, the elastic behaviour of dentine has been primarily attributed to the 

intertubular dentine, whereas the role of peritubular dentine (tubules) is minimal.7, 82 

Also, it is of importance to note that this behaviour is dependent on the degree of 

hydration.82, 86  

Based on the unique combination of compositional constituents and the distinct 

microstructure, the mechanical properties of dentine are expected to be dependent on 

the tubule orientation, density and size. Anisotropy of various mechanical properties of 

dentine as a function of tubule orientation has been widely reported. While micro-

indentation techniques were considered less sensitive to anisotropy of elastic 

properties,7, 86 using resonant ultrasound spectroscopy revealed that dentine exhibits the 

greatest stiffness (Young’s modulus) in the direction perpendicular to the tubule axis.86 

The elastic anisotropy - magnitude of ~10% - has been found to be dependent on the 

dentine hydration and collagen matrix since dry dentine did not exhibit this 

characteristic.86 The influence of tubule orientation and microstructure is more profound 

on the strength of dentine. Ultimate tensile strength,87-89 shear strength90 and flexure 

strength91 have been shown to be dependent on the tubule orientation. Whether dentine 

from the crown,87, 88 and/or root89 was evaluated, there is general agreement that the 

ultimate tensile strength is higher when the direction of loading is perpendicular to the 

direction of the dentine tubules compared to when the load was in plane with the tubule 

axis. This anisotropic behaviour was believed to result from the orientation of the 
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collagen fibrils being perpendicular to the dentine tubules. Hence, it can be concluded 

that the strength (particularly tensile) of dentine is greatest when the load is applied 

parallel to the long axis of the root.  

The strength of dentine is also dependent on the anatomical location in the tooth. 

Generally, the strength of dentine (ultimate tensile, shear and flexural) increases 

towards the DEJ (i.e. away from the pulp).87, 88, 90 91 Also, the strength increases in the 

apical direction, being higher in the root compared to the crown,59 or at the cervical 

level of the root compared to that at mid-apical level.76 These spatial variations in 

dentine strength have been commonly attributed to the tubule density, where regions of 

high strength were associated with relatively lower tubule density (i.e. away from the 

pulp or towards the apex). In addition to flexural strength, the energy to fracture 

decreased with increased tubule density.91 Another explanation could be that, since 

there is a reduction in quantity of the intertubular dentine at the expense of increasing 

the tubule density and diameter near the pulp, less ‘load-bearing’ organic matrix would 

be available to resist the applied stresses and thus the strength is reduced accordingly. 

However, regional variation in strength is not only correlated with the tubule density, 

but also with the spatial variations in the presence of pre-existing intrinsic defects in the 

coronal dentine (which could result during specimen preparation).9, 92 Inner dentine 

exhibited greater ‘sensitivity to flaws’ than outer dentine - probably due to the higher 

tubule density and diameter or mineral/collagen ratio - hence, the strength was likely to 

be reduced accordingly.93 In addition, Miguez et al.59 showed a potential relationship 

between the collagen crosslinking and ultimate tensile strength, which were both higher 

in the radicular dentine compared to coronal dentine, but the collagen content of dentine 

had no role since it has been shown to be similar irrespective of location (crown vs. 

root). Notwithstanding the above, the ultimate tensile strength of dentine has not always 

been affected by the location, being coronal or radicular,89 or different levels of 

radicular dentine (cervical, middle and apical).94 This controversy reflects the 

complexity and difficulty in achieving standardised specimens for comparisons.  

Regional variations in the dentine hardness and elastic modulus has been demonstrated 

in relation to the proximity to the pulp and at different corono-radicular levels.9 Dentine 

micro-hardness has been inversely correlated with tubular density due to the smaller 

percentage of intertubular dentine and corresponding increase in tubular diameter.95     
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In the facio-lingual plane of mandibular incisors, distinct gradients in elastic modulus 

and hardness were observed in the cervical region.60 As shown in Figure 1.7, the elastic 

modulus and hardness gradually increased from the centre (adjacent to the pulp) 

towards the outer aspects on the facial and lingual sides, being higher on the facial side. 

Furthermore, the elastic modulus gradually increased from the cervical to the apical 

dentine.60 In other words, the outer cervical dentine had higher elastic modulus (i.e. it is 

stiffer) than the inner cervical dentine. The apical dentine is stiffer than cervical and 

mid-root dentine. The correlation of these gradients to the patterns of mineral 

distribution within the radicular dentine is demonstrated in Figure 1.7, particularly in 

the cervical region. The role of these gradients in the mechanical response of bulk 

dentine will be discussed later.  

	
	
Figure	1.7.	Graphs	obtained	from	Fluoroscopic	X-ray	imaging	(left)	and	micro	indentation	(middle	&	right)	of	
lower	incisors	sections	dentine	showing	mineralization	pattern	(left),	modulus	of	elasticity	(middle)	and	
hardness	(right)	in	the	(A)	cervical	(B)	middle	(C)	apical	regions	of	the	root.		
(Courtsey	of	Kishen	&	Asundi	60)	

  



Chapter	1:	Literature	review		

 22 

In addition, the asymmetry of mechanical properties has been demonstrated in coronal 

and radicular dentine when different sides of teeth were compared.96 In maxillary third 

molars, Brauer et al.96 reported that the elastic modulus and hardness of coronal dentine 

were higher on the buccal side than the lingual, whereas the lingual root dentine 

exhibited lower hardness than the buccal. They suggested that the opposite             

bucco-lingual ratios of dentine hardness in the crown and root provide compensatory 

effects as an adaptation to improve the ability of the tooth to withstand functional 

stresses.96   

Dentine exhibits viscoelastic behaviour (i.e. combination of the characteristics of elastic 

solids and viscous liquids).84, 97 The most important time-dependent properties of 

dentine are creep, or strain relaxation (i.e. increase in strain or continued deformation 

over time under constant stress), and stress-relaxation (i.e. reduction in stress over time 

at constant strain).84, 97 These viscoelastic behaviours are considered important in 

particular clinical situations such as clenching, bruxism, presence of a threaded post in 

the root canal or with polymerization shrinkage of composite restorations.97 However, 

loss of water in dentine could compromise these viscoelastic properties.18  

The effect of hydration on the mechanical properties of dentine has been previously 

investigated. In a study by Huang et al.,98 compressive and tensile properties of 

hydrated, dehydrated (at room temperature for 72 hours) and desiccated dentine          

(in CaSO4 for 48 hours) were evaluated. Progressive dehydration of dentine caused 

progressive increase in Young’s modulus, proportional limit and ultimate strength 

(compressive and tensile). Thus, the dentine became stiffer and less flexible upon 

dehydration.98 Jameson et al.99 used tensile and three-point bending tests to compare the 

mechanical characteristics of fully hydrated human dentine bars with those that were 

dehydrated at 20oC and 50% relative humidity for 7 days. Hydrated dentine had 

significantly higher strain at fracture and required higher total energy to induce fracture 

(i.e. higher toughness) in comparison to dehydrated dentine. In contrast to hydrated 

dentine, dehydrated dentine exhibited relatively greater elastic energy and underwent no 

plastic deformation (i.e. brittle material behaviour). However, dehydration did not 

influence the values for stress at fracture and modulus of elasticity of dentine.99 These 

altered mechanical characteristics were reversed following rehydration.99 
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The mean total weight loss of dentine upon dehydration, under these conditions, was 

reported to be 3.33% - which is equivalent to ~30% moisture content.99, 100 This 

moisture loss was mostly attributed to loss of free water from dentine, that was 

characterized by rapid initial loss via evaporation of water from the dentine surface, 

followed by a second phase which was determined by movement of water to the 

surface.100 The percentage of moisture loss as a result of pulp tissue loss has been 

suggested to be similar. Therefore, many studies incorporated dehydration of the 

dentine under similar conditions in order to mimic the moisture loss resulting from pulp 

loss.8, 63, 99, 101 This will be further discussed later (in section 1.4.5.3). 

As highlighted by Jameson et al.99, strength or modulus of elasticity does not reveal any 

strains beyond the proportional limit and therefore these parameters do not provide 

information about the toughness of dentine. Toughness - i.e. a material's resistance to 

fracture - is measured as the energy needed to cause fracture. This fracture energy is 

determined from the area under a stress-strain curve, obtained when load is applied on 

the specimen (neither notched nor pre-cracked) until fracture - which is usually an 

unstable fracture.8 The toughness of dentine obtained from this approach does not 

indicate how the material will resist crack extension from a pre-existing crack - i.e. 

‘fracture toughness’, which will be discussed below.  

1.3.3.2 Fracture	and	fatigue	properties	of	dentine	

Fracture properties of dentine 

Structural stability of dentine is mainly dependent on the degree of mineralization and 

moisture content.7, 8 Organic collagen fibrils provide toughness and crack stopping 

mechanisms and inorganic hydroxyapatite crystals provide strength. Water enhances the 

ability to absorb stress, provides plasticizing and toughening effects and facilitates 

uniform distribution of stress/strain along the entire bulk of the dentine.102  

Since enamel cracks are less likely to propagate into dentine, tooth fracture is more 

likely to result from cracks that nucleate and extend within the dentine. These dentinal 

defects can be introduced in the form of microcracks during cavity preparation or they 

may develop in regions of high stress concentration under fatigue.103 While the tensile 

stress has been considered the most detrimental, dentine structure is prone to fracture if 
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the magnitude of tensile stress - whether applied or residual - is sufficient to cause 

plastic deformation in the structure, specifically in areas of high stress concentration.18 

These areas can be the tip of a notch or a microcrack, or the sharp corner of an internal 

line angle of a restoration, the terminal end of a post or a ledge in a prepared root canal, 

etc.18 For a crack to propagate in dentine, the tip of the crack acts as a stress 

concentration site that can focus the strain energy into the next susceptible bond.18 

However, different toughening mechanisms have been identified in dentine.            

These mechanisms could effectively stop, slow, or deflect crack propagation and 

increase overall toughness. 

The inherit resistance of dentine to fracture has been evaluated quantitatively in terms of 

work-to-fracture or fracture toughness. Initial reports provided estimated values for 

work-to-fracture (Wf) by subjecting notched dentine specimens to loading - in order to 

induce a stable crack extension from the notch.104-106 The Wf was determined from the 

area under the load versus extension curve, that is the work done, which is divided by 

the area of the two fractured surfaces.8 However, this approach is dependent on 

geometry and sample size and thus there was inconsistency among the results.  

Fracture toughness has been measured using fracture-mechanics methods that evaluate 

the critical value of a crack-driving force required to initiate and/or propagate a pre-

existing crack in a notched specimen.9 In general, the two fracture mechanics 

approaches that have been used to evaluate the fracture toughness of dentine are:   

• Linear-elastic fracture mechanics (LEFM) 

Quantitative measurements for fracture toughness were expressed in terms of the critical 

values of stress intensity (Kc), where fracture instability is reached when the stress 

intensity ahead of a pre-existing flaw exceeds the fracture toughness; or alternatively in 

terms of critical values of strain-energy release rate (Gc), which is the change in 

potential energy per unit increase in crack area.3 The estimated values of Kc and Gc for 

human dentine (in parallel orientation) were first obtained using notched compact-

tension specimens.107 These values were considered erroneously high - i.e. 

overestimating the fracture toughness of dentine - due to the cracks being induced from 

a blunt notch without a pre-existing crack with a sharp tip.108 The use of pre-cracked 

(with a sharp tip) dentine specimens - from human,88 bovine109 or elephant tusk3, 108- 

were later utilized in order to obtain more realistic estimated values.  
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Instead of evaluating a single value for fracture resistance (in terms of K or G), a few 

studies have evaluated the fracture behaviour of dentine by means of Resistance-curve 

(R-curve).1, 110 R-curve measures the resistance to fracture, defined by K or G, as 

function of crack extension. This approach has been considered more appropriate to 

describe fracture toughness of dentine due to the extrinsic toughening by crack-tip 

shielding.1  

Human dentine exhibits a rising crack growth resistance with crack extension (i.e. rising 

R-curve), where toughness (in terms of K or G) is increasing with further crack 

extension until a plateau or a steady-state toughness (Kp) is reached. Crack extension 

commences at crack-initiation toughness (Ko or Go); and the slope of rising R-curve 

represents the crack growth toughness (Kg).1  

• Elastic-plastic fracture mechanics (EPFM).  

LEFM overlooks the plastic deformation of dentine and thus the fracture toughness has 

been underestimated. As shown by Yan et al.,54 EPFM is a more accurate approach for 

measuring fracture toughness of dentine because it take into consideration inelastic 

processes during crack extension (i.e. plastic deformation and fracture toughening 

mechanisms). The non-linear elastic J-integral approach measures the energies 

consumed in both the elastic and plastic deformations and it can be separated into two 

parts: the J-integral of elastic (Jel), and plastic (Jpl), deformations.54, 101 The estimated 

fracture toughness of coronal dentine (KJc) - from the total J-integral (Jtotal) - was found 

to be higher by ~30% in comparison to the estimated fracture toughness (Kc) - as critical 

stress intensity.54  

• Hybrid approach 

J-integral (Jtotal) quantifies the overall energy consumption during the crack extension 

process, which can be separated into energy consumed during elastic deformation (Jel), 

energy consumed during plastic deformation ahead of the crack tip (Jtip) - i.e. intrinsic 

toughening, and energy exhausted during bridging the crack by uncracked ligaments 

(Jbrid) - i.e. extrinsic toughening. Hence, this approach enables more isolation of the 

contributions from the extrinsic and intrinsic toughening mechanisms to the fracture 

toughness.110  
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A number of investigations have assessed the process of crack extension in dentine and 

the mechanisms contributing to toughening.1, 3, 8 In general, the fracture toughness of 

dentine microstructure is influenced by two mechanisms:  

(1) Intrinsic toughening 

These mechanisms operate ahead of the crack tip and act to promote the inherent 

resistance of the dentine microstructure to damage and crack. They also tend to enhance 

the crack-initiation toughness.1 The contribution of intrinsic mechanisms to the overall 

toughness was found to be around 3%.110 

(2) Extrinsic toughening 

 These mechanisms operate primarily behind the crack tip (at the crack wake) by 

promoting crack-tip shielding, which reduces the stress intensity experienced at the 

crack tip. They tend to enhance crack-growth toughness (i.e. initial slope of R-curve).1 

These mechanism are responsible for the rising R- curve behaviour of dentine because 

of the increasing extent of the shielding zone in the crack wake with increasing crack 

extension (i.e. as their effects increase with crack extension prior to reaching the steady-

state toughness).1 It was estimated that toughening via extrinsic mechanisms contributed 

to an average of 26% of the total energy for fracture.110 

 

  

Figure	1.8.	Schematic	illustrations	of	some	of	the	possible	toughening	mechanisms	in	dentine:	(a)	crack	
deflection,	(b)	crack	bridging	(by	collagen	fibers),	(c)	uncracked	ligament	bridging,	and	(d)	microcracking.		
(Courtesy	of	Nalla	et	al.3)	
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Examples of the toughening mechanisms that were identified in dentine are: 

a. Crack deflection  

Crack deflection (Figure 1.8 [a]) provides toughening by reducing the local stress 

intensity at the crack tip as the crack deviates from the plane of maximum driving force 

(e.g., maximum tensile stress).3 Microstructural characteristics, such as tubule or 

peritubular cuff, can contribute to crack-path deviation. Therefore, this mechanism is 

promoted when the tubules are present in the crack path (i.e. when directed 

perpendicularly). The toughening is only provided at local level with minimal 

contribution to the overall toughness.3  

b. Crack bridging   

Crack bridging (Figure 1.8 [b] &[c]) by intact collagen fibrils and/or uncracked 

ligaments is the most common extrinsic toughening mechanism (crack-tip shielding).3 

Bridging acts to oppose crack opening by dissipating the strain energy, eventually 

reducing the stress intensity near the crack tip. This mechanism only occurs with crack 

extension so it only affects the crack growth toughness.1 Bridging by uncracked 

ligaments is the most potent toughening mechanism.3, 110  

The mechanism of uncracked ligament bridge formation is believed to result from the 

presence of microcracks ahead of the main crack.3, 110 The uncracked ligament bridges 

are formed near/behind the crack tip with crack extension.1 The extent of bridging zone 

is controlled by the critical crack-opening displacement (equivalent to the displacement 

required to destroy a bridge), after which the bridges at the crack wake fail and lose 

their toughening effect (Figure 1.9). Eventually, the steady-state toughness is reached 

when the rate of bridge formation near the crack tip is similar to the rate of bridge 

destruction at the crack wake (which represent the plateau in R-curve of hydrated 

dentine shown below in Figure 1.10).1  

The bridging mechanisms are lacking when the crack path is perpendicular to tubule 

axis, and thus this orientation exhibits the least fracture toughness.3 Bridging by 

uncracked ligament and intact collagen fibres are mainly evident in the parallel 

orientation, in which the fracture toughest is the highest.3 
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Figure	1.9.	Schematic	illustrating	how	the	bridging	stresses,	acting	across	the	crack	wake	change	with	position,	
eventually	falling	to	zero	in	the	region	beyond	the	critical	crack	opening	(u*).	The	crack	illustrated	here	
represents	a	steady-state	crack,	where	bridges	are	being	both	formed	at	the	crack	tip	and	destroyed	in	the	crack	
wake	beyond	the	critical	crack-opening	displacement.		
(Courtesy	Kruzic	et	al.1)	

 

c. Microcracking  

Microcracking (Figure 1.8 [d]) is one of the principle toughening mechanisms, and its 

occurrence is not dependent on the tubule orientation.3 Constrained microcracking 

results in dilation and increases the compliance of the surrounding highly stressed 

region near the crack.3, 18  

Microcracking occurs ahead of and behind the crack tip.3 Ahead of the crack, 

microcracking results in the reduction of intrinsic toughness in the region surrounding 

the crack tip. Behind the crack, constrained microcracking acts to shield the crack via 

the resultant dilation zone (with modulus reduction) that surrounds the crack and is 

constrained by uncracked material (of higher modulus).3  

The primary site for development of microcracks in human dentine is the peritubular 

cuff.1, 3 Small microcracks develop ahead of the main crack and coalesce with other 

microcracks resulting in a continuous crack.3 Before linking to the main crack, the 

presence of these microcracks endows the formation of uncracked ligament bridges.1, 3 
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d. Crack blunting  

Crack blunting exerts an intrinsic toughening effect by defocusing the stress 

experienced at the crack tip - i.e. reduces the stress experienced ahead of the crack tip- 

and as a consequence, the crack initiation toughness is increased.1  

In hydrated dentine, crack blunting is promoted by the plastic deformation as well as the 

viscoplastic time-dependent deformation (continuous plastic deformation even after 

unloading) that takes place at the crack tip (Figure 1.9).1 During initial-time dependent 

crack growth, egress of fluid from tubules was evident in the blunted region near the 

crack tip prior to the next extension of the crack.1 Extensive crack blunting (i.e. due to 

the presence of plastic and viscoplastic deformation) present in hydrated dentine results 

in larger crack-opening displacement, so the critical crack-opening displacement can be 

reached after a relatively short crack extension. This in turn would lead to narrowing of 

the unbroken ligament-bridging zone, indirectly contributing to the steady-state 

‘plateau’ toughness in the R-curve of hydrated dentine. 

  

Figure	1.10.	R-curves	for	hydrated	and	dehydrated	dentine,	data	plotted	as	(A)	K(Δa)	and	(B)	Gr(Δa).		
(Courtesy	of	Kruzic	et	al.1)	

  

A B 
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Fracture properties of dentine are dependent on the tubule orientation with respect to the 

direction of crack extension. For the work of fracture, the lowest values have been 

found when the crack path is oriented perpendicular to the dentine tubule plane.104, 105 

Similarly, the highest fracture toughness of dentine has been observed when the 

direction of crack extension is parallel to the axis of dentine tubules, being 55-65% 

higher in comparison to the perpendicular orientation.3 Similar to the elastic properties 

of dentine, greater fracture energy could be dissipated by the collagen fibrils in this 

orientation in which the fibrils are perpendicular to the path of crack extension. In 

addition, the anisotropy in fracture toughness of dentine has been attributed to the 

contribution of extrinsic toughening mechanisms in different paths of crack extension.3 

Using fatigue pre-cracked compact-tension samples from elephant trunk, crack bridging 

by intact collagen fibrils and uncracked ligament were most active when the crack path 

was parallel (in-plane) to the tubule axis.3 Since toughening by microcracking and crack 

deflection has been observed in either orientation, the primary cause for the anisotropic 

behaviour of fracture toughness has been attributed to crack bridging.3 

Due to the spatial variations in the microstructure of dentine, the fracture resistance of 

dentine is also location-dependent. 106, 109, 110 In coronal dentine, it has been 

demonstrated that the work to fracture tends to be higher near the DEJ where abundant 

collagen is present.106 Similarly, coronal dentine exhibited a distinct decrease in fracture 

toughness with increasing proximity to the pulp, which was also correlated with the 

relevant frequency of occurrence and contribution of toughening mechanisms across the 

coronal dentine.110 In inner dentine where the tubule density is high, toughening was 

achieved by the tortuous path of the crack to nearby lumens, reducing stress intensity at 

the crack tip via crack deflection and crack blunting as the tip is located within the 

lumen, along with microcracking of the peritubular cuff and to a lesser extent bridging 

of the unbroken ligament. In middle dentine, microcracking of peritubular cuffs was the 

prominent mechanism. However, the development of unbroken ligament bridges was 

the most dominant mechanism in outer dentine. These findings may explain the 

increasing potential for tooth fracture with increasing depth of cavity preparation.103, 110 

Furthermore, the fracture toughness of radicular dentine has been found to be greater 

than coronal dentine.109 The difference in the properties of collagen fibrils in coronal 

and radial dentine has been suggested to cause this spatial variation in fracture 

toughness.109 
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The importance of hydration to fracture properties has been highlighted in a number of 

investigations using bovine8, 101 or elephant dentine specimens.1 Kahler et al.8 partially 

dehydrated bovine dentine at 22oC and 50% relative humidity for 7 days and it 

exhibited significantly less work to fracture in comparison to hydrated dentine, with a 

3.9-fold difference.8 Using similar specimens, Kahler and Kotousov101 found that the 

fracture toughness (expressed as non-linear J-integral) of hydrated dentine was 4.4-fold 

higher than that of dehydrated dentine, and this result was significantly different. They 

suggested that these differences could be attributed to the various contributions of 

toughening mechanisms (Figure 1.11 and Figure 1.12).8, 101  

Figure	1.11.	Schematic	illustration	of	fracture	toughening	mechanism	in	hydrated	dentine.	
	(Courtesy	of	Kahler	et	al.5)	

  

Figure	1.12.	Schematic	illustration	of	fracture	toughening	mechanism	in	dehydrated	dentine.		
(Courtesy	of	Kahler	et	al.5)	
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Evidence of microcracking, crack deflection and uncracked ligament formation were 

observed in fully hydrated dentine.8 However, in dehydrated dentine, microcracking 

was smaller and straighter with less crack opening (little crack blunting) and crack 

bridging was minimal.8 This finding has been contradicted by Kruzic et al.1 who 

reported that crack bridging by unbroken ligament was the primary toughening 

mechanism in both hydrated and vacuum-dehydrated dentine. According to 

corresponding R-curves shown in Figure 1.10, there is an apparent difference in the 

fracture behaviour between hydrated and dehydrated dentine. Hydrated dentine 

exhibited higher crack initiation toughness (by ~60% and ~185% in terms of K or G, 

respectively). This was mainly attributed to the extensive crack blunting that was found 

in hydrated dentine. Also, hydrated dentine exhibited a relatively higher crack-growth 

toughness (slope of the initial rise of R-curve) but to a lesser degree than crack initiation 

toughness.1 The rising R-curves were attributed to the extrinsic mechanisms - mainly 

crack bridging, irrespective of the degree of hydration.1 However, the distinct ‘plateau’ 

in hydrated dentine indicated that the amount of bridging was reduced further from the 

crack tip, with the same rate of bridging formation near the tip and destruction at the 

crack wake. In contrast, bridging in dehydrated dentine persisted over a longer distance 

behind the crack tip, consistent with the steadily rising R-curves.1 

Fluid movement during crack extension has also been noted.1, 8 In hydrated bovine 

dentine, ingress or migration of fluids occurred ahead of the crack tip in the visco-

elastic/plastic zone (dilation zone) while egress of fluids takes place behind the crack tip 

(relaxation zone) after crack extension.8 In the absence of fluid flow in dehydrated 

dentine, a visco-elastic/plastic zone could not be observed and instead, that region was 

only accommodated by shear strains of the existing fluid.8 In contrast, Kruzic et al.1 

revealed that only egress – and not ingress - of fluid was evident in the region adjacent 

to the crack tip without any other fluid movement anywhere else in hydrated dentine 

from elephant tusk. Movement of water can help in dissipating strain energy delivered 

to the crack tip and may exhibit a toughening effect. This toughening role of water 

requires further study.1 
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Fatigue properties of dentine  

For fatigue failure to occur, cyclic loading should be able to initiate and propagate 

cracks until rupture.103 Mastication involves exposing the teeth to cyclic loading,          

up to 750,000 annually for an average tooth and at a frequency of just below 2 Hz.103 

Therefore, the response of dentine to cyclic loading has been investigated.91, 111-114  

The fatigue response of dentine has been evaluated in terms of its stress-life fatigue 

behaviour91, 111 or fatigue crack growth resistance.112-114 The stress-life fatigue 

behaviour of dentine was shown to be ‘metal-like’ fatigue behaviour, where increasing 

stress amplitude was associated with a reduction in life - with apparent fatigue limits at      

106-107 cycles of ~25 and 45 MPa at frequencies of 2 and 20 Hz, respectively.111, 115 

From these findings, it was concluded that the cyclic stress experienced during 

mastication is generally insufficient to cause failure in ‘flaw-free’ dentine unless stress 

levels are high.111 However, fatigue strength has been shown to decrease with increasing 

the cyclic stress amplitude,111 and the rate of loading.116 Also, it is dependent on the 

tubule orientation, with the lowest fatigue strength when the tubules are parallel to the 

direction of cyclic stress, which emphasizes the contribution of the collagen fibrils.91 

Consequently, restorative procedures that result in increasing the magnitude of cyclic 

stresses and/or directing these stresses along the axis of dentine tubules are most likely 

to be detrimental and may lead to fatigue of the dentine during mastication.  

Since initiation of fatigue damage is unlikely in flaw-free dentine,111 crack growth of 

pre-existing flaws in dentine might be the primary cause of fractures in restored teeth.117 

These dentinal flaws can be intrinsic flaws (e.g. regions of high lumen density) or 

defects that were introduced in dentine during cavity preparations (e.g. as result of 

cutting with a bur).103, 114 These flaws can undergo extension via fatigue crack growth. 

In molars with class II amalgam restorations, it was found that if dentinal cracks - as 

small as 25 um - were introduced along the margin, cusp fracture could occur within    

25 years but if the cracks were longer than 100 um, the fatigue life could be 

substantially reduced to as short as 5 years.117 Nonetheless, small non-critical flaws 

could undergo extension via fatigue crack growth so that the critical crack length is 

reached, consequently leading to tooth fracture.112, 114 In coronal dentine, fatigue crack 

growth resistance is dependent on the depth for DEJ (i.e. tubule size and density) and 

tubule      orientation.112, 114 It decreases with increasing depth from the DEJ, with the 
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preferred crack growth direction being perpendicular to the tubules axis.112, 114 The 

toughening mechanisms for resisting fatigue crack growth were similar to those 

mentioned before in quasi-static crack extension. Of these mechanisms, crack branching 

and crack bridging by unbroken ligaments were the most potent, and were mainly seen 

in outer dentine.114 However, dentine exhibits lower resistance for initiation, 

propagation and fracture under cyclic loading in comparison to quasi-static loading.103 

Hence, restored teeth are at relatively higher risk for fracture under function, in 

particular with increasing depth of the restoration. The spatial and anisotropic behaviour 

of fatigue properties indicate that cracks are likely to be initiated at internal line angles 

of the preparation where the stresses are concentrated.114  

Fatigue strength and fatigue crack growth resistance are reduced with age.113, 118, 119   

This change in behaviour occurs as a result of the lumens filling with mineral and 

corresponding suppression of the mechanisms of toughening. The fatigue properties of 

dentine are also influenced by dehydration. 113, 116 Using four-point flexure to failure, the 

dehydrated dentine exhibited brittle behaviour and the energy to fracture, elastic 

modulus and flexure strength were inversely related to increasing cyclic stress, whereas 

in fully hydrated dentine, a direct relationship was found and fracture was characteristic 

of ductile material (exhibiting plastic deformation).116 Fracture in young hydrated 

dentine exhibited signs of ‘peritubular cuff-pull out’, which was suggested to aid in 

energy dissipation during crack extension. 113, 116 
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1.3.3.3 Mechanical	behaviour	of	bulk	dentine	structure.	

Notwithstanding the fact that the mechanical of properties of dentine are influenced by 

its compositional constituents and complex microstructure and are a function of dentine 

orientation and location, the properties obtained from isolated dentine specimens do not 

provide information on the behaviour of the whole tooth under function. Hence, 

understanding the mechanical behaviour of the bulk dentine structure is important in 

order to comprehend how the bulk dentine resists occlusal loads.  

It is widely accepted that stress is produced within a biological structure upon load 

application.18 The distribution of load-induced stresses within the structure is dependent 

on the direction of load and geometry of the structure.18 The presence of any defects 

within the structure - such as cracks or notches - lead to a localized increase in the 

amount of stress at the tip of the defect, potentially increasing the risk of failure. 

However, the structure is less likely to undergo fatigue damage or failure when there is 

no stress concentration site and the strains are uniformly distributed within the 

structure.120 

The mechanical behaviour of bulk dentine structure upon the application of compressive 

loading has been investigated using digital photoelasticity.4, 5, 60, 120 Load-induced stress 

patterns in the bulk dentine structure were analysed via two-dimensional (sagittal) 

digital photoelasticity model of intact tooth and supporting tissues.4 In facio-lingual 

plan (Figure 1.13), the cervical and mid-root dentine underwent bending stresses when 

compressive load was applied along the long axis of the tooth with significantly high 

compressive stresses being evident on the facial side and less tensile stress on the 

lingual side. These stresses were relatively reduced towards inner regions. However, 

this bending stress was substantially diminished toward the apex due to the reactant 

compressive force from the supporting tissues and thus only compressive stress was 

evident in the apical dentine. This study highlighted the importance of the tooth 

geometry and supporting tissue (alveolar bone, PDL and cementum) for the stress 

distribution patterns within the tooth.4 Although the ‘isotropic’ tooth model used did not 

replicate the graded mechanical properties of dentine structure, another study has linked 

these stress patterns with the spatial variation in the degree of mineralisation within the 

dentine structure and the resultant natural gradient in its mechanical properties (i.e. 

elastic modulus and hardness).60 This link provided an explanation for these natural 



Chapter	1:	Literature	review		

 36 

gradients in the context of functional demands imposed on the tooth, where the dentine 

adapted its properties (degree of mineralisation and its resultant stiffness) in respect to 

the regions of high stresses (Figure 1.7 & Figure 1.13).60   

	

 

For a better understanding of these functional adaptations, the stress-strain response of 

tooth structure was further investigated using both a three-dimensional photoelastic 

model and digital moiré interferometry of sagittal natural tooth section in order to 

evaluate the load-induced stress (in the facio-lingual as well as the cross-sectional 

planes) and the load-induced deformation patterns (along and perpendicular to the 

tooth’s long axis), respectively, during compression.120 Similar to the 2-D model 

findings,60 the ‘isotropic’ tooth model exhibited bending stress distribution in the facio-

lingual plane at the coronal and cervical areas that diminished apically. In the cross-

sectional plane, the lateral stress distribution was not uniform at the cervical level, with 

the lowest stresses near the inner regions and increasing towards the peripheral surfaces. 

(a) (b) 

Figure	1.13.	(a)	Schematic	illustration	of	the	bending	stress	distribution	within	the	tooth	upon	the	application	of	
compressive	load	along	the	long	axis	of	the	tooth.	(b)	Graphs	obtained	from	digital	photoelasticity	showing	stress	
distribution	in	intact	tooth	model	at	the	cervical	(A),	middle	(B)	and	apical	(C)	regions	of	the	root	for	compressive	
load	of	125N	applied	along	its	long	axis.		
(Courtesy	of	Asundi	&	Kishen4	and	Kishen	&Asundi5)	
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Unlike the cervical region, stress distribution was homogeneous at the apical level. 

Strain analysis of tooth sections revealed distinct strain gradients along the long axis of 

the tooth (axial direction), decreasing gradually from the cervical towards the apical 

third of the root. In the lateral direction (i.e. perpendicular to the long axis of the tooth), 

dentine exhibited uniform distribution of normal strain. The shear strains were only 

evident in the cervical regions (in the axial and lateral direction) with the highest values 

towards the outer dentine - being higher on the facial side. These discrepancies between 

the stress distribution in the ‘isotropic’ tooth model and the distinct strain gradients in 

the natural tooth further highlights the role of the spatial variations and graded 

properties (mainly elastic modulus) of dentine in the stress-strain response of tooth 

structure. As a result of the higher mineralisation and corresponding high elastic 

modulus (i.e. increased compressive strength and stiffness) towards the periphery, the 

outer cervical dentine exhibited lower compressive strains (less load-induced 

deformations) in a graded dentine structure than homogeneous structure.60 

Consequently, this natural gradient facilitated uniform strains distributions within the 

dentine structure.  

The role of water in the stress-strain behaviour of bulk dentine structure to compressive 

loading has been demonstrated.63 Using digital moiré interferometry, Kishen and 

Asundi63 revealed that dehydration of bulk dentine (i.e. the entire facio-lingual section 

of mandibular incisors) at 24oC for 72 hours led to changes in the stress-strain response 

during compression. In the axial direction, hydrated dentine demonstrated a gradual 

increase in normal and shear strains with increase in load, which is characteristic 

behaviour of tough materials (exhibiting plastic deformation). In contrast, the strains in 

dehydrated dentine were sharply increased with increasing load with the maximum 

strains for the maximum stresses being relatively lower, suggesting a brittle material 

behaviour. Differences in stress-strain response were also evident in the lateral direction 

(parallel to the dentine tubules) where dehydrated dentine exhibited distinct higher 

strains in the outer dentine compared to inner dentine (i.e. non-uniform strain 

distribution), which increased linearly with increasing stress. In contrast, hydrated 

dentine exhibited more homogeneous transfer of strain and was not affected by 

increasing magnitude of stress. These hydration-induced strains were explained in 

context of the movement of free water in the dentine tubules during compression and 

the strong interactions of water with collagen fibrils.63 These findings highlighted the 
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essential plasticizing effect of water in dentine which promotes absorption of stresses 

and allows more uniform distribution of stress-strain in the bulk dentine structure during 

compressive loading.63 

Since free water in bulk dentine structure is held under hydrostatic pressure, the 

biomechanical behaviour of bulk dentine structure was further studied taking into 

consideration the role of intra-pulpal hydrostatic pressure.2 A finite element method was 

used to simulate intra-pulpal hydrostatic pressure in three-dimensional sectional models 

of cervical dentine with graded or homogeneous elastic modulus.2 Prior to application 

of a compressive load, inner dentine near the root canal exhibited pre-existing tensile 

stresses and strains resulting from hydrostatic pressure. This residual stress and strain 

counteracted the applied compressive loads and (thus outer dentine regions experienced 

relatively higher compressive stress). In the absence of hydrostatic pressure, constant 

compressive stresses and strains were found across the dentine, which were increased 

with increasing the magnitude of applied compressive loads especially in the inner 

region. The hydrostatic pressure also influenced the distribution of circumferential 

stresses and strains around the tubule lumen in the inner regions.2 When hydrostatic 

pressure was present, circumferential dentine exhibited compressive stresses and strains 

in the direction of compressive load (along the long axis of the tooth) and tensile 

stresses and strains in the perpendicular direction (perpendicular to long axis of tooth). 

Comparatively, the distribution of stresses and strains around the dentine tubule is more 

uniform in the presence of hydrostatic pressure. Furthermore, the residual stresses and 

strains were shown to be lower in graded dentine models compared to homogeneous 

models.2  

Results from Fourier transform infrared spectroscopic analysis confirmed that 

dehydration of dentine at 21oC for 72 hours and 60% relative humidity was not 

associated with any secondary phase transformations of the inorganic or organic 

components.2 Therefore, it was concluded that the mechanical responses of dehydrated 

bulk dentine was mainly attributed to water loss.2 Under these conditions, dehydration 

of dentine resulted in total weight loss of 5.3% (correspond to 32% of the total water 

content in bulk dentine).102 This water loss took place in two stages: (1) rapid water-loss 

stage, where the majority of the water (80% of the total water loss) is lost in the first     

2 hours, most likely to be free water from the dentine tubules and dentine surface, 
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followed by (2) slow water-loss stage, where less amount of water is lost over an 

extended period, due to movement of free water from the dentine matrix to the 

surface.102 Using digital moiré interferometry, dehydration induced-surface strains were 

evaluated for a period of 12 hours in fully hydrated dentine during dehydration at 21oC 

and 60% relative humidity.102 In accordance with the nature of water loss during 

dehydration, the initial loss of free water from the dentine tubules and dentine surface 

was associated with minimal increase in surface strain in the axial and lateral directions 

(perpendicular and parallel to dentine tubules, respectively). In the initial phase, 

dehydration induced-strains were slightly higher in outer dentine compared to inner 

dentine, suggesting that most of the free water which was initially lost was present in 

inner dentine. After the majority of water is lost, subsequent rapid increase in strains in 

outer and inner dentine result from the movement of water from the intertubular dentine 

matrix to the surface.102 Upon rehydration of previously dehydrated dentine for           

72 hours, the residual dehydration-induced surface strains were rapidly decreased in the 

axial direction followed by constant strains, but there was an initial increase in strains in 

the lateral direction (parallel to dentinal tubules) prior to being reduced upon 

rehydration.102 This initial rehydration-induced strain has been suggested to result from 

swelling of the dehydrated collagen fibrils, which corresponded to the initial 96% of 

total water gain in the first 2 hours.102   

Compression testing of fully hydrated and partially dehydrated (for 72 hours, at 21oC 

and 60% relative humidity) bulk dentine specimens (i.e. sagittal facio-lingual dentine 

sections) showed stress at fracture was significantly higher in dehydrated specimens, 

whereas hydrated dentine had significantly higher percentage strain at fracture and 

exhibited greater toughness (Figure 1.14).2 In contrast to hydrated dentine, fractures 

were catastrophic and complete, extending along the root canal in dehydrated dentine. 

Hydrated dentine fractured in a slow and incomplete fashion, away from the root canal, 

with evident signs of microcracking and lateral crack deflection. From these studies,2 it 

can be concluded that the high strain or deformation indicates higher resistance to crack 

propagation and fracture toughness. Also, loss of free water from dentinal surface, 

porosities and dentine tubules can lead to increased fracture susceptibility of bulk 

dentine.  
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The biomechanical response of graded dentine structure to tensile loading was also 

evaluated in order to understand how the graded properties of dentine structure aid in 

resistance to fracture. Three-dimensional finite element analysis was used to evaluate 

the stress-strain distributions in a block dentine section model with simulated root canal 

space (with graded elastic modulus) during tensile loading.61 In the axial direction 

(along the long axis of the tooth), outer dentine exhibited the highest tensile stress 

values whereas the highest tensile strains (normal strains) were found towards the inner 

dentine. In the lateral direction (perpendicular to the long axis of the tooth), lateral 

tensile strains were highest in inner dentine near the root canal, sharply decreasing 

within the inner dentine region (about one third the distance to the surface) and 

maintaining minimal strain values in the outer dentine (the remaining two-thirds). 

Furthermore, this stress-strain response was correlated with the fractures in bulk dentine 

specimens obtained from mandibular incisors dentine under axial tensile loading.61 

Results from the tensile testing revealed dentine specimens with a prepared notch on the 

facial surface exhibited complete and catastrophic fracture, extending the tip of the 

notch towards the lingual surface. In the absence of the notch, fractures progressed from 

the outer facial and lingual surface towards the inner central region. In fractographic 

analysis, inner dentine showed increased deformation, irregular fracture surface and 

Figure	1.14.		(a)	Stress	vs.	strain	plot	obtained	from	compressive	testing,	
(b)	Photographs	showing	fracture	patterns	in	dehydrated	dentine	and	
hydrated	bulk	dentine	specimens.		
(Courtesy	of	Kishen	&	Vedantam2)	

(a) (b) 
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signs of microcracking and ridge formation adjacent to the root canal. This implied that 

fractures are likely to be initiated in inner dentine near the root canal (at the tip of a 

microcrack) and propagated towards the root surfaces.61 These findings highlight the 

importance of inner dentine in providing the tooth with inherent resistance to fracture 

by: (1) dissipating strain energy via plastic deformations (i.e. due to high strain values), 

and (2) increasing the amount of energy required for crack propagation via fracture 

toughening mechanisms (i.e. microcracking and ridge patterns).61 As a result, localised 

increase in stress is less likely to occur at the surface. Hence, fracture toughness is 

increased and the rate for crack propagation is reduced accordingly. These essential 

properties are mainly attributed to the characteristics of inner dentine (high collagen and 

water content, low elastic modulus).  

Overall, the spatial gradients in elastic modulus and the presence of free water in 

dentine plus the hydrostatic pressure are considered the most important factors for the 

biomechanical behaviour of bulk dentine, which not only improves the tolerance of bulk 

dentine structure to high compressive loading but also improves the fatigue behaviour 

of the structure.2  

Estimation  

In the cervical region, the thickness of inner dentine can be estimated from FEA dentine 

models studies2, 61 (from stress or strain percentage vs. distance from inner dentine 

graphs) to be one third of the distance from the root canal lumen to the surface. 

Alternatively, it comprised the central one third of the total facio-lingual thickness of 

dentine in studies4, 5, 60, 120, 121 using photoelasticity tooth models that lacked simulated 

root canals (from stress or fringe order vs. facio-lingual distance graphs).   
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Summary  

The properties of the inner dentine versus the outer dentine, particularly at the cervical 
area where the stresses are prominent during functional loading, can be summarised as:  

Inner dentine  (Figure 1.15):  

• Is relatively more porous, 

• Is relatively more hydrated, 

• Is relatively less mineralised,  

• Has more organic content, 

• Is mainly composed of peritubular 
dentine,  

• Has a slightly narrower peritubular 

cuff,  

• Contains less intertubular dentine, 

• Is relatively more permeable, 

• Has low elastic modulus,  

• Has higher toughness, and 

• Exhibits higher strains.  

 

Outer dentine (Figure 1.16): 

• Is relatively less porous, 

• Is relatively less hydrated, 

• Is relatively more mineralised,  

• Has less organic component, 

• Is mainly composed of intertubular 

dentine,  

• Has a slightly thicker peritubular cuff. 

• Is less permeable, 

• Has high elastic modulus, and 

• Less toughness (i.e. does not undergo plastic deformation). 

These properties deem outer dentine to be stiffer and more brittle than inner dentine.  

Figure	1.15.	Schematic	diagram	demonstrating	the	
structure	of	inner	dentine.		
.	
	

Figure	1.16.	Schematic	diagram	demonstrating	the	
structure	of	outer	dentine.	
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1.4 Tooth	fracture		

Cracks and fractures in teeth are relatively common problems that may involve teeth 

with or without restoration or root canal fillings. Excessive tooth demands or alteration 

in the tooth structure (pathological or iatrogenic) can compromise the ability of the 

tooth to withstand functional loading and can generally lead to cracks or fracture. 

Fractures due to traumatic injuries are beyond the scope of this thesis.  

1.4.1 Classifications	

Many terms and classifications have been proposed to describe cracks and fractures in 

teeth (Table 1.4). However, the categories are confusing and overlap to some extent.  

Tooth cracks and fractures can be simply classified into three categories:122 

• Enamel crazing or infraction - craze line on the surface of teeth that only involves 

enamel.  

• Crack - a break without separation of the two fragments. A crack in a tooth 

involves the dentine plus the enamel and/or cementum. It may extend to the pulp 

space.  

• Fracture - a break with separation of the two fragments. A fracture of a tooth 

involves the dentine plus the enamel and/or cementum. It may extend into the pulp 

space. 

Enamel crazes have the potential to progress to become a crack in the tooth. Also, 

cracks have the potential to progress to become a fracture of the tooth.122   

The term ‘vertical root fracture’ (VRF) has been extensively used to describe a crack or 

a fracture that involves the dentine and the cementum, and sometimes enamel, that is 

usually associated with root-filled teeth. However, this term is not precise because 

‘fracture’ should only be used when there is separation between the two parts, plus these 

fractures or cracks are not always vertical.  
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Table	1.4.	Some	examples	of	classifications	of	cracks	and	fractures	in	teeth.		

Talim	&	Gohil	123	
(1974) 

Abu	Rass124	
(1983)	

Moule’s125	
classification	of	cracked	teeth		

(2004)	

American	
Association																		

of	Endodontists126	
(2008)	

Loomba	et	al.	127	
(2010)	

Class	I:	Fracture	involving	enamel	
A. Horizontal	or	oblique	
B. Vertical	

1. Complete		
2. Incomplete	

	
Class	 II:	 Fracture	 involving	 enamel	
and	dentine	without	involving	pulp	

A. Horizontal	or	oblique	
B. Vertical	

1. Complete		
2. Incomplete	

	
Class	 III:	 Fracture	 of	 enamel	 and	
dentine	involving	the	pulp		

A. Horizontal		
B. Vertical	

1. Complete	
2. Incomplete		

	
Class	IV:		Fracture	of	the	roots	

A. Vertical	or	oblique	
1. Involving	the	pulp	
2. Not	 involving	 the	

pulp	
B. Horizontal	

1. Cervical	third	
2. Middle	third	
3. Apical	third	

 

Craze	line		
Structural	crack	
Cusp	fracture		
Vertical	fracture	

A1-	favourable	fracture/	dentine	type	pain		
A2-	favourable	fracture/	pulpal	type	pain		
A3-	favourable	fracture/	periapical	type	pain	
	
B1-	unfavourable	fracture/	dentine	type	pain	
B2-	unfavourable	fracture/	pulpal	type	pain	
B3-	 unfavourable	 fracture/	 periapical	 type	
pain	
	
Type	of	cracks:	
A. Favourable:	 cracks	 found	 in	 the	 pulpo-

axial	line	angle	and	involve	a	cusp	only.	
B. Unfavourable:	 cracks	 occurring	 across	

the	 floor	 of	 the	 pulp	 chamber	 or	 those	
occurring	in	intact	unrestored	teeth.	

	
Type	of	pain:	
1. Dentine	 type	 pain:	 sharp	 momentary	

duration	only	when	simulated.		
2. Pulpal	 type	 pain:	 pulpitis	 –	 prolonged	

pain	on	simulation.		
3. Periapical	 type	 pain:	 periapical	 pain	

associated	 with	 periodontitis	 but	 also	
included	 asymptomatic	 ‘non-vital’	 teeth	
with	or	without	bone	loss.	

	

Craze	line	
Fractured	cusp	
Cracked	tooth	
Split	tooth	
Vertical	root	fracture		

 

Type	I:	Fractures	of	anterior	teeth	in	the	horizontal	or	transverse	plane.*	
Division	1:	Fractures	of	the	tooth	crown,	

(A):	incisal	one-third,	either	partial	or	complete.	
(B):	middle	one-third,	either	partial	or	complete.		
(C):	cervical	one-third	up,	either	partial	or	complete.		

Division	2:	Fractures	of	the	tooth	root.		
(A):	cervical	one-third	
(B):	middle	one-third		
(C):	apical	one-third.		

Division	3:	Fractures	involving	both	the	crown	and	root	or	at	multiple	
sites.		
	
Type	II:	Fractures	of	posterior	teeth	in	the	horizontal	or	transverse	plane.*	
Division	1:	Fractures	involving	the	cusp/cusps.		

(A):	one	cusp.	
(B):	two	cusps.	
(C):	three	cusps.	
(D):	four	or	more	cusps.		

Division	2:	Fracture	of	crown	en	masse.		
Division	3:	Fracture	involving	root	or	roots.		
	
Type	III:	Fractures	of	anterior	or	posterior	teeth	in	the	vertical	or	
longitudinal	plane.*	
Division	1:	Incomplete	tooth	fractures	or	cracked	tooth	syndrome.		
Division	2:	Vertical	fractures	involving	tooth	crowns	

(A):	buccolingual	
(B):	mesio-distal		

Division	3:	Vertical	fractures	involving	tooth	roots.	
(A):	buccolingual	in	both	the	crown	and	root,	or	in	the	root	only.	
(B):	mesio-distal	through	both	the	crown	and	root,	or	the	root	only.		

	
Type	IV:	Oblique	fractures	involving	the	crown,	root	or	both	in	anterior	or	
posterior	teeth.*	
	
*Involvement	of	the	pulp	in	any	of	these	types	is	valid	
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1.4.2 Clinical	features		

Coronal cracks or fractures may be coronal extensions of radicular cracks or fractures, 

or, they may originate in the crown. In the latter case, they occur more often in teeth 

with extensive caries or restorations with undermined cusps. However, their presence 

has also been reported in intact teeth.128 They usually begin at high stress concentration 

sites such as the internal line angle of the cavity floor. They generally extend in the 

mesio-distal direction and involve the marginal ridge(s). Nevertheless, extension in the 

buccolingual direction is possible.124, 128 Coronal cracks or fractures terminate in the 

vicinity of the CEJ or apically in the root. Involvement of the pulp space is also 

possible.  

Radicular cracks and fractures may be apical extensions of coronal cracks or fractures 

or they may originate in the root or from the apex. They usually initiate from a high 

stress concentration site in the root canal and extend to the periodontium, often in a 

longitudinal orientation. They generally extend in the buccolingual direction and 

terminate at different levels along the root or they may extend coronally into the crown. 

They are often associated with root-filled teeth but they are not uncommon in teeth with 

intact pulps.128, 129  

1.4.3 Diagnosis	and	management		

A crack or fracture in a tooth is a significant clinical finding because it forms a potential 

pathway of entry for bacteria into the tooth.122, 130 It is possible that the bacteria present 

in the crack and/or fracture, or their by-products (endotoxins), reach the pulp and often 

lead to pulp and peri-radicular diseases. A recent histopathological study130 of cracked 

teeth has confirmed that bacterial biofilms were present in all of the cracks and 

sometimes in the exposed dentine tubules underneath the cracks. The findings showed 

that the pulp could be affected by their presence even in the absence of a coronal 

restoration. However, the intensity of the pulp response varied according to the location, 

direction, and extent of the crack.130 Therefore, the identification of cracks or fractures 

must be included in the diagnosis of pulp and peri-radicular disease as one of the 

potential causes of these diseases, along with any other causes such as the breakdown of 

coronal restoration or caries.122  
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It should be noted that cracks and fractures are neither the disease itself nor a diagnosis 

on their own.122 However, the term ‘cracked tooth syndrome’ was introduced by 

Cameron131 and has been erroneously applied as a ‘diagnosis’ for cracked teeth (with 

‘vital’ pulp) that presents with sensitivity to biting pressure and temperature stimuli. In 

addition, the term ‘syndrome’ is defined as a group of symptoms characterising a 

disease. Hence, this term is inappropriate to describe cracked teeth because the crack is 

mistakenly being considered as the ‘disease’.122  

Notwithstanding this, not every crack or fracture will lead to pulp and peri-radicular 

diseases.130 For these problems to occur, a sufficient number of virulent bacteria and/or 

their endotoxins must be available to invade the pulp (via the crack, fracture or exposed 

dentine tubules), and that particular pulp must be in a compromised state of health to 

resist such invasion and permit progression of disease. 107,130, 132 The response of the 

pulp and/or peri-radicular tissues is also influenced by the location, direction and extent 

of the crack that contains bacterial biofilms and by the degree of bacterial biofilm 

penetration through the dentine tubules.130, 133, 134  

The patient’s symptoms and clinical signs depend on the pulp and peri-radicular disease 

caused by the crack or fracture at the time of presentation.122, 130, 135 This can range from 

chronic reversible pulpitis to a pulpless and infected root canal system with apical 

and/or lateral/furcal periodontitis. These broad categories of conditions - plus those 

involving previously root-filled teeth - have a wide range of symptoms depending on 

the condition of the pulp (if it exists), the virulence of the bacteria and the host 

immunity.130 However, many clinical reports have attempted to describe ‘classical’ 

signs and symptoms in cracked/fractured teeth with or without previous root canal 

treatment. For example, ‘rebound pain’ or pain on release of pressure (when biting on a 

Tooth Slooth or a crack finder) has been described as a ‘pathognomonic’ sign that 

indicates the presence of a cracked cusp in teeth with pulpitis. This was found to be 

unreliable and hard to produce clinically in all cracked teeth, and in fact pain on 

application of pressure occurred more often.122 This clinical sign was suggested to be 

dependent on the location, direction and extent of the crack (which varies among teeth), 

and the direction of biting pressure (which varies among patients) and the biting tool 

used.122  
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In the case of VRF in previously root-filled teeth, a systematic review by Tsesis et al.136 

demonstrated the lack of accurate clinical and radiographic indices for the diagnosis of 

VRF. However, the most common clinical signs are a deep narrow periodontal pocket, 

mainly on the buccal side of highly susceptible teeth, and a sinus tract near the gingival 

margin. It is also common to find a VRF in a tooth that is associated with a solitary 

pocket in otherwise healthy periodontium surrounding other teeth.137, 138 

Radiographically, the presence of the ‘J-shaped’ radiolucency which is a combination of 

periapical and lateral periodontal radiolucency, angular crestal bone loss and furcation 

radiolucency has also been reported.136 However, these signs are dependent on the 

extent and duration of the crack or fracture.137 When a crack extends apically or 

laterally to reach the periodontium, the local inflammatory process - in response to 

bacteria colonising in the crack - leads to breakdown of the periodontal attachment and 

development of a deep pocket, and as time passes, results in bone resorption.133, 134, 137 

The principles for managing cracks and fractures in teeth should be constructed on the 

basis that these clinical findings present a biological problem (i.e. they are a cause of 

disease) rather than being a mechanical problem.122 This means that if a crack or 

fracture is present in a tooth that has pulp and periapical disease (or in a root-filled tooth 

that has infected root canal system and periapical disease), this crack or fracture has to 

be managed as a potential cause of the presenting disease - that is the crack or fracture 

has to be removed.130 If a tooth has a crack that is not causing any disease, there is no 

need to remove the cracks because no biological problem is present. However, the 

tooth’s status should be monitored for any changes over time. The immediate decision 

to extract a tooth that has a radicular crack or fracture (VRF) is sometimes necessary in 

order to prevent unnecessary bone loss in the area which may compromise the 

feasibility of implant replacement later on.  

This management protocol requires first a thorough history of past and presenting 

symptoms in order to develop a provisional diagnosis of the pulp/root canal system and 

peri-radicular tissue status. This is followed by a comprehensive pre-operative clinical 

and radiographic examination that includes pulp sensibility tests, fibre-optic 

transillumination, periodontal probing, periapical radiographs, etc. Fractures may be 

more visible than cracks because the space between the two pieces can be easily 

detected clinically using a probe and/or radiographs if the fracture line coincides with 

the direction of the X-ray beam. Transillumination of the tooth from different directions 
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using a fibre-optic light during examination helps determine the presence, extent and 

direction of cracks. Although inspection under magnification is common, it has been 

proven to be less effective than fibre-optic light transillumination for diagnosing cracks 

during examination.139 The combination of magnification with transillumination may be 

the most effective way but is yet to be confirmed. The clinician should be able to 

identify the tooth involved, develop a diagnosis of the status of pulp/root canal and peri-

radicular tissues, and determine the potential cause(s) of the disease. 

Removal of the existing coronal restoration is necessary in order to confirm the 

presence and the extent of cracks/fractures, as well as other potential problems such as 

caries, that were not detected during the examination. Prior to restoration removal, there 

is only a 56.1% chance of finding cracks, recurrent caries or signs of marginal 

breakdown in restored teeth with pulp and periapical disease whereas, about 2.5 times 

as many teeth with cracks, caries and restoration breakdown were noted after the 

restorations were removed.140 Fibre-optic light transillumination and magnification can 

be also used once direct visualisation is achieved by removing all the existing coronal 

restorations.138 

Once the restoration is removed, the removal of all cracks/fractures and caries is 

necessary to eliminate all of the potential causes of the pulp and peri-radicular disease 

and to determine the involvement of the pulp (if it exists), suitability of the tooth for 

further restoration, type of restoration needed (e.g. if retention with a post is required), 

and the long-term prognosis.122 Other advantages include the periodontal probing of the 

proximal area can be performed more easily and the feasibility of adjunct treatments 

such as root resection and/or clinical crown lengthening can be assessed. In some cases, 

removal of the root canal filling allows direct inspection of cracks or fractures present in 

the root canal wall, with the aid of magnification with sufficient illumination or with 

fibre-optic transillumination. Exploratory surgical flaps might be required in some cases 

with careful inspection of the root end - preferably under magnification or with 

transillumination. The use of stains for the purpose of crack detection might be 

misleading and hard to differentiate from anatomical isthmuses or fins.  

The management of teeth with cracks or fractures depends on the diagnoses of the pulp 

and periapical status, location and extension of the crack or fracture. For example, if the 

presence of a radicular crack or fracture (VRF) is confirmed once the restoration is 
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removed, the treatment of choice would be extraction or root resection in multi-rooted 

teeth (if it is feasible).138 Similar treatment is also required if the tooth has a coronal 

crack or fracture that extends apically towards the root(s), communicating with the root 

canal orifice(s), or in case of multi-rooted teeth, the crack or fracture involves the pulp 

chamber floor (usually splitting the tooth in half in the mesio-distal direction). 

Otherwise, coronal cracks or fractures should be removed from the tooth, primarily, in 

order to eliminate the potential path for ingress of bacteria that is causing the presenting 

disease, and secondarily, to slow down or arrest the extension of existing cracks - i.e. by 

eliminating macroscopic stress concentration sites. However, this might be more 

predictable if the teeth were restored with a bonded restoration or full coverage crowns.  

Although there have been a few case reports regarding VRF repair, this procedure is 

unpredictable and extraction (or if feasible, root resection) is still the most common 

treatment of choice - which is in agreement with the above protocol. In contrast, 

different protocols for management of cracked teeth with pulpitis with/without peri-

radicular disease have been reported in the literature.141 Failure to remove cracks and 

attempts to splint them by full coverage restorations or by using a stainless steel band 

are common practice.141-144 This reflects the lack of understanding of a crack being a 

cause of the disease and failure to eliminate the cause of disease can result in unresolved 

symptoms and progression of the disease.141, 144 It can be noted from the results of    

Krell and Rivera141 study that a large number of teeth required endodontic treatment 

after placing a full coverage crown to splint cracked teeth with reversible pulpitis. On 

the other hand, in a study by Abbott and Leow,122 similar cases were managed by 

placing a Ledermix cement lining and a stainless steel band-reinforced interim 

restoration (with the band being used for retention of the interim restoration) following 

the removal of cracks along with the existing restorations and caries.122 It was shown 

that in 95.2% of the teeth treated with this approach the pulpits resolved. In 4.8% of the 

cases, root canal treatment was required at a later time due to continued pulpitis after the 

interim restoration (1.2%), after the core restoration was placed (2.4%), or because of 

pulp necrosis at the 3 months review (1.2%). Therefore, the treatment outcome is more 

predictable when this approach is followed. In a retrospective study,143 the survival rate 

of root-filled cracked teeth over a 2-year period was 85.5%. Failure to eliminate cracks 

prior to root canal treatment could have contributed to the loss of the 14.5% of teeth that 

were extracted. 
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1.4.4 Incidence	

Fracture incidence rate has been defined as “an accurate count of fracture events 

occurring in an enumerated general population of persons or teeth at risk”.145  

Data on the incidence of tooth cracks and fractures, being coronal and/or radicular, and 

those involving intact, restored and root-filled teeth is generally limited.145, 146 As noted 

by Bader et al.,146 the majority of the clinical reports are based on observations of case 

series of cracked and/or fractured teeth whilst the data required to estimate the incidence 

rates was lacking. There is a wide range of these studies in the literature but, unless it 

was defined in the study, it is difficult to distinguish whether the examined teeth had a 

fracture, a crack or both, and where in the affected teeth these cracks - or fractures - 

were located (i.e. coronal, radicular or both). A number of researchers focused their 

observations to a specific feature or category - e.g. radicular cracks or fractures 

(VRF),129, 147, 148 cracked teeth124 or coronal fractures.149 Some included intact, restored 

and root-filled teeth,124, 128, 150 whereas others were limited to root-filled teeth.129 An 

overview of some findings is shown in Table 1.5. These observational findings are 

highly dependent on the specific group of teeth that were examined during that 

particular period of each study. 

 Based on these reports, the distribution of cracked or fractured teeth has been 

documented according to age, gender and tooth type. As shown in Table 1.5, a wide 

range of ages has been reported between 22-84 years. The mean age of the patients was 

usually over 40 years of age.128, 138, 144, 148, 151, 152 Lagouvardos et al.149 reported that 82% 

of coronal fractures occurred in patients less than 49 years of age. In case of VRF,  

Chan et al.147 and Sugaya et al.129 showed that the highest frequency was in patients 

aged between 50-59 years.  

Most studies have reported that women more frequently have cracks (or fractures) than 

men,122, 129, 148, 149 although other studies128, 152 have shown no differences between 

gender. Chan et al.147 reported that radicular fractures tend to occur more often and at a 

younger age in men, especially when the teeth did not have a root canal filling. 

However, women and men were affected at similar ages with twice the cases occurring 

in women than men in the Sugaya et al.129 study.  
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Mandibular molars had the highest frequency of cracks and/or fractures in the majority 

of the clinical studies.124, 149, 151, 153, 154 First mandibular molars are the most commonly 

involved tooth. As shown in Table 1.5, maxillary premolars are the most susceptible 

teeth for fracture in the upper arch - and occasionally in the oral cavity - with the 

exception of the Seo et al.128 study who found that maxillary first molars were more 

frequently affected. In two Korean populations, the prevalence of cracks in maxillary 

molars was reported to be higher than that in mandibular molars.128, 152 Among 

premolars, there is an agreement that maxillary teeth fracture more often than 

mandibular teeth. 

In mandibular posterior teeth, non-functional cusps are more susceptible to fracture 

compared to functional cusps, with the lingual cusps of mandibular molars being the 

most susceptible cusps.149, 154 In contrast, coronal fractures involving palatal cusps - i.e. 

functional cusps - were more dominant in maxillary premolars and molars.149, 154 This 

finding was also found in a retrospective study involving MO/DO and MOD amalgam-

restored and root-filled posterior teeth with the exception of MOD amalgam-restored 

maxillary first premolars.155, 156 Lagouvardos et al.149 reported that the buccal cusps 

fractured at the same frequency as palatal cusps in intact, restored and root-filled 

maxillary first premolars.  

In regards to radicular fractures (Table 1.6), the most susceptible roots to fracture in 

molars are the mesial root of mandibular molars and the mesio-buccal roots of maxillary 

molars.137, 147 The roots of maxillary premolars are also commonly affected.129  
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Table	1.5.		Clinical	surveys	that	examined	cracked	and/or	fractured	teeth	indicating	the	age,	gender,	tooth	type	and	the	presence	of	root	canal	filling	and	restoration.		

Category		
Abou-
Rass124	
(1984)	

Gher	et	
al.151	
(1987)	

Lagouvardos	
et	al.149	
(1989)	

Chan	et	al.147	
(1999)	

Cohen	et	
al.138		
(2003)	

Cohen	et	
al.148	
(2006)	

Seo	et	al.128	
(2012)	

Sugaya	et	al.129	
(2015)	

Age		 	 22-78		
48.5	

<49	(82.5%)	 30-69	 40-79				
(89%)								(91%)	
50-59	

40-65		
52	

30-70	
>40	(86.8%)	

25-70	
30-59	(80.4%)	

23-84	
40-69	(80.9%)	
50-59	

Gender			 	 	 F>M	
X1.3	

M	>F													M>F	
X1.4													X3.6	
Earlier	age	

M>F	
X2.3	
Same	age	

F>M	
X1.1	

F=M	 F>M	
X2		
Same	age	

Total	number	of	teeth*	 120	 100	 200	 315	
	

36	 277	 107	 304	

M
ax
ill
ar
y	

Incisors	 7.5%	 7%	 	 RCT(a)	
	

14%	

Non-RCT(a)	
	

1%	

5.6%	 8.8%	 -	 9.5%	

Canines	 	 	 5.6%	 -	 6.9%	

	1st	premolar	 10.8%	 17%	 13%	 33%	 16%	 33%	 23.4%	 3.7%	 13.2%	

2nd	premolar	 8.3%	 15.5%	 2.8%	 19.7%	

1st	molar	 12.5%	 25%	 13.5%	 15%	 34%	 	 11.5%	 28%	 5.6%	

2nd	molar	 8.3%	 6.5%	 	 5.7%	 16.8%	 4.2%	

M
an
di
bu
la
r	

Incisors	 	 3%	 	 14%	 1%	 	 7.9%	 -	 0.3%	

Canines	 6.7%	 	 	 -	 2.6%	

1st	premolar	 	 6%	 0.5%	 33%	 16%	 30.6%	 0	 5.9%	

2nd	premolar	 	 4.5%	 2.8%	 10.9%	

1st	molar	 30%	 42%	 30%	 38%	 51%	 25%	 21.6%	 25.2%	 10.9%	

2nd	molar	 15.8%	 16.5%	 21.2%	 20.6%	 9.9%	

RCF	present	(%)		 25%	 71%	 43.5%	 60%	 94.4%	 48.7%	 30.8%	 97%	
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Category		
Abou-
Rass124	
(1984)	

Gher	et	
al.151	
(1987)	

Lagouvardos	
et	al.149	
(1989)	

Chan	et	al.147	
(1999)	

Cohen	et	
al.138		
(2003)	

Cohen	et	
al.148	
(2006)	

Seo	et	al.128	
(2012)	

Sugaya	et	al.129	
(2015)	

Restoration	present	(%)	 84.2%	 92%	 100%	 Not	available	 100%	
		

Not	available		 72.0%	 Not	available		

Restoration	type	
One	surface	
	

15%	 10%	 3.8%	 	

Not	
available	

	 37.4%	
	

Two	surface/MO	or	DO	 10%	 41%	 24%	 	 	 13.1%	 	

Multi-surface/	MOD	 14.2%	 74%	 	 	 	 	

Pin		 	 2%	 	 	 	 	 	 	

Inlay		 	 	 	 	 	 	 21.4%	 	

Crown		 19.2%	
(Post	

present)	

29%	 	 	 	 	 21.5%	 	

Abutment	 	 	 	 86.1%	 	 	 	

Post		 26.7%	 10%	 	 	 	 1.9%	 41.4%	+	
28.6%	(lost	post)	

Retro-filling		 6.7%	 	 	 	 	 	 	 	

Fracture/	crack		
Coronal		
	

‘Structural’	
cracks	
	

37%	split	
24%	VRF	
26%	cracked	

Coronal	
fracture	

	 Vertical	
requiring	
extraction	

Vertical	
requiring	
extraction	

81.3%	cracked	
1.9%	cusp	
3.7%	split	
13.1%VRF	
	

	

Radicular	 	 VRF		 VRF:	Cervical/	
Middle/Apical/	
complete		
(	full	length)	

*Number	of	teeth	represent	100%,	(a)	Percentages	combined	for	anterior	mandibular	and	maxillary	teeth	and	premolars.	
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Table	1.6.	Distribution	of	teeth	exhibiting	vertical	root	fractures	according	to	tooth	type	and	root	within	molars,	
based	on	findings	of	two	clinical	studies.		

Category		
Tamse	et	al.137	
(1999)	

Chan	et	al.147	(1999)	

Total	number	of	teeth*	 92	(RCT)	 189	(RCT)	 126	(non-RCT)	

M
ax
ill
ar
y	

Incisors	 11%	 14%	 1%	

Canines	

	1st	premolar	 11%	 33%	 16%	

2nd	premolar	 27%	

1st	molar	 10%	(9)	
	
	
	
55	
	
3%	

15%	(28)	 (33)	

MB	root	 55.5%	 71%	 77%	

ML	root	 11.1%	 14%	 2%	

Pal	root	 33.3%	 11%	 4%	

M
an
di
bu
la
r	

Incisors	 	 14%	 1%	

Canines	

1st	premolar	 4%	 33%	 16%	

2nd	premolar	 10%	

1st	molar	 24%	(22)	 38%	(71)		
(includes	2nd	molar)		

	51%	(60)		
(includes	2nd	molar)	

M	root	 85%	 75%	 92%	

D	root	 15%	 24%	 5%	

 

The occurrence of cracks and/or fractures is common in teeth with intracoronal 

restorations. Restorations were present in 92% of the fractured teeth, with the majority 

being extensive multi-surface amalgam restorations.151 In another report, restorations 

were present in 84.2% of the cracked teeth, with the most common being root-treated 

with a post as a single unit or as a bridge abutment.124 Vertical root fractures have been 

found more predominantly in teeth that had extensive restorative procedures (e.g. post-

retained restorations) or were previously root-treated.138, 151 According to Table 1.5, the 

percentages of fractured or cracked teeth with a root canal filling are relatively high. 

 Less occasionally, cracks/fractures were found in intact teeth. Eakle et al.124 found that 

15.8% of the cracked teeth were unrestored. Intact teeth comprised 28% of the cases in 

the Seo et al.128 study, mostly being cracked (about 80%) and less often spilt or had a 

VRF. Vertical root fractures in non-endodontically treated teeth are not uncommon. 

They are mainly reported in the Chinese population, particularly in males who have 

severely attrited molars (intact or shallow restoration).147 In these cases, the occurrence 

of cracks or fractures in unrestored teeth has been related to excessive occlusal load as a 
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result of severe occlusal premature contacts, malpositioned teeth, or disproportionate 

occlusal load adjacent to an edentulous region,124 or in patients who have a history of 

bruxism or clenching.138  

These observational findings do not provide data on the actual incidence of fracture in 

root-filled teeth since the number of teeth at risk (i.e. overall number of root-filled teeth) 

is not available. In a preliminary study, Bader et al.146 reported on the overall incidence 

rates of complete tooth fractures. The complete fracture rates were 50 teeth per 1000 

adults per year for all the teeth and 44 teeth per 1000 adults per year for posterior teeth 

(i.e. 1 fracture per 23 adults every year), with 15% of fractures resulting in pulp 

involvement or extraction. From the total number of fractured posterior teeth, the 

estimated fracture rates for molars and premolars were 31 and 13 teeth per 1000 adults, 

respectively. In a later study,145 the overall and tooth type-specific incidence rates were 

estimated for all complete coronal fractures and fractures not associated with caries 

(non-carious fractures). The incidence rates for all teeth were 89 and 73 fractures/1000 

adults/year for all complete cusp fractures and non-carious complete cusp fractures, 

respectively. Non-carious complete cusp fracture incidence rates for anterior teeth were 

relatively lower than posterior teeth - being 10.2 fractures/1000 adult/year in anterior 

teeth compared to 63.9 fractures/1000 adult/year in posterior teeth. With respect to the 

tooth type (Table 1.7), the highest fracture incidence was reported for mandibular 

molars, being 15.1 fractures/1000 teeth/year for non-carious fractures. The frequency of 

cusp fracture in posterior teeth is also shown in Table 1.7. Except for wisdom teeth, the 

lingual cusps of mandibular molars tend to fracture more often than the buccal cusps. In 

these two studies,145, 146 most of the fractures (80% and > 95%) occurred in teeth with 

previous restorations but the details and the prevalence of the restorations were not 

provided. There were no details about the number of teeth that had previous root canal 

treatment but their methods suggest that root-filled teeth were included in their study.145  
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Table	1.7.		Tooth	fracture	incidence	rates	(fracture/	1000	teeth/	year)	for	all	fracture	and	non-carious	fractures	
and	distribution	of	fractured	cusp	for	non-carious	fractures	according	to	tooth	type.		
(Data	obtained	from	Bader	et	al.145)	

Tooth	type	 All	

fractures		

(n=465)	

Non-carious	fractures	

	

(n=377)	

IR	(SD)	 IR	(SD)	 Distribution	of	fractured	cusp	(%)	

R
es
to
re
d	
(%

)	

Bu
	c
us
p	

Li
	c
us
p	
	

M
Bu
	c
us
p	
	

M
Li
	c
us
p	
	

D
Bu
	c
us
p	

	

D
Li
	c
us
p	
	

M
R
i	c
us
p	

>1
	c
us
p	

M
ax
ill
ar
y	

Anterior	 1.8(0.3)	 1.6(0.3)	 	 	 	 	 	 	 	 	 	

Posterior		 6.8(0.5)	 5.4(0.5)	 	 	 	 	 	 	 	 	 	

	1st	premolar	 6.5(1.0)	 5.9(0.9)	 62	 38	 	 	 	 	 	 	 98	

2nd	premolar	 5.6(0.9)	 5.0(0.9)	 66	 34	 	 	 	 	 	 	 98	

1st	molar	 9.9(1.3)	 7.0(1.1)	 	 	 26	 15	 4	 35	 0	 20	 100	

2nd	molar	 6.8(1.0)	 5.0(0.9)	 	 	 23	 20	 17	 23	 6	 11	 100	

3rd	molar	 1.6(0.9)	 1.1(0.8)	 	 	 0	 50	 50	 0	 0	 0	 100	

M
an
di
bu
la
r	

Anterior	 0.7(0.2)	 0.5(0.1)	 	 	 	 	 	 	 	 	 	

Posterior		 6.9(0.5)	 5.5(0.5)	 	 	 	 	 	 	 	 	 	

1st	premolar	 0.8(0.3)	 0.4(0.2)	 0	 33	 	 	 	 	 	 	 100	

2nd	premolar	 3.6(0.7)	 3.1(.07)	 17	 74	 	 	 	 	 	 	 84	

1st	molar	 18.9(2.2)	 15.1(1.9)	 	 	 9	 23	 6	 23	 5	 34	 96	

2nd	molar	 9.6(1.3)	 7.7(1.2)	 	 	 4	 40	 10	 26	 0	 20	 96	

3rd	molar	 4.5(1.6)	 4.0(1.5)	 	 	 0	 38	 38	 24	 0	 0	 100	

IR:	Incidence	rate,	SD:	Standard	deviation,	Bu:	Buccal,	Li:	Lingual,	M:	Mesial,	D:	Distal,									MRi:	Marginal	ridge,	
>1:	multiple	fractured	cusps.			

 

  



Chapter	1:	Literature	review		

 57 

The frequency of cusp fracture following endodontic treatment has been investigated in 

two retrospective clinical studies.155, 156 In a study155 that involved 221 root-filled 

premolars with either MOD amalgam or composite resin restorations, it was found that 

56.4% of the amalgam-restored premolars fractured after completion of endodontic 

treatment, with almost one-third of the fractures occurring within the first three years. In 

contrast, only 12.5% of the teeth fractured 3-10 years after endodontic treatment in the 

resin-restored group without any fractures taking place during the first three years. The 

cumulative survival rate – with retention of the cusp being the outcome measure - of the 

resin-restored premolars following endodontic treatment was better than those restored 

with amalgam but the difference was statistically significant only in the first three-year 

interval. However, these results should be interpreted with caution as the authors 

addressed that a much smaller number of teeth had a resin restoration (40 vs. 181). This 

difference may be related to the cavity design rather than the material used - i.e. more 

conservative cavity preparations with resin restorations. Notwithstanding their results, 

the majority of the fractures were coronal and sub-gingival, usually involving a single 

cusp (mostly buccal cusps in maxillary first premolars, only lingual cusps in mandibular 

first premolar, and lingual cusps more often than buccal cusps in second premolars). 

The whole crown was involved in less than 10% of the cases. Of the 107 fractures, three 

were vertical root fractures that led to tooth extraction. According to their analysis, the 

15-year survival rate (i.e. retention of both cusps) was the highest in mandibular first 

premolars and lowest in maxillary second premolars, being 74% and 26%, respectively. 

However, the 15-year survival rate of mandibular first premolars was significantly 

higher than that of the other three premolars, which had statistically similar survival 

rates. 

In another similar retrospective clinical study by the same group, the survival rates 

(retention of both cusps) of 1584 posterior teeth (molars and premolars) with MO/DO or 

MOD amalgam restorations were analysed 3, 10 and 20 years following root canal 

treatment.156 Their results are shown in Table 1.8. Generally, the teeth with MOD 

cavities were more likely to fracture than teeth with MO/DO restorations, with MOD 

restored maxillary premolars having the lowest survival rate. Similar to their previous 

study,155 lingual cusp fractures were reported more frequently except for maxillary first 

premolars with MOD restorations. Vertical root fractures accounted for 4% of the 

fractures and maxillary second molars had the highest frequency. In addition, the 
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fractures tended to be more severe - i.e. sub-gingival fractures and below alveolar 

crestal bone - when the lingual cusps were involved and when such fractures occurred in 

molars rather than in premolars. Among the premolars, the fractures were 

predominantly supra-gingival but the occurrence of sub-gingival sub-crestal fractures 

was more frequent in the upper arch than in the lower arch.  

From the cumulative survival rate data in the aforementioned retrospective survival 

study,156 the fracture incidence rate could be estimated for root-filled posterior teeth. As 

shown in Table 1.8, the cumulative survival rate represents the percentage of teeth that 

remained intact during a 20 years period. Using this data, the percentage of fractured 

teeth can be estimated and adjusted to the number of fractures per 100 teeth per year. 

The highest fracture incidence was found to be for maxillary premolars with MOD 

amalgam, being ~37 fractures per 1000 teeth per year. Despite the available literature, 

the actual incidence rate for cracks and/or fractures, coronal and/or radicular, in root-

filled teeth has not been reported and remains unknown. 
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Table	1.8.	Data	obtained	from	a	retrospective	study156	involving	cusp	fracture	in	MO/DO	and	MOD	amalgam	
restored	posterior	teeth.	The	fracture	incidence	rate	(fracture	per	100	teeth	per	year)	was	estimated	from	the	
cumulative	survival	rate	(outcome	measure	being	retention	of	both	cusps).			

Tooth	type	

N
um

be
r	
of
	r
oo
t-
fil
le
d	

te
et
h	
w
it
h	
M
O
/D
O
	

am
al
ga
m
		

N
um

be
r	
of
	te
et
h	

fr
ac
tu
re
d	
w
it
hi
n	
20
	

ye
ar
s	
	

Type	of	fracture	 Cumulative	 survival	 rate	

(%)	

Fr
ac
tu
re
	in
ci
de
nc
e	

ra
te
	(f
ra
ct
ur
e	
pe
r	
10
0	

te
et
h	
pe
r	
ye
ar
)	

Bu
	c
us
p	

Li
	c
us
p	

Bo
th
	c
us
ps
		

VR
F	

3	
ye
ar
s	

10
	y
ea
rs
	

20
	y
ea
rs
	

M
ax
ill
ar
y	

1st	premolar	 79	 18	 5	 10	 3	 -	 86	 81	 67	 1.65	

2nd	premolar	 64	 20	 4	 10	 5	 1	 83	 62	 49	 2.55	

1st	molar	 98	 19	 7	 11	 -	 1	 86	 80	 71	 1.45	

2nd	molar	 64	 6	 1	 2	 -	 3	 95	 90	 74	 1.30	

M
an
di
bu
la
r	

1st	premolar	 43	 5	 3	 1	 1	 -	 93	 89	 85	 0.75	

2nd	premolar	 85	 8	 2	 5	 1	 -	 95	 90	 82	 0.90	

1st	molar	 68	 9	 3	 6	 -	 -	 93	 80	 64	 1.80	

2nd	molar	 75	 14	 3	 10	 1	 -	 86	 81	 73	 1.35	

Total		 576	 99	 	 	 	 5	 	 	 	 	

Tooth	type		

N
um

be
r	
of
	r
oo
t-
fil
le
d	

te
et
h	
w
it
h	
M
O
D
	

am
al
ga
m
	

N
um

be
r	
of
	te
et
h	

fr
ac
tu
re
d	
w
it
hi
n	
20
	

ye
ar
s	

Type	of	fracture	 Cumulative	 survival	 rate	

(%)		

Fr
ac
tu
re
	in
ci
de
nc
e	

ra
te
	(f
ra
ct
ur
e	
pe
r	
10
0	

te
et
h	
pe
r	
ye
ar
)	

	

Bu
	c
us
p	

Li
	c
us
p	

Bo
th
	c
us
ps
		

VR
F	

3	
ye
ar
s	

10
	y
ea
rs
	

20
	y
ea
rs
	

M
ax
ill
ar
y	

	1st	premolar	 132	 65	 34	 23	 7	 1	 75	 50	 28	 3.60	

2nd	premolar	 203	 107	 26	 72	 6	 3	 70	 39	 27	 3.65	

1st	molar	 194	 72	 12	 55	 2	 3	 87	 66	 34	 3.30	

2nd	molar	 57	 23	 4	 10	 2	 7	 77	 54	 36	 3.20	

M
an
di
bu
la
r	

1st	premolar	 25	 9	 3	 4	 2	 -	 87	 67	 53	 2.35	

2nd	premolar	 123	 50	 12	 29	 8	 1	 81	 58	 47	 2.65	

1st	molar	 215	 85	 10	 72	 2	 1	 80	 58	 34	 3.30	

2nd	molar	 59	 22	 3	 17	 1	 1	 89	 59	 31	 3.45	

Total		 1,008	 433	 	 	 	 17	 	 	 	 	

Overall	 1,584	 532	
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1.4.5 Association	of	tooth	fracture	and	root	canal	treatment.		

From a clinical perspective, it is well established that the tooth becomes more 

susceptible to fracture after root canal treatment. This link has been drawn from the 

clinical studies that examined fractured/cracked teeth or those that investigated reasons 

for extractions after root canal treatment. The perceived brittleness was initially 

attributed to moisture loss and/or alteration in the mechanical properties of dentine in 

root-treated teeth. The predisposing factors for tooth fracture in root-filled teeth will be 

discussed in detail in later sections (see section 1.5.4).  

1.4.5.1 Tooth	fracture	in	root-filled	teeth	

Based on the clinical surveys of cracked and/or fractured teeth (Table 1.5), a potential 

correlation between the occurrence of cracks/fractures in teeth and the presence of a 

root canal filling has been found. In a clinical survey of 100 fractured teeth, 71% of the 

cases involved teeth that had previous root canal treatment.151 The majority of the 

fractures involved the root, with only 1% being confined to the crown. About 60% of 

these fractures were diagnosed within five years following root canal treatment.151 

Another clinical report124 of 120 cracked teeth found that root canal fillings were 

present in 25% of the cases. Most of these cases (i.e. root-filled) were also restored with 

post as a single unit or bridge abutment.124 Similarly, 30.8% of the fractured teeth were 

root-filled in a clinical analysis of 107 fractured posterior teeth.128 According to this 

analysis, vertical root fractures were significantly associated with previous root canal 

treatment, comprising ~78.6% (11 out of 14) of the VRF cases.128 In addition, a root 

canal filling was present in 24.1% (21 out of 87) and 33.3% (1 out of 3) of cracked and 

split teeth, respectively.128 Vertical fractures requiring extractions or radicular fractures 

were commonly found in teeth with previous root canal treatment.138, 147, 148 Also, 

almost half of the cases that exhibited coronal cusp fractures occurred in root-filled 

teeth.149 Of importance, these fractures usually extended to a sub-gingival level, which 

was rarely the case in teeth other than those with previous root canal treatment.149 

Hence, these surveys indicate that root-filled may be more frequently associated with 

unrestorable cracks or fractures, being coronal extending towards the root or originating 

from the root.  
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Notwithstanding this potential link, these observational clinical surveys do not provide 

sufficient evidence to confirm that the previously root-treated teeth are at higher risk for 

fracture especially since a relatively high percentage of the teeth had also extensive 

restorative treatment (multi-surface restorations, post and/or abutment). Ideally, the risk 

indicators associated with cracks and fracture in teeth should be quantified by odds ratio 

estimated from case-control studies or the relative risk ratio derived from prospective 

longitudinal studies.150 As shown in the Bader et al.150 case-control study, the strongest 

risk indicators for cusp fracture in restored posterior teeth were the presence of a 

detectable enamel crack and increased the proportional volume of the restoration        

(i.e. decreased remaining tooth structure). The odds of fracture increased 75-fold in the 

presence of detectable fracture lines and 6-fold with a 10% increase in the proportional 

volume of the restoration. Comparison of the percentages of root canal treatment in case 

(those with fractures) and control teeth - being 6% and 2%, respectively - has shown 

that the presence of root canal treatment in posterior teeth is not a strong predictor for 

cusp fracture.  

However, the results from the aforementioned retrospective studies illustrate the 

potential association between previous root canal treatment without subsequent cusp 

protection and tooth fracture.155, 156 Tooth fracture can range from one or more cusp(s) 

fracture to vertical root fracture. Therefore, these results highlight that cusp protection 

of root-filled teeth is critical for their long-term survival and prognosis.  
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1.4.5.2 Tooth	loss	in	root-filled	teeth	

Tooth fracture has been described as a common cause of tooth loss after endodontic 

treatment (Table 1.9). Retrospective studies that have attempted to determine the 

reasons for extraction of root-filled teeth have confirmed that tooth fracture is not an 

uncommon cause for tooth loss. Vire16 found in a study of 116 endodontically treated 

teeth that 59.4% of the cases were extracted for prosthodontic reasons, followed by 32% 

due to periodontal disease and 9% due to endodontic reasons. About 60% of the teeth 

were extracted due to tooth fracture, whether crown, root (at the apical end of the post) 

or vertical root fracture. The time elapsed between endodontic treatment and extraction 

ranged from 20 to 65 months (i.e. two to five years), with the vertical root fractures 

occurring earlier than the crown and root fractures at the level of the posts. This study 

also confirmed that teeth without crown restorations were likely to be extracted earlier 

(at 50 months) than those with crown restorations (87 months). In another study157 of 

147 root-filled teeth, 43.5% of the extractions were due to restorative reasons, followed 

by 21.1% due to endodontic reasons and 10.9% due to vertical root fractures. A study158 

of 547 root-filled teeth reported that 8.8% and 2.4% were extracted due to vertical root 

fractures and unrestorable cusp fractures, respectively. Higher percentages were 

reported in the Touré et al.159 study where vertical root fractures and unrestorable crown 

fractures were the reasons for extraction in 13.4% and 15.1% of the cases, respectively 

(i.e. an overall 28.6% of 119 endodontically treated teeth). The variations among these 

findings could be attributed to various factors, such restoration type, patient age, 

smoking habit, etc. In addition, some of these categories overlap (i.e. coronal fractures 

could be included in restorative reasons or VRF could be included in endodontic 

reasons).  

Prospective studies on tooth survival following root canal treatment have also identified 

tooth fracture as a common reason for tooth loss.11, 17, 160 In the Sjögren et al.11 study, 68 

(10.7%) of 635 root-treated teeth were extracted over 8-10 years of follow up. 

Extractions were performed for 7.5% of 857 teeth that underwent primary root canal 

treatment over five years.160 Root or tooth fracture resulted in about one third of the 

extraction cases in both of the studies.11, 160 Ng et al.17 reported that 35 (4.6%) of 756 

teeth that received primary endodontic treatment and 41 (4.8%) of 858 teeth that 

received endodontic re-treatment were extracted over two to four years. Tooth fracture 
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(root fracture, crown fracture or both) was reported to be the reason for extraction of 

28.6% and 29.3% of primary treated and re-treated teeth, respectively. Most of the 

extractions occurred within two years after treatment but the average time to extraction 

was not reported.17  

Some researchers have attempted to investigate the prevalence of vertical root fractures 

in permanent teeth. A recent questionnaire-based study161 analysed the reasons for 

extraction of 736 teeth extracted during a period of 6 months. However, their data is 

difficult to interpret and could be misleading. They reported that 31.7% of the 

extractions were due to vertical root fracture, 93.6% of which were teeth with previous 

root canal treatment. This result can be misleading as these cases (i.e. root-filled) 

represent only 29.6% of all the extracted teeth. Furthermore, the study did not reveal the 

total number of extracted teeth that had previous root canal treatment and they did not 

specify whether these teeth had caries or periodontal disease that may have contributed 

to the need for extraction. Therefore, their findings should be interpreted with caution 

and should not be extrapolated to estimate the ‘prevalence’ of VRF in root-filled teeth.  

In a prospective clinical trial, Ferrari et al.162 investigated the six-year survival rate of 

root-filled and restored premolars with full coverage metallic crowns. Root fractures 

leading to extraction were considered ‘catastrophic’ failures and their occurrence 

generated the survival rate. According to their results, no root fractures were reported 

after six years in teeth with at least three retained coronal walls (being assessed after 

root canal treatment and before crown preparation). The occurrence of root fractures 

increased as the amount of remaining coronal tooth structure was reduced. This study 

highlighted the contribution of the remaining coronal tooth structure in the survival of 

root-filled teeth and particularly the risk for root fracture.  

In conclusion, tooth fracture, whether coronal and/or radicular, has been reported as a 

potential cause for tooth loss after endodontic treatment. Most of these fractures that 

require extraction occurred within the first three years following endodontic treatment. 

However, the incidence of tooth fracture in root-treated teeth cannot be determined from 

these reports because restorable crown fractures have not been included.  
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Table1.9.	Reasons	for	extraction	following	root	canal	treatment.		

Author	(year)	

Number	of	
extracted	
root-filled	
teeth	

Reasons	for	extraction	(%)	
Comments	

Restorative	 Periodontal	 Endodontic	 	Unrestorable	
tooth	fracture	

Vire	16	(1991)	 116	 59.4(a)	 32.0	 8.6(b)	 59.4*	

(a)	included	extractions	due	to	crown	fracture	(overall	46.5%)	and	root	
fractures	(overall	8.6%)	
(b)	included	extractions	due	to	VRF	(overall	4.3%)	
*	Combined	percentages	of	extractions	due	to	fracture	from	(a)	and	(b)				

Fus	et	al.157	
(1999)	 147	 64.6	 5.5	 21.1	 10.9#	 #	extraction	due	to	VRF		

Zadik	et	al.158	
(2008)	 547	 61.6	 4.6	 20.9	 11.2*	

*	Combined	percentages	of	extractions	due	to	VRF	(8.8%)	and	crown	
fracture	(2.4%)		
Prevalence	of	VRF	was	significantly	higher	in	the	mandibular	1st	molars	
(9.8%)	than	in	the	maxillary	molars	(1.8%).	
15%	had	a	restoration	with	full	cuspal	coverage	

Touré	et	al.159	
(2011)	 119	 7.7	 40.3	 23.5	 28.6*	

*	Combined	percentages	of	extractions	due	to	VRF	(13.4%)	and	crown	
fracture	(15.1%)	
Maxillary	premolars	had	highest	tendency	to	fracture.	
6%	had	final	restoration	with	full	cuspal	coverage.	

Sjögren	et	al.11	
	(1990)	 68	 16.2	 14.7	 7.4	 30.9#	 #extraction	due	to	root	fracture		

Chen	et	al.160	
(2009)	 64	 46.4	 26.8	 10.7	 32.1	 Possible	more	than	one	reason	for	extraction		

Ng	et	al.17	
(2011)	

35		
(primary)	 37.2	 2.8	 28.6	 28.6*	 *	Combined	percentages	of	extractions	due	root	fracture	(2.8%)	

and	crown	fracture	(25.7%)		

	 41		
(re-treated)	 31.7	 0	 39.0(c)	 29.3*	

*Combined	percentages	of	extractions	due	to	root	fracture	(2.4%),	
crown-root	fracture	(2.4%)	and	crown	fracture	(24.3%)	
(c)	18%	had	root	and/or	crown	fractures	but	main	not	reason	for	
extraction	(7.3%	overall)	
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1.4.5.3 Perceived	brittleness		

There has been a long-standing clinical impression amongst dentists that root-treated 

teeth are more brittle than teeth with pulps. This perception has been widely held and is 

believed to be a result of decrease in moisture content of dentine following root canal 

treatment. Historically, G.V. Black was the first to put this theory forward and then it 

was further investigated by Helfer et al.163 in 1972. They examined teeth from just one 

dog after pulp removal at intervals up to 26 weeks before extraction to determine the 

moisture content of the pulpless teeth and the contralateral teeth with pulps. They 

reported that moisture content in the pulpless teeth was 9% less than those with pulps. 

However, Papa et al.164 questioned the methodology of Helfer et al.163 In the             

Papa et al.164 study, 23 matched pairs of freshly extracted human teeth (extracted for 

prosthetic reasons) were used and the time since endodontic treatment was recorded. 

They found no significant difference in moisture content of the dentine specimens from 

the root-filled teeth and the contralateral teeth with pulps, being 12.10% and 12.35%, 

respectively. 

Several researchers have investigated the effect of hydration on the mechanical 

properties of dentine in order to obtain substantial data regarding decreased moisture 

content and increased brittleness of root filled teeth. However, Huang et al.98 

emphasized that dentine should not dry out in pulpless teeth because of the surrounding 

moist environment (i.e. saliva in the mouth, blood and tissue fluids surrounding the 

root) and that both enamel and cementum are permeable to water.98 They also suggested 

that during specimen preparation, it is impossible to maintain the original moisture 

content of dentine specimens - from either extracted root-treated or intact teeth - without 

causing dehydration or changing the water content even if the procedures are performed 

under constant water flow. Hence, moisture content cannot be precisely assessed. 

Therefore, this perception was contradicted and the loss of tooth structure and change in 

quality of dentine are thought to be the main predisposing factors for fracture in root-

treated teeth.  

Notwithstanding the above, reduction in moisture content of bulk dentine structure as a 

result of pulp tissue loss has been suggested again later.2, 18, 62 The pulp is composed of 

a connective tissue that contains cells and fibres embedded in an extracellular matrix. 

The presence of extracellular matrix proteins with high water-holding property endows 
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the pulp tissue with high water content, above 90%. As discussed earlier, inner dentine 

that is in close proximity to the pulp is highly porous and hydrated with higher collagen 

content and lower degree of mineralisation in comparison to the outer dentine adjacent 

to the cementum or enamel, particularly in the cervical region. The free water in the 

pulp tissue and inner dentine exists in a confined environment, being surrounded by 

highly mineralised outer dentine and less permeable enamel and cementum and it is 

held under positive hydrostatic pressure.18 Loss of pulp tissue as a result of infection or 

endodontic treatment will decrease the water content in the pulp space and dentine 

tubules. Hence, it is logical to assume that loss of pulp tissue and free water from 

dentine tubules and porosities would render the dentine partially dehydrated in pulpless 

teeth.18  

Experimental studies have assumed that reduction in moisture resulting from pulp tissue 

loss could be simulated by partially dehydrating the dentine under conditions where 

~30% reduction in total water content was achieved.8, 63, 99, 101 For dentine bars, 

dehydration at 20oC and 50% relative humidity for 7 days accounted for 3.33% weight 

loss which correspond to 30% of the moisture content according to Jameson et al.99 In 

bulk dentine specimens, dehydration at 21oC and 60% relative humidity for 72 hours 

resulted in total weight loss of 5.3%, corresponding to 32% of the total water content.102 

A number of studies have dehydrated the dentine under similar conditions in order to 

mimic partial dehydration in pulpless teeth and to investigate alterations in mechanical 

properties and behaviour compared to fully hydrated dentine, resembling teeth with 

intact pulps.2, 8, 18, 62, 63, 99, 101 Table 1.10 summarises the influence of dehydration - under 

various conditions - on the biomechanical properties of dentine (For detailed discussion, 

refer to section 1.3.3). However, further investigations are required to determine the 

amount of reduction in moisture content after loss of pulp tissue and then, based on such 

findings, more precise evaluation of the biomechanical properties of dentine or teeth 

would be possible.  
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Table	1.10.	Biomechanical	properties	of	dehydrated/	partially	dehydrated	dentine	in	comparison	to	fully	hydrated	dentine.	

Author	(year)	 Source/	Sample		 Dehydration	method	 Test	method	 Significant	findings		

Huang	et	al.98	
(1992)	

Human	
dentine	
specimens		

Room	temperature	for	
72	hours	
Or		CaSO4	for	48	hours	

Compressive	&	
tensile	tests	

Progressive	increase	in	ultimate	strength	(compressive	and	tensile	strength),	
Young’s	modulus	and	proportional	limit	i.e.	increased	stiffness	and	decreased	
flexibility.	

Jameson	et	al.99 
(1993)	

Human		
dentine	bars	

	20	oC	and	50%	
relative	humidity	for	7	
days	

Three-point	bend	
&	tensile	tests		
	

Brittle	material	behaviour		
Less	strain	at	fracture,	greater	proportional	limit,	absence	of	plastic	energy	of	
deformation	and	less	total	energy	required	for	fracture	(i.e.	decreased	
toughness)	

Kahler	et	al.8	
(2003)	

Bovine		
Notched	roots	

22oC	and	50%	relative	
humidity	for	7	days	

Double	cantilever	
bend	test		

Reduction	in	work	to	fracture,	with	3.9-folds	difference		

Kruzic	et	al.1	
(2003)	

Elephant	tusk	
Compact	tension	
specimens		

Vacuum	
	

R-curve	test	 Decrease	in	crack	initiation	toughness	and	crack-growth	toughness		
	

Kahler	&	
Kotousov101	
(2004)	

Bovine		
Notched	roots		

22oC	and	50%	relative	
humidity	for	7	days		
	

Double	cantilever	
bend	test		

Reduction	in	fracture	toughness,	with	4.4	folds	difference		

Arola	&	Zheng116	
(2006)	

Bovine	
Coronal	dentine	
specimens	

60oC	for	5	hours	 Four-point 
flexure test 

Flexure strength, flexure modulus, and energy to fracture were greater at 
low stress rate but were progressively reduced with stress rate increase  
(opposite to hydrated dentine) 

Bajaj	et	al.113	
(2006)	

Human	
Compact	tension	
fatigue	specimens	

60oC	for	5	hours	
	

Mode	I	cyclic	
loading		

Fatigue	crack	growth	resistance	of	human	dentine	decreases	with	dehydration.	

Kishen	&	Asundi63	
(2005)	

Human		
Sagittal	section	
(Bulk	dentine)		

24oC	and	55%	relative	
humidity	for	72	hours	

Digital	moiré	
interferometry	

Brittle	material	behaviour	during	compression		
Non-uniform	distribution	of	strains		
	

Kishen	&	
Vedantam2	
(2007)	

Human	
Sagittal	section	
(Bulk	dentine)		

21oC	and	60%	relative	
humidity	for	72	hours		

Compression	 Characteristic	of	brittle	material	(high	stress	at	fracture,	less	strain	percentage	
and	reduced	toughness)	
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1.4.5.4 Mechanical	properties	of	dentine	in	pulpless	and	root-filled	teeth	

As early as 1895, G.V. Black highlighted that dentine from human pulpless teeth had 

less crushing strength than intact teeth with pulps. In view of the perceived brittleness of 

root-filled teeth, the literature has a number of studies that have attempted to compare 

the mechanical properties of freshly extracted pulpless or root-filled teeth and teeth with 

intact pulps.98, 165-169 An overview is shown in Table 1.11.  

Based on these comparisons, most of the studies have reported that there are no major 

changes in the mechanical properties of dentine regardless of the status of the pulp     

(i.e. intact or pulpless/root-filled). Stanford et al.165 compared the modulus of elasticity, 

proportional limit and compressive strength of root dentine specimens from three pairs 

of matched incisors with intact pulps and without pulps (pulpless). No significant 

difference was found and this was attributed to the time between pulp tissue loss and 

extraction which was considered to be too short to render any changes in these 

mechanical properties.165 Lewinstein and Grajower167 found no significant difference in 

Vickers microhardness of dentine between 16 teeth with intact pulps and 32 root-filled 

teeth that had root canal treatment for periods ranging from 0.2-10 years before 

extraction. In the Huang et al.98 study, ultimate compressive and tensile strength values 

of coronal and/or radicular dentine were similar in intact and root-filled teeth (extracted 

at least one year after endodontic treatment). Sedgley and Messer166 found no 

significant difference in load to fracture, punch shear strength and punch shear 

toughness between 23 root-treated teeth compared to their contralateral pairs that had 

pulps. In addition, there were no significant differences in the modulus of elasticity and 

hardness of intertubular dentine at nano-scale level between age and type-matched 

intact and root-filled teeth in the Cheron et al.168 study. Overall, it was concluded that 

dentine does not change in character but rather it is the cumulative loss of tooth 

structure resulting from caries, restorative and endodontic procedures that is the primary 

factor in higher fracture susceptibility of root-filled teeth.166  

Conflicting findings were reported in the Carter et al.169 study that revealed 14% 

reduction in punch shear strength and toughness between 21 freshly extracted intact and 

6 teeth that had endodontic treatment at least 1 year before extraction. Sedgley and 

Messer166 also reported that dentine from intact teeth was 3.5% harder than the root-

filled matched pair. Huang et al.98 reported significantly lower Young’s modulus and 

proportional limit values in root-filled teeth. In addition, about half of specimens from 
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the root-filled teeth exhibited greater plastic deformation upon compression than did 

those with intact pulps. They speculated that dentine should not dry out since it exists in 

a water-based environment (i.e. being surrounded by saliva, blood and tissue fluids) 

whilst enamel and cementum are considered permeable to fluids. 

These conflicting views are a result of direct comparison of untreated teeth with intact 

pulps with root-filled teeth plus the difficulties in establishing similar controls and test 

procedures as pointed out by Jameson et al.99 Details of the endodontic treatment 

provided and the time between extraction and endodontic treatment are variables that 

are difficult to control. Furthermore, specimen preparation and different storage media 

can affect the water content of specimens (i.e. the original moisture content).2, 100 

Another potential factor is the site or level and the dimensions of dentine sampling 

(coronal, radicular, cervical, etc.) and how such specimens reflect the bulk behaviour of 

the tooth as a whole unit in the oral cavity.63 Jameson et al.99 addressed another major 

limitation where most of the studies perceived that the brittleness of root-filled teeth 

would express itself as changes in the strength or modulus of elasticity of dentine or 

whole tooth. As discussed before, strength is not a measure of toughness plus the elastic 

modulus does not show the strain beyond the proportional limit. In addition, neither the 

periodontal ligament nor the level of alveolar bone were simulated in the Sedgley and 

Messer166 study when vertical compression was applied on the remaining root of intact 

and root-filled teeth to test load to fracture. Due to these limitations, the findings of 

these studies should be interpreted with caution.  

In an attempt to control the variables of root canal treatment and the time elapsed after 

treatment, Soares et al.170 used extracted bovine central incisors to examine the effect of 

root canal treatment on flexural strength and ultimate tensile strength of radicular 

dentine specimens. In contrast to the aforementioned studies, endodontic treatment 

preceded extraction and the periods of time allowed after endodontic treatment matched 

the storage time after extraction for the untreated control teeth (0, 7, 15 and 30 days). 

Flexural strength was not significantly different between untreated and endodontically 

treated teeth but significance differences in ultimate tensile strength were evident 

between the two groups at 7, 15, and 30 days after endodontic treatment. Nonetheless, 

in terms of the samples and test methods used, the results of this study do not provide 

relevant information to human teeth undergoing endodontic treatment that are exposed 

to the conditions of the oral environment. 
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Table	1.11.	Biomechanical	properties	of	dentine	in	pulpless/root-filled	teeth	compared	dentine	in	teeth	with	intact	pulps.	

Authors	(year)	 Sample	 Time	elapsed	
pulpless	/RCT-
extraction		

Mechanical	properties	tested		 Mechanical	test	
used		

Conclusions		

Stanford	et	al.165	
(1960)	

Matched	pairs	human	
incisors		
Cylindrical	root	dentine	
specimen		

Not	available		 Compressive	strength	(psi)	
Modulus	of	elasticity	(psi)	
Proportional	limit	(psi)	

Compression		 No	significant	differences		

Lewinstein&	
Grajower167(1981)	

Human	cervical	root	
dentine		

0.2-10	years	 Vicker’s	hardness	(VHN)	 Hardness	tester	 No	significant	difference	

Carter	et	al.169		
(1983)	

Human	cervical	root	
dentine		

At	least	1	year		 Punch	shear	strength	(MPa)	
Punch	shear	toughness	(MJm-3)	

Unconstrained	
punch	shear	test	

Significantly	lower	punch	shear	
strength	and	toughness	
(reduced	by	14%)	

Huang	et	al.98	
(1992)	

Human	coronal	and	
radicular	dentine		
	

Not	available	 Compressive	strength	(psi)	
Tensile	strength	(psi)	
Modulus	of	elasticity	(psi)*	
Proportional	limit	(psi)*	

Compression	
Tension	

Significant	lower	modulus	of	
elasticity	and	proportional	limit		
Similar	compressive	and	tensile	
strength		

Sedgley	&	
Messer166	(1992)	

Matched	pairs	human	
teeth	
Cervical	dentine	slices	
	
Remaining	root	(8mm)	

1-25	years		
(mean=10.1	years)	

Punch	shear	strength	(MPa)	
Punch	shear	toughness	(MJm-3)	
Microhardness	(VHN)*	
	
Load	at	fracture	(N)	

Unconstrained	
punch	shear	test	
Microhardness	
tester	
Vertical	
Compression		

Significantly	lower	
microhardness,	by	3.4%.	
No	significant	differences	in	
strength	and	toughness.		
No	significant	differences	in	
load	at	fracture		

Cheron	et	al.168	
(2011)	

Type	and	age-matched	
pairs	human	teeth	
Radicular	intertubular	
dentine	

Not	available	 Modulus	of	elasticity	
Nano	hardness	

Atomic	force	
microscopy-based	
nanoindentation		

No	significant	differences		
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1.5 Endodontic	treatment	

Since the problem of tooth fracture in root-filled teeth is of increasing importance, it is 

essential to review the current trends in endodontic treatment in order to establish a 

baseline for the next section that will address the predisposing factors for fracture in 

root-filled teeth.  

1.5.1 Role	of	bacteria	
It has been well established that the presence of bacteria within the root canal system is 

the main cause of pulp and periapical disease. The classical studies by              

Kakehashi et al.171, 172 showed that pulps exposed to the oral environment were capable 

of healing in germ-free rats whereas the pulps in bacterially-contaminated animals 

displayed degeneration. Korzen et al.,173 Sundqvist,174 Möller et al.175 and         

Fabricius et al.176 demonstrated the direct relationship between periapical disease and 

bacterial invasion of the canals. Penetration of bacteria into the root canal system occurs 

via the coronal part of the tooth rather than via the apex since anachoresis is not 

common or likely.177 Bacteria enter teeth via caries,178 cracks,130 broken-down 

restorations, fractures, trauma and/or periodontal disease.179 These pathways should be 

identified as the cause of the existing disease(s) and their identification should be 

integrated with the diagnosis and management of pulp and periapical diseases.180  

The principal aim of endodontic treatment is to eradicate bacteria within the root canal 

system and to maintain the disinfected status.180 The prognosis of endodontic treatment 

is highly dependent on the removal of bacteria from the root canal system in a 

predictable manner.11, 181, 182 Removal of the bacterial penetration route and placing an 

interim restoration stops bacterial ingress during treatment.180, 183 Chemo-mechanical 

preparation of the canals and intracanal medicaments eliminate bacteria from within the 

root canal system to the lowest possible level.12-14, 184-190 A biocompatible root canal 

filling and a definitive coronal restoration maintain the disinfected status and prevent re-

infection.15, 191, 192 Favourable endodontic outcomes can be expected if no bacteria are 

present at the time of root filling.10, 181, 193  
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1.5.2 Aims	of	endodontic	treatment	

The aims of endodontic treatment are to:194 

• Remove from the root canal system all organic material that is capable of either 

decomposing into tissue destructive by-products or that can support bacterial 

growth. 

• Remove or destroy all micro-organisms present in the root canal system. 

• Prepare the root canal space to a form which allows complete cleaning, 

disinfection and filling. 

• Fill the prepared space with a biocompatible filling material in order to 

completely seal the coronal and apical ends of the canal.  

• Place the apical end of the root canal filling as close as possible to the cemento-

dentinal junction. 

1.5.3 Stages	of	endodontic	treatment	

After thorough clinical and radiographic examination, and diagnosis of the pulp and 

periapical diseases along with identification of the cause(s), endodontic treatment is 

indicated and it usually consists of the following stages:  

• Tooth investigation.  

• Access cavity preparation. 

• Temporisation of the tooth. 

• Chemo-mechanical canal preparation. 

• Intracanal medicaments. 

• Root canal filling. 

• Definitive coronal restoration. 

The discussion will be mainly focused on access cavity preparation, mechanical canal 

preparation and calcium hydroxide intracanal medicament since the remaining stages 

are beyond the scope of this thesis. However, a brief discussion will be included for the 

sake of completeness.     
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1.5.3.1 Tooth	investigation	

1.5.3.1.1 	Definition	
Tooth investigation is defined as the removal of all existing restoration(s), caries and/or 

crack(s) before commencing endodontic treatment in order to:180 

• eliminate the likely causes of the pulp and periapical disease(s) and hence, 

prevent further bacterial penetration,  

• assess the amount of remaining tooth structure and its suitability for further 

restoration,  

• determine the type of the restoration needed, 

• allow more accurate assessment of  the proximal periodontal status, 

• assess the need for any adjunctive treatments, such as crown lengthening 

surgery, and   

• provide the patient with a more accurate opinion regarding the long-term 

prognosis of the tooth and the costs related to restoration type and any other 

treatments.  

Such an approach will assist the clinician in providing a proper and appropriate 

management plan as well as determining the overall long-term prognosis of the tooth 

plus the overall treatment(s) required prior to the commencement of endodontic 

treatment. 
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1.5.3.1.2 Removing	existing	restorations	prior	to	endodontic	treatment	

The removal of existing restorations prior to endodontic treatment has not been a 

common practice among clinicians, researchers and in many endodontic textbooks. 

However, there are several reports that have recommended the removal of all existing 

restorations before the initiation of endodontic treatment.140, 195-199 Of importance, 

Abbott140 examined 245 restored teeth with pulp and/or periapical disease before and 

after removal of the existing restorations. He found that there is only a 56.1% chance of 

finding caries, cracks or signs of marginal breakdown prior to restoration removal. 

Other researchers have shown that dye penetration was prominent around the permanent 

restoration-tooth interface when temporary restorations were examined.195, 196     

Orahood et al.197 recommended the complete removal of any old restorations prior to 

the commencement of endodontic treatment and replacement with a new temporary or 

permanent restoration because such restorations would have signs of marginal 

breakdown and recurrent caries. Peters198 reported that the aetiology of pulp and 

periapical disease and the restorability of the tooth in question have to be determined 

once the diagnosis and endodontic treatment needs have been established. He stated, 

“Not infrequently, this requires the complete removal of the existing restoration to 

exclude or confirm its breakdown, fracture and other causes.”198 Assessment of the 

suitability of the tooth for further restoration prior to endodontic treatment is also 

recommended in endodontic textbooks and this involves removal of the existing 

restoration in conjunction with any caries and unsupported tooth structure.200  

Therefore, it is necessary to completely remove the existing restorations in order to 

determine and eliminate the causes of the pulp and periapical diseases. This will also 

stop bacterial ingress whilst disinfection of the root canal system is performed during 

endodontic treatment. 
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1.5.3.2 Access	cavity	preparation		

1.5.3.2.1 Definition	

After investigating the tooth, an endodontic access cavity can be prepared to allow a 

pathway for inserting endodontic instruments and materials into the root canals. The 

access preparation is often referred to as the part of the cavity from the occlusal table to 

the canal orifice.198 Its extensions are dependent on the anatomy of the pulp chamber, 

the positions of the canal orifices, the curvature of the canals and their accessibility.  

1.5.3.2.2 Principles	and	objectives		

A sound knowledge of the external and internal dental anatomy and a proper assessment 

of pre-operative radiographs are basic and valuable requirements for successful access 

cavity preparation which in turn leads to success of the subsequent procedures. It is 

essential to note the angulation, any rotation and the position of the teeth in the dental 

arch. Incisors exhibit labial inclination, and maxillary molars have mesial inclinations 

whereas mandibular molars have mesial and lingual inclinations. Therefore, the angle of 

the bur should correspond to the long axis of the teeth in the mesio-distal and 

buccolingual planes. The external root surface, the position of the cemento-enamel 

junction and the furcation are essential landmarks for orientation and identification of 

the level of the pulp chamber floor and the possible positions of the canal orifices.199, 200 

Some clinicians prefer to prepare the access cavity without rubber dam in order to 

visualise the position of the tooth in the arch and the contour of the external root 

surface.199 However, such practice compromises the aims of endodontic treatment and 

may lead to further bacterial contamination of the root canal system. The use of the 

rubber dam cuff technique to isolate multiple teeth overcomes the problems encountered 

with single tooth isolation and enables the clinician to prepare the access cavity without 

hindering the vision of the aforementioned external landmarks.   

The dimensions of the pulp chamber are influenced by the deposition of secondary 

dentine with age. Tertiary dentine formation as a specific response to an insult, such as 

caries or tooth wear, also has dramatic effects on the size of the pulp chamber and canal 

orifices. The pulp chamber floor should be inspected for crucial internal landmarks that 

aid in identification of the position of the canal orifices - such as sudden changes in the 

colour of dentine, the dark lines that form the “road map” that connects the canal 
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orifices, and along these lines.199 A front surface mirror, DG16 endodontic explorer, a 

long shank small excavator, burs, ultrasonic tips, magnification and illumination are 

essential tools for identifying these landmarks and for clearing any obstructions to 

accessing the root canals.  

A proper endodontic access cavity should: 

• provide  sufficient access to the  root canals, 

• provide a reservoir for irrigating solutions used during root canal treatment, 

• provide a correct basis for restoration,  

• be as conservative as practical (i.e. mainly satisfy the tooth’s needs rather than 

the operator’s need), and 

• be customised for each individual tooth.  
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1.5.3.2.3 Access	cavity	preparation	designs	
For the scope of this thesis, the author has classified endodontic access cavity 

preparations into two main designs: 

(1) Traditional/classical conservative endodontic access cavity preparations 

This design involves removal of sufficient tooth structure to allow the operator to 

locate, negotiate, prepare, clean and fill the canals. This design is conservative because 

it does not jeopardise important tooth structure especially near the cervical area. Its 

shape is entirely dependent on the position of the root canal orifices and not the shape or 

size of the pulp chamber. As demonstrated in Figure 1.17 (A), complete unroofing of 

the pulp chamber is not necessary and the walls of this access cavity design are either 

straight or slightly converged. The aim is not to visualise all the canal orifices at the 

same time from the same angle as described in many endodontic textbooks. The 

clinician should be able to access the canals by using the cuff technique for rubber dam 

isolation, moving the mirror around to individually inspect each of the canal orifices, 

pre-curving the files towards the orifices and approaching each canal from the opposite 

direction for initial entry and then rotate the file to follow the curvature of the root 

canal. Hence, the dentine at or near the orifice and the coronal part of the root canal is 

not removed at this stage. 

For anterior teeth, access to the root canal system can be achieved from the palatal 

aspect of the upper and lingual aspect of the lower anterior teeth at the midpoint 

between the incisal edge and the cingulum. Access may not be over-extended to involve 

the mesial and distal pulp horns. However, attempts should made to clean any necrotic 

debris in these areas by using ultrasonic or hand instruments accompanied by irrigating 

solutions in order remove any bacteria and avoid tooth discolouration. Furthermore, 

these areas can aid in the retention of temporary and permanent restorations.  

For posterior teeth, initial access to the root canal system can be achieved from the 

occlusal surface at a perpendicular angle, commencing in the middle of the central 

fissure for premolars (bearing in mind the lingual inclination of lower premolars) and 

the mesial fossa of maxillary and mandibular molars. Extensions of the access cavity 

cannot be standardised for all teeth due to the anatomical variations. Precise assessment 

of the pre-operative radiograph, knowledge of the anatomy and following the “road 
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map” on the pulp chamber floor (aided with the use of magnification and 

transillumination) are the key elements for an adequate access cavity. Complete removal 

of the roof of the pulp chamber is not required but cleaning of all necrotic debris in 

hidden areas by ultrasonics or hand instruments accompanied with irrigating solutions is 

necessary. Based on a series of cases, Clark and Khademi201, 202 showed that attempts to 

completely remove the pulp chamber roof was associated with gouging the access 

cavity walls unnecessarily removing more tooth structure. The walls of the access cavity 

should be straight or slightly converged and no attempts should be made to widen or 

modify the canal orifices or the path of insertion. The pre-curved file can follow the 

orifice opening and canal curvature, approaching the canals from the opposite 

direction.201  
	

Figure	1.17	Schematic	diagrams	representing	conservative	(A)	and	straight-line	(B)	access	cavity	designs.	(Red	
line	represents	the	outline	of	the	access	cavity	and	dotted	line	represents	the	pulp	chamber	roof)		

(2) “Straight-line” access cavity preparation.  

The aim of a “straight-line” access cavity preparation (SLA), as the name implies, is to 

gain access to the apical part of the root canal via a straight line. An endodontic 

textbook200 has described straight-line access as ‘a preparation that provides a straight or 

outwardly flared, unimpeded path from the occlusal surface to the apex’. Complete 

unroofing of the pulp chamber and creating divergent walls allows visualisation of all 

root canal orifices from the same angle at the same time (Figure 1.17 [B]).199 

Furthermore, the cervical third of the root canals is also widened prior to performing 

chemo-mechanical preparation of the canals in order to achieve “straight-line” access to 

the apex, especially in curved canals. Selective removal of cervical dentine that is away 

from the furcation (the so called “anti-curvature” filing technique) has been suggested to 

protect the furcal surface and prevent strip perforation.200 However, there is still a 
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considerable amount of inner cervical dentine removed which can affect the tooth’s 

integrity (section 1.5.4.2.2). In addition, the extent of this design is not only determined 

by the pulp chamber and canal orifice position but also by the root canal curvature and 

the diameter of the apical preparation. As the degree of canal curvature or size of apical 

preparation increases, more flaring and diverging of the cavity walls is required and 

more cervical dentine must be removed. This enables straight insertion of the file with 

minimal deflection while it is touching the whole wall which is the indicator of SLA 

(Figure 1.18).199  

	
	
	
	
	
	
	
	
	
	
	
	
Figure	1.18.	Schematic	diagram	demonstrating	the	unimpeded	
straight-line	path	of	the	endodontic	file	into	the	root	canal.		
(Courtesy	of	Patel&	Rhodes)199	
	

 

 

For anterior teeth, it has been suggested that the access cavity should be cut more 

incisally to achieve SLA to the apex.203 The labial approach for maxillary anterior teeth 

has also been mentioned in the literature.204 A few reports have shown that such an 

approach facilitates visibility, provides direct access to the root apex and allows 

effective instrumentation of the canals.204 The claims were that dentine thickness is 

greater on the palatal surface so such an approach is more conservative. Obtaining 

access from the labial approach maintains the functional (i.e. palatal) surface of the 

upper anterior teeth, hence preserving the mechanism of anterior guidance.204 However, 

this aspect can be overcome by careful occlusal adjustment. The mentioned indications 

are patients with limited mandibular opening in Angle's class II division 2 dentitions or 

in teeth with resin-bonded cast restorations. However, Nissan et al.205 found that there 

was no significant difference in the load required to fracture maxillary incisors when 
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labial and palatal access cavity preparations were compared. Despite all these potential 

advantages, the aesthetic impairment resulting from this approach deems this approach 

as clinically and aesthetically unacceptable.  

For posterior teeth, divergent walls are usually created in order to visualise all the canal 

orifices at the same time from the same angle (i.e. every point coronal to the pulp floor 

is wider circumferentially around the access cavity).198 Such approach is questionable as 

it is not feasible to prepare or fill all canals at the same time - that is each canal is 

treated separately so there appears to be limited point in being able to visualise all 

orifices at the same time from the same angle. 

A “straight-line” access cavity is highly recommended when rotary instruments are to 

be used for canal preparation because such a design decreases the stress generated in the 

file, reduces the chances of instrument fracture and enables straight orientation of the 

handpiece.199, 206, 207 Patel and Rhodes199 reported that this design may reduce the 

occurrence of procedural errors in curved canals when large stainless steel files are used 

for instrumentation. This is an opinion-based article and therefore this statement should 

be interpreted with caution plus it is generally accepted that large sized stainless-steel 

files are not recommended in curved canals. It is more important to reveal that essential 

tooth structure is being removed to make the tooth fit the treatment technique provided 

(i.e. rotary instruments) instead of performing a treatment technique that fits the tooth 

without unnecessary modifications or tooth structure loss.  

Modified ‘straight-line’ access cavity design 

Whilst applying similar SLA objectives, Peters198 modified the access cavity so that the 

isthmus width is reduced and the walls are slightly converged but near the orifice of the 

canal, a slot-like flared-out extension is created in the access cavity wall (i.e. selective 

diverging) to facilitate straight insertion of the file. Such modification will hinder 

visibility of the floor and the canals from one view and thus the mirror has to be 

removed. However, removal of the roof of the pulp chamber completely, removal of the 

inner dentine in the cervical area (in order to achieve “straight-line” access) and the use 

rotary Ni-Ti files were recommended despite the attempts of conserving tooth structure. 

Overall, this design may involve less coronal dentine than does the SLA design. In 

comparison to conservative access cavity, slightly higher amounts of coronal dentine 

and excessive amounts of inner cervical radicular dentine may be lost.   



Chapter	1:	Literature	review		

 81 

1.5.3.2.4 Access	cavity	designs	and	efficiency	of	canal	instrumentation		

It is believed that “straight-line” access cavity preparations permit circumferential 

preparation techniques in the apical third. Mannan et al.203 reported that SLA in anterior 

teeth allowed the file to contact a greater area but still not the entire root canal wall 

when compared to the traditional/classical lingual access cavity. Despite the 

deficiencies in this study, none of the designs was able to permit total instrumentation of 

the canal walls. Krishan et al.208 used micro-CT scans to measure the surface area 

percentage of uninstrumented canal wall in order to evaluate the effect of access cavity 

design on mechanical efficacy of root canal instrumentation in maxillary incisors, 

mandibular premolars and molars. Except for the distal root canal(s) of mandibular 

molars, the percentages of uninstrumented root canal wall in incisors, premolars and 

mesial roots of mandibular molars were similar whether the teeth had a conservative or 

straight-line access cavity. Specifically, in mandibular molars with conservative access 

cavity, only the apical third of the distal root canals had a significantly higher 

percentage of uninstrumented root canal wall in comparison to those with straight-line 

access. This finding has been mainly attributed to the access being under-extended 

towards the distal aspect in the bucco-lingual direction, thus hindering efficient 

instrumentation of root canals that are likely to be oval in the distal roots of mandibular 

molars. However, endodontic treatment does not rely solely on the ability of the file to 

instrument all canal walls in order to clean the canal. The root canal system is complex 

with isthmuses and fins that cannot be reached mechanically. Thus, chemical irrigants 

and intracanal medicaments are used to aid in further cleaning and disinfection of the 

root canal system. 
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In summary, a “straight-line” access cavity design involves removal of essential 

coronal and radicular tooth structure (i.e. inner cervical dentine) in comparison to the 

conservative access cavity. As described above, inner dentine (mainly cervical) is an 

important part of the dentine that exhibits high toughness, is highly hydrated and its loss 

may compromise the ability of the tooth to withstand occlusal loading. Such weakening 

effects may be associated with a higher occurrence of tooth fracture in root-filled teeth 

and long-term tooth loss (discussed in section 1.5.4.2.2). Hence, it may be logical and 

more beneficial to cut conservative access cavities rather than SLA. Notwithstanding 

that, the need for preservation of tooth structure to reduce the risk for fracture should 

not compromise the optimal access of endodontic instruments and materials to the root 

canals. Therefore, only sufficient tooth structure should be removed to facilitate 

efficient cleaning, shaping and filling of the root canals whilst also reducing the risk for 

tooth fracture under function. Further research is needed to investigate the associated 

risks and benefits of conservative and straight-line access cavities. Furthermore, there is 

insufficient evidence supporting that straight insertion of files lead to more effective 

circumferential preparation of the apical third of the root canal. 
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1.5.3.3 Temporisation	

1.5.3.3.1 Definitions	
An interim endodontic restoration is the restoration that is placed after the tooth 

investigation stage.183 The extension of such a restoration is dependent on the amount of 

tooth structure remaining after investigating the tooth. This restoration will remain in 

place until the root canal treatment is completed and a definitive restoration is placed. 

A temporary restoration is the restoration that is placed within an endodontic access 

cavity, which is likely to have been cut through an interim restoration or otherwise 

through the tooth structure.183 The extension of such a restoration is dependent on the 

access cavity form, which is determined by the anatomy of the pulp chamber and the 

root canal system. This restoration will remain in place between endodontic 

appointments until the treatment is completed and a definitive restoration is placed. 

1.5.3.3.2 Types	
Teeth undergoing endodontic treatment are usually “severely broken down”. The need 

to completely remove the existing restoration,140 in conjunction with any caries and/or 

cracks, before commencing endodontic treatment necessitates the placement of an 

extensive interim restoration. Depending on the amount of tooth structure remaining, 

interim restorations can be plain or multi-surface with or without reinforcement with a 

stainless steel band.209  

There are many temporary restorative materials that have been used as interim and 

temporary restorations during endodontic treatment but discussion of these is beyond 

the scope of this review and thesis.   
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1.5.3.4 Chemomechanical	preparation	

Chemomechanical preparation of the root canals is the stage where mechanical 

preparation and chemical irrigation take place simultaneously. However, for the sake of 

this review mechanical preparation and chemical irrigation of the root canals will be 

discussed separately  

1.5.3.4.1 Mechanical	preparation	

1.5.3.4.1.1 Definition		
This is defined as mechanically cleaning the canal system by the action of endodontic 

files and preparing the canal to obtain a shape that permits effective irrigation, 

medication and root canal filling.  

1.5.3.4.1.2 Aims	
Mechanical canal preparation aims to: 

• reduce the bacterial count within the root canal,13  

• remove irregularities from the root canal walls, 

• develop a continuously tapering shape that permits effective irrigation, 

medication and root canal filling.  

1.5.3.4.1.3 Comparisons	 between	 hand	 and	 rotary	 mechanical	 canal	

preparation	techniques	

Many endodontic file systems are available in the market. The conventional stainless-

steel hand files were the first available systems. Then the flexible nickel titanium (Ni-

Ti) alloy was used to manufacture Ni-Ti hand files. As the technology advanced, rotary 

Ni-Ti instruments of different designs and brands were introduced. Also, reciprocating 

files have become available in the last few years.  

The availability of such a wide range of options for clinicians to choose from 

necessitates some guidance and evidence-based discussion to compare the effectiveness 

of these different systems, at least in achieving the aims of mechanical preparation of 

the root canals. Further discussion will follow in a later section of this review on how 

these techniques, if any, can contribute to the increased fracture risk of root-filled teeth. 

This thesis will mainly focus on conventional hand and rotary Ni-Ti file systems. 
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(1)  Reduction of intracanal bacterial count. 

Classical bacteriological studies indicate that mechanical preparation of infected root 

canals alone result in a significant reduction of the bacterial counts.13 Although many 

different instruments and instrumentation techniques have been described in the 

literature, none has been shown to be superior to the others in totally eliminating 

bacteria from the root canal space.210 Of importance, bacterial counts were equally 

reduced when rotary and hand files were compared. In an in-vivo study, Dalton et al.211 

reported no significant differences in the intracanal bacterial reduction between 

stainless-steel hand files and rotary Ni-Ti files preparation techniques when sterile 

saline was used for irrigation. In another in-vitro microbiological study,                

Siqueira et al.185 reported that the reduction in bacterial counts was significantly higher 

when the root canals were prepared with Ni-Ti hand files (apical ISO size 40) compared 

to using two Ni-Ti rotary files systems (Profile and GT files) with saline solution for 

irrigation. However, this difference was not evident in a later study184 where the 

bacterial counts were equally reduced when Ni-Ti hand or rotary files (GT) were used 

for mechanical root canal preparation with 2.5% NaOCl as an irrigating agent. 

Similarly, instrumentation with stainless steel hand files and three rotary Ni-Ti file 

systems of different taper and apical diameters significantly reduced bacterial counts in 

the root canals, but none of the techniques was more effective than any others.212 

Despite this, the use of paper points for microbiological sampling has limitations since 

this method can only detect planktonic bacteria and is unable to access irregularities and 

other areas in the root canal system (e.g. dentinal tubules, isthmuses, fins, lateral canals, 

etc.). Consequently, this approach might fail to harvest viable bacteria in biofilms and in 

some regions of the root canal system. 

In a SEM study,213 the percentage area of remaining bacterial biofilms located inside 

and outside a groove (prepared in the canal wall to simulate the complex root canal 

anatomy in the apical third of the root canal) was compared following chemomechanical 

preparation using stainless-steel hand file, Ni-Ti rotary (Profile) and reciprocating 

(SAF) file system files with controlled volumes of 3% NaOCl and 17% EDTA 

irrigation. None of the techniques achieved complete elimination of bacteria. The 

removal of bacteria in the main canal was similar with all three techniques but the 

vertical oscillating Self-adjusting file system showed superior results in removing 
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bacteria inside the grooves. Although this was possibly attributed to the hollow design 

of the file that allows simultaneous and continuous irrigation during instrumentation, 

the full depth of the biofilm and its viability cannot be observed with this method.  

The bacterial reduction ability of hand, rotary and reciprocating file systems was further 

investigated using conventional microbiological plate cultures by sampling with paper 

points and Hedström files containing dentine chips from the canal wall after 

instrumentation.214-216 Mochado et al.214 reported similar effectiveness following root 

canal preparation with reciprocating (WaveOne, Reciproc), rotary (ProTaper, Mtwo) 

and stainless-steel hand files with distilled water irrigation. Another study has shown 

that manual instrumentation using several hand files was as effective as instrumentation 

with rotary (OneShape) or reciprocating (WaveOne) single file systems.215 In the 

Naskuma et al.216 study, plate culture techniques were used to analyse the microbial 

counts of paper point samples and inner dentine chips separately. Their findings 

demonstrated that both stainless-steel hand files and Ni-Ti rotary file (ProTaper) 

techniques reduced the bacterial counts in the root canal lumen and inner walls 

regardless of the irrigation solutions used.216 However, the culture technique has 

limitations because only viable and culturable bacteria can be detected.  

In a radiographic study on dog’s teeth, no significant differences in the rate of 

radiographic healing of experimentally induced periapical lesions was found following 

chemomechanical preparation of the root canals using rotary Ni-Ti or conventional 

stainless-steel hand files with 2.5% NaOCl.217 

Overall, hand file instrumentation is as effective as Ni-Ti rotary file instrumentation in 

reducing the intracanal bacterial count. Regardless of the instrumentation technique and 

preparation size or taper, the adjunct use of antibacterial irrigants and intracanal 

medicaments is necessary to maximize bacterial elimination from the root canal system.  
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(2) Cleanliness of the root canal space.  

There have been many different root canal preparation techniques (using hand or rotary 

files systems) described in the literature but none completely debride or clean the root 

canal space.218-222 Histological examination of the apical third of prepared, curved root 

canals has shown the majority of debris was removed after root canal preparation using 

hand or rotary file techniques with NaOCl irrigation but no significant differences were 

detected.218 Another histological study found similar percentages of untouched canal 

walls in oval-shaped root canals among Ni-Ti rotary file and stainless-steel hand files 

preparations but significantly more debris was removed with the Ni-Ti rotary files in the 

apical section.222  

In ground sections, the mean percentages of root canal walls that were instrumented by 

hand or Ni-Ti rotary files - and irrigated with NaOCl - were not significantly different 

for any third of the root (coronal, middle or apical) as well as the overall canal wall 

(78.4% and 75.1%, respectively).219 In a SEM study, the amount of debris left in the 

root canals was shown to be similar in manual and rotary instrumented groups in all root 

thirds when using NaOCl as the irrigating solution, and in the middle and apical thirds 

when using a combination of NaOCl and EDTA for irrigation.220 Another SEM study 

demonstrated that the apical third of root canals prepared with hand files had 

significantly less debris compared to those prepared with a rotary file system when 

using NaOCl for irrigation, but no significant differences at the other levels.221 In 

addition, Barbizam et al.223 showed that a root canal preparation technique using hand 

files was significantly more efficient in cleaning the flattened root canals of mandibular 

incisors than when rotary Ni-Ti files were used, particularly in the buccal and lingual 

extensions of such canals.  

Comparisons regarding the amount of the smear layer remaining following chemo-

mechanical preparation of root canals have been also reported. Some studies220, 224 

observed less smear layer when hand files rather than rotary techniques were used with 

NaOCl as the irrigating solution whereas others221, 225 have reported no differences. 

Notwithstanding the above, the complete removal of debris and smear layer is generally 

not possible with the current files and root canal preparation techniques alone. Further 

debridement and smear layer removal will depend on the type and action of irrigating 

solutions.  
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(3) Time efficiency   

There has been a general perception amongst clinicians that canal preparation with 

rotary files is more time-efficient. Although many studies have not confirmed this,221 it 

is important to note that reducing the time of chemo-mechanical preparation may not be 

microbiologically advantageous because the time for irrigating solutions to remain in 

the canals will be shorter and so their antibacterial effectiveness may be reduced.  

Nonetheless, it can be argued that the effective working time to instrument root canals 

with rotary or reciprocating files may be longer compared to using hand files. First, 

achieving the “glide path” with hand file sizes 10, 15 and 20 prior to using the rotary/ 

reciprocating files has always been recommended in order to prevent instrument 

fracture. Once the canal is prepared to size 15 or 20, only one or two more hand files are 

needed to complete the preparation of the canal. Second, many of the commonly used 

rotary file systems consist of at least five or six files and therefore, relatively more time 

will be required to change the files in the handpiece plus irrigating the canals between 

each file. Single rotary file systems are now available in the market and these may 

reduce the time involved. Finally, clinical experience with each file design also plays an 

important role.  

(4) Root canal shape 

Alterations in the canal morphology occur during the mechanical preparation of the root 

canals regardless of the file type or technique used. The common parameters for 

analysing the shaping ability of instruments and/or technique developed for root canal 

preparation are: 

a. Amount of dentine removed (apical size and taper of canal 

preparation). 

With the introduction of Ni-Ti rotary files, canal preparations have generally increased 

in size and taper compared to when using conventional hand files.226, 227 The literature 

reveals few studies that have compared the geometry and volume of root canals after 

preparation with rotary and hand files, or, that have compared minimal canal wall 

thicknesses after preparations with rotary and hand files.226, 228-230 However, the amount 

of dentine removed during mechanical preparation of the root canals is dependent on the 
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original canal geometry (size, cross-sectional shape and curvature), instrument design 

(taper, cross-sectional size, cutting efficiency) and instrumentation technique. 

Different file designs and preparation techniques produce different canal preparation 

tapers. Rotary and reciprocating Ni-Ti files (4%, 6%, 8%, 10% and 12%) have 

relatively greater instrument taper compared to hand files (2%). Instrument taper is the 

increase in instrument diameter throughout the length of the cutting blade and is usually 

expressed as mm/mm or as a percentage. The instruments with greater tapers have 

larger cross-sectional diameter at D16 and therefore the thick parts of the file are likely 

to remove more dentine in the coronal third of the canal compared to 2% tapered hand 

files.226   

The concept behind increasing the taper of the final canal preparation was to increase 

the depth of penetration of irrigating solutions and to facilitate root canal filling. 

Whereas larger apical size preparations increase the chances of incorporating any 

anatomical irregularities - such as anastomoses or fins - that may be present in the apical 

part of the root canal, disrupting any biofilms that may reside in these locations and 

maximising the irrigating solution exchange in the apical third. Unfortunately, excessive 

canal taper and apical size enlargement - along with frequent and abundant irrigation 

with antimicrobial agents - was believed to maximise the effectiveness of chemo-

mechanical preparation in order to justify single-visit root canal treatment where the 

antimicrobial effectiveness of intracanal medicaments is overlooked. Nonetheless, there 

is insufficient evidence to support this belief since many studies have shown that the 

cleanliness of the canals and/or elimination of bacteria were not complete regardless of 

the canal taper or apical size of the preparation.231  

It was shown in an SEM study that the taper of the root canal preparation being .04, .06, 

or .08 did not affect the root canal cleanliness.232 A SEM study showed that the 

minimum apical size of the canal preparation required for penetration of irrigants to the 

apical third of the root canal is a #30 file in order to effectively remove debris and 

smear layer.233 Recently, a micro-CT study showed that increased apical enlargement in 

curved roots led to unnecessary removal of large amounts of dentine with minimal 

increase in the percentage of prepared canal outline.229 In other words, no significant 

incremental increase in the percentage of prepared canals was found between instrument 

sizes 30 and 50 while significantly more dentine was removed by instrument size 50 in 
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comparison to the smaller sizes (25, 30 & 40) regardless of the file system used. Of 

note, the preparations with Ni-Ti hand files resulted in the highest percentage of canal 

outline while removing the least amount of dentine compared to two Ni-Ti rotary files 

(Mtwo and ProTaper). However, the percentage of prepared canal outline was not 

statistically significant among the groups while the amount of dentine removed was 

significantly higher in ProTaper preparations compared to Ni-Ti hand files or Mtwo. 

The authors recommended the use of Ni-Ti hand files for preparing curved canals while 

keeping the apical size preparation as minimum as practical to avoid excessive removal 

of apical dentine.229  

There are other important concerns that must be addressed when increased tapers and 

larger apical sizes are being prepared. When increasing the canal taper, stresses in the 

external root surface were increased, particularly in the cervical area when a simulated 

load was applied on mandibular premolar finite element analysis models (on the buccal 

cusp at 45o).234 On the contrary, the stresses at the root canal wall and apex were 

significantly reduced with increased taper of the root canal during warm vertical 

compaction of gutta percha - as a result of application of the load on the gutta percha 

and less contact with the canal wall.234 In addition, increasing the taper of the canal 

preparation is expected to remove more bulk of dentine especially around the cervical 

area, which can be excessive leading to perforation or thinning of the dentine near the 

“danger zone”.227 Also, the larger the apical size used, the higher the chance for 

procedural error - e.g. transportation, zipping and perforation (and particularly in curved 

canals) - the higher the risk of creating dentinal defects in the canal wall and apical root 

surface, and the higher reduction of the bulk dentine structure.229 Overall, excessive 

enlargement of the canal may compromise the tooth’s structural integrity.  

The apical size of the prepared canal should be a minimum of size 25 in calcified or 

curved canals to allow effective root canal filling. Initial assessment of the actual canal 

size should be performed and a decision should be made at the time as to whether 

further widening is required or not. Preserving the original canal size sometimes is the 

best, especially in wide canals.   
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b. Centering ability, canal transportation and maintaining the original 

curvature of the root canal. 

These parameters have been extensively investigated in the literature. Many researchers 

have claimed that the flexibility of the Ni-Ti alloy allows the instrument to follow the 

canal curvature. Therefore, an advantage of using Ni-Ti rotary or reciprocating files for 

root canal preparation was believed to be that the prepared root canals are likely to be 

centred in cross-section and less likely to be straightened or deviated from their original 

curvature. However, it is unlikely that any instrument could remove uniform amounts of 

dentine circumferentially so the canal remains centred in all root levels without any 

deviation from the normal canal path. Since most root canals are curved, an endodontic 

file tends to straighten itself inside the canal resulting in uneven shaping force 

distribution and thus dentine removal in certain contact areas. Consequently, the root 

canal preparations are transported toward the outer curve or convexity of the canal in 

the apical areas and toward the inner concavity of the canal in the coronal parts of the 

canal.235 The question also remains as to what effect this has on treatment outcome 

since this is dependent on removal and destruction of bacteria, neither of which is 

affected by ‘centering’ of the canal preparation. 

Many researchers have attempted to confirm that stainless-steel hand files have less 

centring ability plus a higher chance of canal transportation and deviation from the 

original path compared to Ni-Ti rotary or reciprocating files.224, 225, 228, 235, 236 However, 

these conclusions should not be extrapolated to the use of stainless-steel files in general. 

Unfortunately, in the majority of the studies the curved canals have been unnecessarily 

prepared to large apical sizes, operators have inserted the stainless steel file into the 

canal without pre-curving and they have applied relatively invasive preparation 

techniques leading to these unfavourable results. However, one study demonstrated that 

both stainless-steel hand files and rotary Ni-Ti files can predictably enlarge curved root 

canals with minimal deviation from the original canal path when the stainless-steel 

instrument size was not above size 30.237 Using a standardised apical preparation size 

(size 30), another study demonstrated that there is some degree of transportation 

(outward direction apically and inwards direction coronally) and alteration in the 

working length regardless of the file system used for preparing curved mesio-buccal 

root canals of maxillary molars.235 However, the use of hand K-Flexofiles in a crown 
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down technique was associated with the highest amount of outwards transportation 

(towards the outer surface) at the apical levels compared to Ni-Ti rotary files              

(GT series X, Twisted File, Revo-S, RaCe, Mtwo and ProTaper Universal). Closer to 

the level where the root canal curvature begins, the degree of inward transportation 

(towards the inner surface) was similar among the files tested. However, where the 

curvature begins, significant differences were only found between hand files and 

Twisted File, with the hand file being associated with more inward transportation. 

However, these conclusions cannot be generalised to all techniques because only the 

crown down technique was used in this study.  

Overall, the degree of canal transportation and deviation from the original curvature of 

the canals is dependent on file design, how the endodontic file is being used 

(instrumentation technique, pre-curving in case of stainless-steel), the size of the file 

(small or larger sizes), and the clinical experience of the practitioner. However, the 

increased flexibility of the Ni-Ti rotary and reciprocating files are still insufficient to 

overcome the increased risk of instrument breakage whilst preparing severely curved 

canals, in which case hand instruments are considered the safest method.  

c. Prepared cross-sectional shape  

Many researchers and manufacturers claim that Ni-Ti rotary or reciprocating files have 

superior ability in producing smooth and round cross-sectional shapes of the prepared 

root canals compared to stainless- steel hand files.238 This might be true if the cross-

sectional diameter of the original canal is smaller than that of the file and the original 

cross-sectional canal shape is round, then rotary or reciprocating files have a better 

chance to remove dentine circumferentially, leaving a relatively smooth canal wall be. 

However, it is unusual for canals to be round in cross-section as there is evidence 

showing that the incidence of oval canals is relatively common.239 In an oval canal, a 

rotary or reciprocating file tends to shift itself to the widest part of the canal and prepare 

the middle part of the canal, whilst leaving the buccal and lingual extensions of the 

canals unprepared. Increasing the taper or the size of the instrument in an attempt to 

incorporate the canal recesses or fins in the preparation of oval root canals would lead to 

excessive removal of dentine at the narrow diameter of the root canal, increasing the 

risk of undesired complications such ledges, zip, elbow, and dangerous zones.238  
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Several studies have shown that stainless-steel files have better ability to access these 

recesses and including them in the preparation without excessive removal of   

dentine.222, 240 In the Taha et al.222 study, no fins remained coronally following root 

canal preparation of oval-shaped canals with stainless steel hand files and Gates 

Glidden drills. However, when Ni-Ti rotary files were used, 42% of the prepared canals 

had fins remaining at the coronal level, which was significantly different. The incidence 

of post-preparation fins was similar at the middle and apical level regardless of the 

technique used. Also, the incidence of round/oval, elliptical and irregular cross-sectional 

canal shapes was similar in all the preparations and at the three levels, without 

significant differences in the canal cross-sectional areas.  

A study compared cross-sections of roots with oval-shaped canals (distal root canals of 

mandibular molars and root canal of mandibular incisors) following circumferential 

filing with either stainless-steel Hedström hand files (40/.02 and 50/.02) or Ni-Ti Hero 

rotary files (20/.06 and 30/.06).240 Overall, efficiency of both file systems in 

circumferential removal of dentine was comparable. However, it can be noticed from 

the results that the Hedström hand file group had a lower number of sections exhibiting 

increased amount of dentine removed (> 200µm of dentine removed from the canal wall 

toward the external root surface) compared to the Ni-Ti rotary group. Since the file sizes 

used in this study are relatively large for such narrow canals, it can be expected that 

using smaller file sizes (such as 25/.02) would probably remove less dentine 

circumferentially than would a larger size hand or rotary file. In general, rotary files are 

not designed for circumferential filing. Hence, it may be possible to achieve more 

favourable results with a circumferential filing technique using a small stainless-steel 

hand file that is pre-curved prior to insertion whilst keeping the apical size preparations 

as small as possible.  

d. Minimal procedural errors 

In the literature, several procedural errors have been described during mechanical root 

canal preparation procedures - such as: ledging, zipping, perforations and canal 

transportation. Although many reports have associated these mishaps with the use of 

stainless-steel hand files rather than Ni-Ti rotary or reciprocating files, these procedural 

errors are likely to be dependent on the clinician’s experience as well as the instrument 

size, preparation technique and canal curvature. 



Chapter	1:	Literature	review		

 94 

In an effort to minimize procedural complications, the apical preparation of the curved 

canals should be restricted to file sizes ranging from size 25 to 30.  

(5) Safety issues 

Instruments used in rotary motion break in two distinct ways: torsional and flexural. In 

the clinical setting, Ni-Ti rotary instruments are generally subjected to a combination of 

torsional load and cyclic fatigue.241 Since the number of rotations (whether continuous 

or reciprocating) is higher whilst using rotary or reciprocating instruments compared to 

hand files, a rotating instrument is more likely to break during instrumentation than a 

hand file. However, the clinician’s experience plays an important role whether hand, 

rotary or reciprocating files are being used. 

In summary, the literature shows that there is no instrument of choice for the 

mechanical preparation of root canals since intracanal bacterial reduction and 

cleanliness of the canals are similar following instrumentation with stainless-steel hand 

files or Ni-Ti rotary or reciprocating files. Although it is perceived that the shaping 

ability of Ni-Ti rotary or reciprocating files is superior, conservation of dentine is more 

predictable using hand files for preparations of minimal but practical apical size and 

taper. From a microbiological point of view, bacterial contamination occurs in any canal 

shape obtained by instrumentation regardless of the root canal being centred or 

transported from the original path. These shaping parameters - i.e. centering ability, 

transportation, etc. - are purely mechanical considerations developed by the profession 

without any evidence to show their effects on treatment outcome and the longevity of 

the tooth. However, clinicians must be aware of the other significant effects of 

instrumentation that may influence the fracture and the longevity of the tooth which will 

be discussed later.  
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1.5.3.4.2 Chemical	irrigation	

	
1.5.3.4.2.1 Definition		
This is defined as chemically cleaning the canals by the action of irrigating solutions.  

1.5.3.4.2.2 Aims		
Chemical irrigation aims to:242 

• destroy bacteria, 

• dissolve organic tissue (bacteria and remnants of  pulp tissue),  

• dissolve inorganic matter, 

• remove the smear layer,  

• lubricate the canal walls during instrumentation, 

• provide flushing action, and  

• aid in cleansing the areas that are inaccessible to mechanical preparation. 

 
 

1.5.3.4.2.3 Types	of	irrigating	solutions	

There are many different types of irrigating solutions that have been mentioned in the 

literature. This thesis will very briefly discuss sodium hypochlorite (NaOCl) and 

ethylene diamine tetraacetic acid (EDTA) with cetrimide (EDTAC) solutions. 

(1) Sodium hypochlorite 

NaOCl is commonly used as an irrigating agent during endodontic treatment. Its 

concentrations range from 0.5%-5.25% and it is mainly used to dissolve pulp tissue and 

to destroy bacteria.14 The therapeutic effects are highly dependent on the concentration 

of the solution, time of exposure, volume, rate of flow and temperature.184, 243-245 From a 

microbiological prospective, the antibacterial activity of NaOCl is well-established. 

Previous in-vitro investigations184, 243 have demonstrated negligible differences between 

5.25%, 2.5%, and 1% NaOCl in disinfecting the root canals. However, a number of     

in-vivo studies14, 188, 189 have clearly shown that instrumentation and irrigation with 

NaOCl could not predicably eliminate bacteria from the root canals. Whereas from a 
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cleansing perspective, NaOCl maintained a substantial tissue dissolution capacity at 

lower concentrations and was effective in cleaning root canals.245 Pre-treatment of the 

necrotic tissues with calcium hydroxide medium has been shown to enhance the tissue 

dissolution capacity of NaOCl.246-248  

In addition to the therapeutic effects, the determinant effects of NaOCl are also 

dependent on exposure time, concentration and temperature.249, 250 Degradation of the 

organic matrix of dentine (collagen component) and toxicity to soft tissues are major 

disadvantages of NaOCl.249, 251, 252 Therefore, the recommended concentration is 1% to 

reduce undesired effects on the soft tissue and root canal dentine, as well as to reduce 

toxicity to the periapical tissues if any irrigant is extruded through the apical foramen. 

(2) EDTA and EDTAC 

EDTA and EDTAC solutions are also commonly used in 15%-17% concentrations as 

endodontic irrigants. They demineralise the inorganic components of dentine by 

calcium chelation.253, 254 They also remove the inorganic component of the smear layer. 

Addition of cetrimide reduces the surface tension and viscosity of the chelating solution, 

thus the solution flows more easily to the full depth of the root canal.242 It has been 

shown that EDTA must be in contact with the canal walls for at least 5 minutes, and for 

up to 15 minutes in order to be fully effective.255 However, these solutions have very 

limited antibacterial activity. Therefore, the adjunctive use of an antibacterial irrigating 

solution is necessary.  

(3) Combination 

Although removal of smear layer remains controversial, there are potential benefits of 

removing this layer of mostly calcified debris that is formed from the action of the 

endodontic instruments and is compacted against the dentine walls and tubule openings. 

These benefits are enhancing the diffusion intracanal medicaments into dentinal tubules, 

improving the ‘seal’ of root canal filling and eliminating any bacteria, toxins and 

remnants of pulp tissue that may reside in the smear layer.  
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Effective removal of smear layer requires the use of sodium hypochlorite and EDTA/C 

because no single solution is capable of dissolving both organic and inorganic matter. 

The recommended regimen is to use 15% EDTAC as the main irrigant during canal 

preparation, 1% NaOCl for the last 2-3 files and then a final flush with 15% EDTAC 

solution.194, 242  

Many in-vitro studies256-258 have shown that EDTA irrigation following sodium 

hypochlorite irrigation resulted in ‘erosion’ of dentine. However, this was not really 

‘erosion’ as claimed by the authors since it is only based on the SEM appearance of 

dentine. This is more likely to an indication of the effectiveness of EDTA rather than 

erosion. There is also some possible bias as one of the authors was advertising a product 

that they had developed (i.e. MTAD).258 
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1.5.3.5 Intracanal	medicament	

1.5.3.5.1 Multiple	appointment			

Researchers have shown that the mechanical instrumentation of root canals is capable of 

reducing the number of bacteria in the canals but it does not totally eliminate them.13 

The use of irrigating solutions further reduces the number of bacteria.14, 189, 259 However, 

their action is limited by the complexity of the root canal system and the dentinal 

tubules and other parts of the root canal system which may harbour bacteria.260, 261 

Bacteria present inside the dentinal tubules and isthmuses are protected not only from 

chemomechanical preparation but also from the host immunity and systemic 

antibiotics.262 Residual bacteria in the apical ramifications and on the external root 

surface, mostly existing in biofilms, was demonstrated in fourteen out of sixteen 

(87.5%) mesial roots of human mandibular first molars that had infected root canal 

systems with primary acute apical periodontitis immediately after performing one-visit 

endodontic treatment.260 In comparison with two-visit endodontic treatment with 

intracanal medication, more frequent and more abundant residual bacteria were present 

in apical ramifications, isthmuses, and dentinal tubules when root canals were treated in 

one-visit (without an inter-appointment medication).263 The presence of these residual 

bacteria may provide a reservoir from which root canal infection may re-occur during or 

after root canal treatment, leading to persistent infection and compromising the outcome 

of root canal treatment.264   

The application of intracanal medicaments has been advocated in order to more 

predicably eliminate bacteria.12, 265, 266 Intracanal medicaments complement the 

disinfection of chemo-mechanical preparation as they can diffuse through the complex 

root canal system, dentinal tubules and external root surface. As a result, biofilms are 

likely to be disrupted and the intra-radicular microbial load is likely to be reduced to the 

lowest possible level prior to root canal filling.263 Hence, a favourable endodontic 

treatment outcome is likely to be expected when the root canal treatment is performed 

over multiple appointments with the application intracanal medicaments in-between 

visits.10 
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1.5.3.5.2 Aims	

The aims of intracanal medicaments are to:267 

• reduce bacterial count in the root canal system following chemomechanical 

preparation of the root canals, 

• induce apical hard tissue barrier formation, 

• prevent or arrest inflammatory root resorption,  

• help eliminate apical exudate,  

• stimulate periapical tissue repair, 

• reduce peri-radicular inflammation, and  

• reduce or prevent pain.  

Intracanal medicaments have been widely studied in the literature. However, this thesis 

will only discuss calcium hydroxide which is the most common intracanal medicament 

used throughout the world.  

1.5.3.5.3 Calcium	hydroxide	intracanal	medicament	

In 1920, Herman introduced calcium hydroxide to dentistry as a direct pulp-capping 

agent. Later in 1975, Heithersay268 reported a series of cases demonstrating the uses of 

calcium hydroxide as an intracanal medicament for the management of various 

endodontic problems such as periapical exudate, perforations, root resorption, 

transverse root fracture and for apexification. Thereafter, calcium hydroxide became 

more widely used as an intracanal medicament during endodontic treatment.  

1.5.3.5.3.1 Chemical	Properties	of	calcium	hydroxide	

 Calcium hydroxide, chemical formula Ca(OH)2, is a white odourless powder with a 

molecular weight of 74.08.269 The pure powder has a high pH (12.5-12.8) and low 

solubility in water.269 It dissociates into calcium (Ca+2) and hydroxyl ions (OH-) on 

contact with aqueous fluids.270   
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Since the dry Ca(OH)2 powder is difficult to manipulate, the powder has to be mixed 

with various substances that act as a vehicle for calcium hydroxide and, at the same 

time, enhancing properties such as radiopacity, consistency, flow and/or antimicrobial 

activity.187, 271, 272 There are various calcium hydroxide formulations; some require 

chairside mixing of Ca(OH)2 powder with an appropriate vehicle until the desired 

consistency and others come in pre-mixed proprietary brands such as Pulpdent paste 

(PULPDENT Corporation, Watertown, MA USA), Calasept (Nordiska Dental, 

Angelholm, Sweden) and Ultracal XS (Ultradent Products, South Jordan, UT, USA) 

pastes.  

In general, there are three main types of vehicles:271 

• Aqueous or water-soluble vehicles such as water, saline, anaesthetic solutions, 

Ringers solution, carboxymethycellulose and methylcellulose.  

• Viscous vehicles such as glycerine, polyehthyleneglycol, and propylene glycol 

• Oily vehicles such as olive oil, silicone oil, camphor, eugenol and 

metacresylacetate. 

The type of vehicle influences the rate of ionic dissociation of Ca(OH)2, the solubility of 

the paste when the paste contacts the tissues and the tissue fluids, as well as the amount 

of hydroxyl ions available for diffusion through the dentine or absorption by the 

periapical tissues - i.e. the longevity of the desired effects of Ca(OH)2.267, 271, 273, 274 For 

example, the aqueous vehicle increases the rate of ionic dissociation of Ca(OH)2 and 

increases the solubility of the paste - hence, the desired actions of Ca(OH)2 do not last 

for long.271 The higher the viscosity of the vehicle, the slower the release rate of Ca+2 

and OH- ions over extended time periods - hence the desired actions last for longer.271  

1.5.3.5.3.2 Biological	properties	of	calcium	hydroxide		

(1) Antimicrobial activity 

The effectiveness of Ca(OH)2 dressings in destroying bacteria in the root canal system 

has been widely demonstrated. Byström190 reported that 34 out of 35 root canals were 

bacteria-free after four-weeks. Sjögren12 reported that 7-day dressing with Ca(OH)2 

eliminated all the bacteria in the root canal. The addition of 1 week-dressing with 

Ca(OH)2 following chemomechanical preparation rendered 92.5% of the root canals 
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free of bacteria.188 Although many researchers have questioned the antibacterial 

effectiveness of Ca(OH)2 dressing, calcium hydroxide remains the best medicament 

available to reduce residual microbial load.275 

The antimicrobial activity of Ca(OH)2 is mainly provided by its high pH which depends 

on the release and diffusion of hydroxyl ions that can then diffuse throughout the root 

canal system and dentine tubules. Hydroxyl ions are highly oxidant free radicals that 

target and damage the bacterial cytoplasmic membrane, proteins and DNA.262 In 

addition to the microbiological action of the hydroxyl ions, the high pH of Ca(OH)2 

results in inactivation of bacterial enzymes of the cytoplasmic membrane leading to 

disruption of the cellular metabolism, growth and division.262, 276 The alkaline 

environment affects the permeability of the cytoplasmic membrane and the transfer of 

organic nutrients and components into the bacterial cell by altering the ionic status of 

the organic components or by directly acting on the cytoplasmic proteins.276  

Ca(OH)2 dressings also act as a physical barrier that prevents the ingress of bacteria into 

the root canal system, restrains the nutrients for bacterial growth and limit the space for 

bacterial multiplication.267  

(2) Inhibition of lipopolysaccharide  

Bacterial lipopolysaccharide (LPS) is a component of the cell wall of gram-negative 

bacteria. It is known to be highly potent mediator for the inflammatory process and 

bone resorption in periapical tissues that is also active after bacterial cell lysis.277  

The highly alkaline pH of Ca(OH)2 has the potential to detoxify the residual LPS that 

may be present in the root canal system. In-vitro, Ca(OH)2 hydrolysed the ester bond in 

the lipid A moiety (the most potent component of LPS) resulting in the release of free 

hydroxy fatty acids.278, 279 This slight alteration resulted in the structure of LPS to be 

biologically inactive in-vitro - i.e. it lost its stimulatory activity for prostaglandin E 

secretion, osteoclast formation and reduced matrix metalloproteinase.277, 280, 281 But, 

Ca(OH)2-treated LPS stimulated antibodies production by B-lymphocytes and tissue 

inhibitors of metalloproteinase.281, 282 The beneficial effects of Ca(OH)2 dressing were 

also confirmed in independent histopathological and radiographic studies that evaluated 

the periapical tissues of dogs teeth that had root canals contaminated with bacterial 

LPS.283-286 The presence of inflammatory infiltrate, periodontal ligament thickening and 
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cementum and/or bone resorption histologically or periapical areas radiographically 

were significantly lower in those teeth that received intracanal Ca(OH)2 dressing.  

Similarly, Ca(OH)2 can potentially inactivate lipoteichoic acid (LTA) of Enterococcus 

faecalis, which is the main virulence factor of gram-positive bacteria, through 

deacylation of the glycolipid moiety.287, 288 

(3) Tissue dissolving ability  

The tissue dissolving ability of Ca(OH)2 has been demonstrated in several 

investigations.246-248, 289, 290 Complete dissolution of necrotic porcine muscular tissue 

was evident 12 days after being placed in Ca(OH)2 powder mixed with water.246 

Ca(OH)2 paste (Calasept) was able to dissolve half of each human pulp tissue sample 

within two hours and 98.8% after 9 days.248 Similarly, total dissolution of necrotic 

bovine muscle tissues occurred after being kept in Ca(OH)2 paste for 6-7 days.247 In a 

SEM study, dissolution of the odontoblastic layer of uninstrumented root canal walls 

was evident after exposure to Ca(OH)2 dressing for 1 week and 4 weeks, with the 

dressing being replaced weekly.290  

In addition to its own ability to dissolve tissues, Ca(OH)2 promotes the tissue dissolving 

ability of sodium hypochlorite (NaOCl).246, 247, 289 Complete dissolution of necrotic 

porcine muscular tissues took at least 3 hours when exposed to NaOCl alone whereas 

complete tissue dissolution took place within 60-90 minutes when the tissues were pre-

treated with Ca(OH)2 for 30 minutes, 24 hours and 7 days.246 Similarly, pre-treatment of 

necrotic bovine muscle tissues with Ca(OH)2 paste for 24 hours or Ca(OH)2 solution for 

30 minutes enhanced the tissue dissolving ability of 0.5% NaOCl to become similar to 

that of 5% NaOCl.247 Tissues pre-treated with Ca(OH)2 paste for 30 minutes also 

enhanced the tissue dissolving ability of 0.5% NaOCl but to a lesser extent.247 

According to these studies, Ca(OH)2 caused the tissues to swell within 24 hours thus 

increasing the tissue surface area accessible by the NaOCl.246, 247 As a result, more 

tissue swelling is expected when kept in Ca(OH)2 solution (lower powder: liquid ratio) 

than in Ca(OH)2 paste and thus pre-treatment for 30 minutes with Ca(OH)2 solution was 

more efficient in enhancing the tissue dissolving property of NaOCl than the paste, 

which required longer periods of time to achieve similar effects.247 Using tissue pieces 

from pig palates, mixtures of Ca(OH)2/NaOCl and Ca(OH)2/chlorhexidine gluconate 
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irrigating solutions exhibited better tissue dissolving ability than Ca(OH)2/saline paste 

in the first 4 days. After 7 days, the Ca(OH)2/NaOCl mixture and Ca(OH)2/saline paste 

had similar effects whilst the Ca(OH)2 /chlorhexidine gluconate mixture was less 

effective.289  

Based on these findings, Ca(OH)2 intracanal dressings have been widely used to 

dissolve the any remaining pulp tissue between appointments and to maximise the 

cleanliness of the root canals by subsequent NaOCl irrigation.   

(4) Stimulate the formation of hard tissue  

The formation of hard tissue has been observed after contact of Ca(OH)2 with pulp, 

subcutaneous connective tissue and periapical tissue.291-293 Histological studies have 

revealed that direct contact of Ca(OH)2 and connective tissues provokes a superficial 

layer of necrosis and underlying mild inflammation. In the absence of bacteria, a 

calcific bridge is likely to be formed. According to Holland,291-293 the mechanism of 

action is attributed to the formation of calcium carbonate granulations that originate 

from the reaction of calcium component of Ca(OH)2  with carbon dioxide from the 

tissues.  

The possible mechanisms for stimulation of hard-tissue formation when Ca(OH)2 is 

used as a pulp capping material are summarised in Figure 1.19.294 In the presence of 

calcium hydroxide intracanal dressing, similar mechanisms can take place in the 

periapical tissues associated with pulpless teeth. The alkaline pH was suggested to play 

an important role in the ability of Ca(OH)2 to induce apical hard tissue barrier formation 

in immature permanent teeth in monkeys.295 The rise in pH that may activate alkaline 

phosphatases also neutralize lactic acid produced from osteoclasts and inhibit 

osteoclastic acid hydrolase.276, 296 The presence of elevated calcium ion levels may 

increase the activity of calcium-dependent pyrophosphatase enzyme and reduce the 

permeability of the newly-formed capillaries in the granulation tissue associated with 

pulpless teeth (i.e. reducing the periapical exudate).268 Calcium ions also act in the 

complement system activity of the immunological reaction.296 In addition, Ca(OH)2 

dressings create an optimal environment that is favourable for hard tissue formation by 

eliminating the bacteria present in the root canal system with consequent resolution of 

the periapical inflammation that they have induced.297  
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Figure	1.19.	The	possible	mechanisms	for	stimulation	of	hard-tissue	formation	when	Ca(OH)2	is	used	as	a	pulp	
capping	material.	(Courtesy	of	Sangwan	et	al.294)	

 
 

(5) Inhibition of tooth resorption 

For hard tissue resorption and mineral dissolution to take place, an acidic environment 

is required. Since Ca(OH)2 creates an alkaline environment, the resorptive activity of 

dentinoclasts/osteoclasts may be inhibited. It has been suggested that the alkaline 

environment neutralizes lactic acid produced from osteoclasts and creates unfavourable 

conditions for the activity of osteoclastic acid hydrolase (which also plays a role in the 

periapical bone repair process).276, 296, 298 Ca(OH)2 was found to inhibit the adherence of 

macrophages to the dentine surface, and therefore may also contribute to the inhibition 

of tooth resorption and reduction of the inflammatory reaction in the periapical 

tissues.299 In replanted monkey teeth with infected pulps, the diffusion of hydroxyl ions 

through dentinal tubules and production of an alkaline environment following intracanal 

Ca(OH)2 dressings induced necrosis of dentinoclasts/osteoclasts in areas of simulated 

resorption and reduced the bacteria in the root canal system.300 Hence, the antibacterial 

plus the necrotizing effects of Ca(OH)2 can also take part in the inhibition of  

inflammatory root resorption.  
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1.5.3.5.3.3 Diffusion	of	hydroxyl	ions	into	dentinal	tubules		

The efficacy of calcium hydroxide depends on the release and diffusion of hydroxyl 

ions through the dentine. For calcium hydroxide to be effective, the hydroxyl ions must 

be able to diffuse through the dentinal tubules. As shown in Table 1.12, studies have 

shown that hydroxyl ions derived from Ca(OH)2 do diffuse through dentine which was 

mainly reflected by the alkaline pH of dentine and surrounding environment after 

exposure to Ca(OH)2 using various experimental methods.296, 301-315  

The pH changes were measured using colorimetric (pH indicator solutions or 

papers),296, 315 or electronic (pH metres with electrodes or microelectrode) methods. 

These methods were carried out on histological dentine sections,296 ground dentine 

mixed with saline,301 dentine sections,303 root canal,308 the site of external root 

cavities,302, 304-307, 312, 315 or the medium surrounding intact roots and/or roots with 

external cavities.309-311, 313, 314 The studies that used simulated models or glass tubes 

filled with Ca(OH)2 dressing are considered clinically irrelevant and therefore their 

results are inconclusive (not shown in the Table).316-319 However, there is a general 

consistency among the findings of the studies regarding the production of an alkaline 

environment in dentine, which results from the diffusion of hydroxyl ions. However, 

there is some degree of variation in the pH values and the pattern of pH changes over 

time which results from the heterogeneity in the experiments.  

The production of a gradient in the alkaline environment of dentine following exposure 

to Ca(OH)2 has been shown in several investigations.296, 301, 302 In the study by   

Tronstad et al.,296 histological sections of monkey incisors were evaluated four weeks 

following the intracanal application of calcium hydroxide paste (Table 1.13). Using pH 

indicator solutions, they demonstrated a gradient in the alkaline pH values with the 

highest pH value in the root canal space (above 12.2), followed by the inner dentine 

(8.0-11.1) and decreasing towards the peripheral dentine (7.4-9.6). The pH value in the 

cementum layer remained unchanged. However, the increased pH reached the dentine 

surface in the resorptive areas where cementum was not present. Using extracted human 

teeth, the development of an alkaline pH gradient was also demonstrated in the coronal 

dentine located underneath calcium hydroxide paste that was placed for 16 days in the 

base of an occlusal cavity.301 The pH values of ground dentine from various layers of 

underlying dentine were 9.66 ± 0.03 in the layer closest to the cavity, and 9.07 ± 0.16 
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and 8.88 ± 0.04 in the middle and pulpal layer, respectively.301 Similarly, the 

development of an alkaline pH gradient in radicular dentine was shown in the Nerwich 

et al.302 study that investigated the pH changes over a period of four weeks in external 

root cavities of extracted human teeth with Ca(OH)2 dressings (Table 1.13). The 

external root cavities were prepared at two different levels (cervical and apical) and at 

various depths (inner and outer dentine). In cervical dentine, the pH of inner dentine 

began rising in the first 6 hours, reached 10.8 after 24 hours and sustained a stable value 

above 10. The rise in pH of outer cervical dentine commenced between 3-7 days and 

reached to over 9 after 2 weeks and a plateau of 9.26 after 3 weeks. At the apical level, 

the pH of inner dentine began to rise after 12-14 hours and reached a plateau of 9.5 after 

two weeks whereas the pH of outer dentine did not reach above 9 commencing at 1-3 

days. Based on the above findings, the concentration of hydroxyl ions as well as the 

alkaline pH values decreases with increasing depth of penetration through dentine 

tubules. 

 The production of alkaline pH in radicular dentine upon the application of Ca(OH)2 

intracanal medicaments is dependent on the release and diffusion of hydroxyl ions 

through the dentine tubules, which is influenced by the following factors: 

(1) Period of exposure 

In the classic monkey study, Tronstad et al.296 indicated that 4-weeks exposure to 

intracanal calcium hydroxide paste contributed to the alkaline pH values (ranging 

between 7.4-12.2) in the histological sections of radicular dentine. Over the period of 

four weeks, Nerwich et al.302 recognised that the diffusion of hydroxyl ions (i.e. 

elevation in the pH levels) commenced within hours but needed 1-7 days to reach the 

peripheral dentine. The rise in pH was then sustained until the peak levels (up to 9.4 -

10.3 in the inner dentine and 8.7-8.9 in the outer dentine) were reached after 2-3 weeks.  

The alkaline pH values in external root cavities were also sustained over the period of 

48 and 120 days, respectively, in two independent studies following Ca(OH)2 intracanal 

dressing.304, 305 However, the change in alkaline pH patterns was not consistent with 

Nerwich et al.302 study in which the pH rise was persistent over time. In the first 

study,305 an initial increase in the pH (reaching up to 10.6) was detected in the first       

3- 4 days, followed by a slight drop in next 10 days (pH value remains above 9), then 
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slightly rising again to a peak at 9.7 before sustaining a stable alkaline pH levels 

between 9.2-9.5 at 30 days. In the other study,304  the rapid increase in the alkaline value 

was similar in the first three days (pH value reaching up to 10.6) then slightly declining 

over the next 2 - 3 weeks (pH value remains above 9) before rising again to reach a 

plateau (9.4-10.5) after 40 days. Nevertheless, a gradual decline in the alkaline pH was 

also observed after 14 days of Ca(OH)2 dressing until it reached the pH level of the 

control after 21 - 28 days.306 In the Heward et al.312 study, a decline in pH values was 

detected after 2 - 4 weeks.  

Based on the above findings, the rise in the pH of dentine commences within hours, 

reaching the peak level after a minimum of 2 weeks following Ca(OH)2 exposure. 

Although the alkaline pH may be sustained for up to 4 months, replacing the dressing 

after 3 - 4 weeks in some cases avoids possible decline in the alkaline pH. 

(2) Dentine permeability  

As discussed earlier, the dentine permeability varies across dentine as a result of tubular 

density and diameter. This will influence the diffusion of hydroxyl ions into the dentinal 

tubules at different depths (inner vs. peripheral) and levels (cervical vs apical) of 

radicular dentine.  

According to the findings of several studies, a gradient in the alkaline pH values was 

indicated following 4-week exposure to Ca(OH)2 dressings with high values near the 

canal wall, decreasing towards the peripheral dentine.296, 302, 303 Also, the rise in pH 

values was more rapid near the root canal commencing within hours while it required 

days to reach the peripheral dentine.302 Also, in the same study,302 the rise in pH 

occurred more rapidly and reached higher values in the external root cavities that were 

prepared in the cervical region compared to those prepared in the apical region.  

The decrease in alkaline pH in the apical direction was also observed in other 

investigations.303-307 Over a period of 120 days, similar pH patterns were observed 

between different formulations except for Pulpdent where the rise in pH occurred over 

much longer period, reaching a lower value, in the external cavities of the apical region 

compared to the cervical and middle radicular regions.304 Similarly, Miñana et al.305 

detected significantly higher alkaline pH in the cervical level, compared to apical, at 30 

days with Pulpdent in the canals. This was also observed in another study306 where the 
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elevation of pH levels in radicular dentine was slower closer to the apex. Following 

intracanal application of aqueous Ca(OH)2, the pH values in the cervical and middle 

region were slightly higher than the apical region but this difference was not statistically 

significant.307 This might have resulted from the minimal dentine thickness (about         

1 mm). In contrast, one study315 showed that the highest pH measurement’s in the apical 

root cavities over a period of 14 days. However, this study used indicator pH paper in 

the external root cavities which are difficult to apply and can be subjective unlike the 

other aforementioned studies that measured the pH using a microelectrode connected to 

a pH metre.  

Based on these findings, the hydroxyl ions diffuse into inner dentine within hours but 

require 1-7 days to reach out the peripheral dentine, and the rise in pH decreases with 

increasing depth of penetration through dentine tubules. In addition, the hydroxyl ions 

diffuse more rapidly and reach higher levels in the cervical than in the apical region.  

(3) Type of vehicle 

As discussed earlier, the amount of hydroxyl ions derived from calcium hydroxide 

varies depending on the type of vehicle. The higher the viscosity of the vehicle, the 

lower the solubility of the paste and the slower the rate of dissociation of hydroxyl ions. 

The high molecular weight of such vehicles may also minimize the dispersion of 

calcium hydroxide into the tissues and thus maintains the paste in the desired area for 

longer intervals. As a result, the desired actions of Ca(OH)2 - i.e. alkaline pH of dentine 

- will take longer to be reached and at the same time will last over extended period of 

time. In contrast, aqueous vehicles have rapid dissociation, achieving high pH values 

within short time but the action of the paste will not last and thus it is important to 

replace the dressing is in a short interval. These differences help clinicians to choose the 

correct Ca(OH)2 formulation depending on whether rapid, short-term or slow, long-term 

actions of Ca(OH)2  are needed.  

Several studies have attempted to compare the pH changes in radicular dentine after 

using different Ca(OH)2 formulations as intracanal dressings.304, 307, 313-315 A study304 

concluded that Pulpdent (Ca(OH)2 containing methylcellulose) released hydroxyl ions 

more slowly than Ca(OH)2 paste containing sterile water or camphorated 

monochlorophenol (CMCP), with such difference being particularly evident in the 
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apical root region as reflected by the lower elevation in the pH levels of the external 

root cavities, associated with the Pulpdent group. However, the pattern of pH levels in 

radicular dentine associated with the three formulations was generally similar over a 

period of 120 days. Similarly, there was a sustained increase in the pH levels of the 

surrounding medium of the samples over a period of 30 days but the samples containing 

Ca(OH)2 mixed with CMCP or distilled water resulted in significantly higher pH values 

compared to those mixed with normal saline or propylene glycol.313 Other studies have 

confirmed that viscous vehicles allow a slow rise in pH levels and a prolonged ionic 

release.307, 314 However, the intracanal pH of Ca(OH)2 mixed with different vehicles 

seems to be similar after 30 days ( >12.5).308 

The use of chlorhexidine gluconate as a vehicle for Ca(OH)2 yielded lower pH values 

compared to normal saline.315 This might result from an interaction between the 

hydroxyl ions of Ca(OH)2 and the cationic molecules of CHX - with acidic pH of ~ 6.3 - 

and thereby reducing the concentration of hydroxyl ions and the subsequent pH 

value.315 

(4) Removal of the smear layer 

Diffusion of hydroxyl ions through dentine tubules is influenced by the patency of 

dentine tubules. The presence of smear layer can act as an internal barrier against 

hydroxyl ion diffusion and prevents or reduces the pH rise in radicular dentine.       

Foster et al.310 showed that removal of smear layer with 10 mL of 17% EDTA followed 

by 10 mL of 5.25% NaOCl irrigation promoted the diffusion of hydroxyl ions from the 

root canal space to the external surface of dentine. This finding was also confirmed by 

Saif et al.311 when the root canals were irrigated with 17% EDTA (1 mL or 3 mL) and 

10 mL of 6% NaOCl prior to Ca(OH)2 application in comparison to normal saline or   

10 mL of 6% NaOCl irrigation. Hence, effective removal of the smear layer is essential 

to eliminate any internal barriers for hydroxyl ions diffusion and efficacy of calcium 

hydroxide. An effective irrigation regimen for smear layer removal is discussed in a 

previous section (section 1.5.3.4.2.3).  
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(5) The presence of cementum  

In the absence of cementum, more hydroxyl ions diffuse through the root to reach the 

periodontium which is important for the anti-resorptive activity of Ca(OH)2. The 

cementum layer can act as an external barrier. In a classic histological study296 in 

monkeys, the pH was unchanged (6.4-7.0) in the cementum layer and periodontium 

following four-weeks exposure to Ca(OH)2 whereas, an alkaline pH was evident at the 

root surface where root resorption following replantation was observed. In an in-vitro 

study, Nerwich et al.302 showed that hydroxyl ions diffuse through dentine but it did not 

significantly diffuse through the intact root surface. Similarly, the level of pH was 

unchanged in the medium surrounding the teeth that had Ca(OH)2 in the pulp cavity 

indicating that intact cementum at the root surface does not permit hydroxyl ion 

diffusion.309 However, there was a significant rise in the medium pH after preparing 

external root cavities in teeth with Ca(OH)2-filled root canals in an attempt to simulate 

the defect in the cementum layer during inflammatory root resorption.311   

(6) Buffering capacity of dentine 

The buffering effect of dentine has been shown to be strong against acids and weak 

against alkali.301 This buffering property is mainly attributed to the hydroxyapatite 

component of dentine although the organic component has been suggested to play a 

role.320, 321 Buffering occurs when the protons in the hydrated layer of hydroxyapatite 

neutralise acids or alkali and thus maintain a constant pH.  

It has been suggested that the prolonged rise in pH of peripheral dentine results from the 

hydroxyl ions being buffered by the dentine.302 This means that the hydroxyl ions must 

overcome this effect before diffusing further towards the peripheral dentine. Since 

dentine is a weak buffer against alkali, the hydroxyl ions should be able to overcome the 

‘weak’ buffering effect of the dentine, then diffuse through the tubules and 

consequently reach a lethal pH level to destroy bacteria. Sufficient exposure time        

(3-4 weeks) and timely replacement of the Ca(OH)2 dressing ensures that the available 

concentration of the hydroxyl ions is sufficient to do so. 

Notwithstanding this, a number of in-vitro investigations have proposed that the 

buffering capacity of dentine can indirectly decrease the antimicrobial activity of 

calcium hydroxide against certain bacteria.322 These studies have used standardised 
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amounts of dentine powder that was incubated with bacteria (Enterococcus faecalis) 

and mixed Ca(OH)2 and then assessed bacterial growth at different times.321, 323 

However, two independent studies that assessed the pH - and not bacterial growth - 

showed that the pH of Ca(OH)2 was not affected, or remained above 12 when dentine 

powder was added.324, 325 Since the validity of such an experimental model is 

questionable, clinical recommendations should not be proposed based on their findings. 

The antimicrobial ability of Ca(OH)2 is well established as there is sufficient evidence 

to support that the pH in dentine increases after Ca(OH)2 exposure as a result of 

diffusion of hydroxyl ions through the tubules,296 and that Ca(OH)2 remains the best 

medicament available to effectively reduce the microbial load in the root canal 

system.275  

(7) Level of placement.  

The amount of Ca(OH)2 placed inside the root canal, in particularly the apical extension 

of the dressing, has been shown to influence the pH changes in radicular dentine.          

A study by Chamberlain et al.306 revealed that the pH levels in the peripheral apical 

dentine over a period of 28 days was dependant on the level at which the Ca(OH)2 

dressing had been placed. Their results showed that the pH levels were significantly 

higher when the canals were completely filled with Ca(OH)2 compared to when it was 

placed 3 or 5 mm short of the apical foramen.306 Therefore, it is important to completely 

fill the root canal with the Ca(OH)2 dressing in order to maximise the amount of 

hydroxyl ions available for diffusion. 

(8) Method of placement 

The most effective technique for intracanal placement of Ca(OH)2 is with a spiral filler. 

A study303 confirmed that intracanal placement of Ca(OH)2 using a spiral filler followed 

by condensation with the blunt end of a sterile paper point contributed to the highest pH 

levels in the root canal and surrounding inner dentine when compared to condensation 

with paper points alone. This difference was particularly evident initially in all levels of 

the root canal wall and in the cervical and apical levels of surrounding dentine after       

7 days. It was also evident in the middle and apical region of the root canal wall as well 

as the surrounding dentine after 28 days.303   
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Briefly, the spiral filler should be placed in the canal without binding and short of the 

working length in order to avoid breakage and apical extrusion, respectively. Spinning 

of the spiral filler should only be started once the spiral filler is placed in the canal to 

ensure filling of the apical part first. Inward and outward strokes should be used and the 

instrument should continue rotating upon withdrawal so that the dressing is not 

“dragged out” of the root canal. Repeating the procedure a few times and additional 

condensation with the blunt end of a sterile paper point ensures complete filling of the 

root canal. 

(9) Retreatment procedure 

The diffusion of hydroxyl ions may be affected by the presence of any remaining 

cement and/or gutta-percha in the root canals that could be obstructing the openings of 

dentinal tubules. A study315 compared the pH changes over a period of 14 days in teeth 

that received a Ca(OH)2 dressing with or without a retreatment procedure. The pH 

values in the retreated teeth were significantly lower in comparison to the non-retreated 

teeth and were similar to the controls (pH 6.9-7.2).  
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Table	1.12.	Summary	of	pH	studies	on	calcium	hydroxide,	according	to	site	of	placement,	type	of	formulation,	pH	measurement	methods	and	site.		

Author	 Site	of	
placement		

Type	of	Ca(OH)2	 Exposure	
period	

Measurement	
method	

Site	of	measurement		 Relevant	findings/	conclusions	

Tronstad	et	
al.296	
	(1981)	

Intracanal		 Ca(OH)2	+	
Ringer’s	solution		

	4	weeks	 pH	indicator	
solutions	

Sites	on	histological	dentine	
sections		
Transverse	and	longitudinal		

Alkaline	pH	gradient	decreasing	towards	the	
periphery		
No	pH	changes	when	cementum	is	intact		

Wang	et	al.301	
(1988)	

Base	of	
occlusal	
cavity		

Ca(OH)2+	
distilled	water		

16	days	 pH	metre		 Ground	dentine	sample	from	
various	depths		

Alkaline	pH	gradient	decreasing	towards	the	
pulp		

Fus	et	al.309	
(1989)	

Pulp	
chamber	

Ca(OH)2+	normal	
saline		

1	&	3	hours,	&	
7	days	

pH	metre	 Surrounding	medium	(distilled	
water)	of	intact	roots		

No	changes	in	pH	when	root	surface	is	intact		

Foster	et	al.310	
(1993)	

Intracanal		 Ca(OH)2	+	
distilled	water	
	

1,	3,	5	&	7	
days	
	
1,	3	&7	days		

pH	metre	 Surrounding	medium	(normal	
saline)	of	intact	roots		
Surrounding	medium	(normal	
saline)	of	roots	with	external	
cavities		

Smear	layer	removal	using	10	mL	of	17%	
EDTA	and	10	mL	of	5.25%	NaOCl	facilitates	
diffusion	of	hydroxyl	ions.	
		

Fuss	et	al.308	
(1996)	

Intracanal		 Ca(OH)2	+	
distilled	
water/CMCP/	
local	anesthetic	
solution/	
Solvidont.	

30	days	 pH	metre	 Root	canal	 The	pastes	maintained	high	pH	levels	inside	
the	canals	(>12.5)		

Nerwich	et	
al.302		
(1993)	

Intracanal		 Calasept	paste		 0,	3	&	6	hours,	
0.5,	1,	2,	7,	21	
&	28	days		

pH	metre		
Microelectrode		

External	root	cavities	(0.5mm	
from	surface	and	1	mm	from	
canal	wall):	
Cervical	
Apical	

Alkaline	pH	gradient	decreasing	towards	the	
periphery,	reaching	higher	pH	levels	more	
rapidly	closer	to	the	canal	and	at	the	cervical	
level.	
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Author	 Site	of	
placement		

Type	of	Ca(OH)2	 Exposure	
period	

Measurement	
method	

Site	of	measurement		 Relevant	findings/	conclusions	

Simon	et	al.313	
(1995)	

Intracanal		 Ca(OH)2	+	
distilled	water/	
normal	saline/	
CMCP/	propylene	
glycol	

1,	2,	5,	7,	14,	
21	&	30	days	

pH	metre		 Surrounding	medium	of	intact	
roots	

Similar	pattern	in	pH	levels	
Sustained	increase	in	alkaline	pH	(ranging	
from	7.5-8.2	after	30	days)	
CMCPa>Distilled	watera	>normal	salineb	>	
propylene	glycolb	

Esberard	et	
al.304	
(1996)	

Intracanal		 Aqueous	Ca(OH)2	
Ca(OH)2	+	CMCP	
Pulpdent	paste	

0,	3,	7,	14,	21,	
28,	45,	60,	90,	
and	120	days.		

pH	metre		
microelectrode	

External	root	cavities	(0.75	mm	
deep):	
Cervical		
Middle	
Apical		
	

Similar	pH	pattern	of	pH	levels	
apid	pH	increase	inthe	first	three	days	(pH	
value	reaching	up	to	10.6)	then	slightly	
declining	over	the	next	2-3	weeks	(pH	value	
remains	above	9)	before	rising	again	to	reach	a	
plateau	(9.4-10.5)	after	40	day	
Pulpdent	had	a	lower	and	slowly	rising	
alkaline	pH	at	apical	levels	compared	to	
cervical	and	alkaline.		

Miñana	et	
al.305	
	(2001)	

Intracanal		 Pulpdent	paste	 Every	24	
hours	for	18	
days,	30,	33,	
36,	and	48	
days		

	pH	metre	 External	root	cavities	(1	mm	
deep):	
Cervical			
Apical	levels	
	

Initial	increase	(>10)	first	4	days	then	decrease	
next	10	days	15	days	(9.2)	the	peak	to	up	9.7	
and	sustaining	at	9.5				
Significantly	higher	alkaline	pH	levels	at	30	
days	in	the	cervical	defect	compared	to	the	
apical	defect		
No	controls		
	

Pérez	et	al.307	
(2001)	

Pulp	
chamber	
	
	
Intracanal		
	
	

Aqueous	Ca(OH)2	
Highly	viscous	
proprietary	paste	
(Hycal)	
Aqueous	Ca(OH)2	
Gutta-percha	
points	containing	
Ca(OH)2		

8	hours,	1,	2,	
3,	7,	14,	and	
21	days	

pH	metre	
microelectrode		

External	root	cavities	(within	
1mm	of	the	canal):	
Cervical		
Middle		
Apical		

No	significant	differences	at	different	levels	
(Cervical	pH	and	middle	pH	slightly	greater	
than	apical)	
In	aqueous	Ca(OH)2,	rapid	pH	rise	within	hours	
in	both	locations.	In	Hycal,	delayed	rise	in	pH,	
after	7	days		
No	rise	in	pH	with	Ca(OH)2	points.			



 

 115 

Author	 Site	of	
placement		

Type	of	Ca(OH)2	 Exposure	
period	

Measurement	
method	

Site	of	measurement		 Relevant	findings/	conclusions	

Teixeira	et	
al.303	
(2005)	

Intracanal		
	

Ca(OH)2	+	
distilled	water	
	
	
Two	methods	of	
placement	

7	&	28	days		 pH	metre	
Flat	membrane	
microelectrode	
and	reference	
microelectrode		

Transverse	dentine	slice	(at	1	
mm	from	the	canal)	from	the	
cervical,	middle	and	apical	thirds.	
	
Longitudinal	dentine	section	on	
the	root	(at	canal	wall)	at	
cervical,	middle	and	apical	levels	

Spiral	filler	plus	condensation	with	paper	point	
>	Condensation	with	paper	point		
(Significant	differences	in	the	whole	root	canal	
wall	and	cervical	and	apical	dentine	after	7	
days,	middle	and	apical	regions	of	root	canal	
wall	and	dentine	after	28	days)		
Alkaline	pH	decreases	towards	the	apex.		
Higher	alkaline	pH	at	canal	wall	compared	to	
1mm	into	dentine.	

Saif	et	al.311	
(2008)	

Intracanal	 Ca(OH)2+	normal	
saline		

24	hours	&	
every	2	days	
for	30	days	
	
24	hours	&	
every	2	days	
for	30	days	

pH	metre	 Surrounding	medium	(deionized	
water)	of	intact	root	
	
	
Surrounding	medium	after	
cementum	defect		

Significantly	higher	pH	values	after	defect		
Smear	layer	removal	(3	mL	17%	EDTA	and	10	
mL	6%	NaOCl)	facilitates	diffusion	of	hydroxyl	
ions.		
	

Chamberlain	
et	al.306	
(2009)	

Intracanal		
1,	3	&	5	
mm	short	

UltraCal	XS	paste	 0,	1,	3,	5,	7,	14,	
21	&	28	days	

pH	metre	 External	root	cavities	(0.5mm	
deep)	5,	3	and	1	mm	from	the	
apex	

Higher	pH	levels	associated	with	completely	
filled	root	canals	
pH	values	dropped	after	14	days	reaching	
same	as	controls	between	21-28	days		

Heward	et	
al.312	
(2011)	

Intracanal	 UltraCal	XS	paste	 3	&	24	hours,	
1,	2,3	&	4	
weeks	

pH	metre	
microelectrode		

External	root	cavity	(0.7mm	
deep)	5mm	from	the	apex	

	Initial	minimal	decline,	pH	rise	between	1-2	
weeks,	peaked	at	2	weeks	(8.84),	then	declined	
progressively	(7.90)	

Guerreiro-
Tanomaru	et	
al.314	
(2012)	

Intracanal	 Ca(OH)2	+	saline	
Viscous	
paste(Calon)	
Calon+	
CMCP/CHX	

1,	3,	7,	14,	21,	
30,	60	days	

pH	metre		 Surrounding	medium	(distilled	
water)	of	roots	with	external	
cavities	in	middle	third	

Viscous	vehicles	allow	prolonged	ionic	release		
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Author	 Site	of	
placement		

Type	of	Ca(OH)2	 Exposure	
period	

Measurement	
method	

Site	of	measurement		 Relevant	findings/	conclusions	

Kazemipoor	
et	al.315		
(2012)		

Intracanal		 Ca(OH)2	+	saline/	
CHX	

1,	3,	7	&	14	
days		

pH	Indicator	
paper	

External	root	cavities	(0.75mm	
deep):	
Cervical	
Middle		
Apical		

The	alkaline	pH	was	significantly	higher	in	
non-retreated	teeth	at	all	levels	compared	to	
retreated	teeth,	which	was	similar	to	controls	
(pH	6.9-7.2).			
Similar	pH	pattern	between	vehicles	but	saline	
>	CHX	
highest	pH	measurement	apically	

*	CMCP:	Camphorated	monochlorophenol,	CHX:	chlorhexidine	gluconate.	
	

 

 

Table	1.13.	pH	values	showing	the	alkaline	gradient	in	radicular	dentine	after	4	weeks	of	intra	canal	Ca(OH)2	dressing.	

Author	(year)	 Sample	

Root	canal	space	 Inner	dentine	 Middle	dentine	 Peripheral	dentine	

Ca(OH)2	 Control	 Ca(OH)2	 Control	 Ca(OH)2	 Control	 Ca(OH)2	 	Control	

Tronstad	et	al.296	
(1981)		

Monkey		 Completely	formed	
roots		

10-12.2	 6.4-7.0	 8.0-11.1	 6.4-7.0	 7.4-11.1	 6.4-7.0	 7.4-9.6	 6.4-7.0	

Incompletely	formed	
roots	

≥12.2	 6.4-7.0	 8.0-12.2	 6.4-7.0	 7.4-10	 6.4-7.0	 7.0-10.0	 6.4-7.0	

Nerwich	et	al.302	
(1993)	

Human		 Cervical		 -	 -	 10.3	 7.8	 -	 -	 8.7	 8.0	

Apical		 -	 -	 9.4	 8.0	 -	 -	 8.9	 8.0	
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1.5.3.6 Root	canal	filling	

1.5.3.6.1 Definition	

Root canal filling is the action of filling the root canal space with a cement (sealers) and 

core material.   

1.5.3.6.2 Aims	
Root canal filling aims to: 

• fill the prepared root canal space with biocompatible filling materials, 

• act as a barrier for bacterial growth and penetration,  

• provide a seal to the apical end of the root canal against ingress of tissue   

fluids, and 

• if possible, reinforce the root canal dentine.  

1.5.3.6.3 Types	of	root	canal	fillings	

For years, gutta-percha has been the core filling material of choice for root canal 

fillings. An epoxy resin sealer - AH26 (Dentsply DeTrey, Konstanz, Germany) - is 

commonly used with gutta-percha, although many other cements are also available. 

A new resin-based core filling material - Resilon (Pentron Clinical Technologies, 

Wallingford, CT) - has been introduced in the recent years. It is used with a self-etching 

primer and a resin-based sealer (Epiphany) to create the so-called ‘monoblock’. It has 

been proposed that the ability of resin-based materials to adhere to the root canal 

dentine could reinforce the tooth, thus reducing their risk to fracture.  

Regardless of the root canal filling materials, many techniques for root canal filling 

have been described in the literature and are beyond the scope of this thesis.  
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1.5.3.7 Definitive	coronal	restoration	

 The integrity of the coronal restoration is paramount for success in endodontics and 

failure to properly restore endodontically treated teeth is a primary cause of 

unfavourable outcomes of endodontic treatment.326 The importance of the coronal 

restoration has been further highlighted by the inability of current root filling materials 

or techniques to completely seal the root canal system.327-329  

Therefore, a definitive coronal restoration aims to: 

• Provide an environment that allow healing of the periapical tissues and prevent 

re-infection by preventing bacterial ingress,   

• Protect the root canal filling from bacterial contamination,  

• prevent bacterial ingress after completion of endodontic treatment,  

• protect the remaining tooth structure from fracture, 

• replace the missing tooth structure,  

• return the tooth to acceptable form and function, and 

• provide aesthetics, where required. 

Cusp protection is of paramount importance when definitive restorations are to be 

placed in root-filled teeth. The most common form of protection is via full coverage 

restoration (i.e. crowns) - which has been widely recommended as ‘restoration of 

choice’. Cusp overlays and three-quarter crowns are other forms of cusp coverage. Such 

restoration has been shown to play a role in the long-term survival of teeth following 

root canal treatment. Previous clinical studies showed that root-filled teeth that lacked 

full coverage restorations were lost at a higher rate (X 5-6 folds) than those restored 

with full coverage.330, 331 In addition, analysis of extracted root-filled teeth revealed that 

teeth without crown restorations were likely to be extracted earlier than those with 

crown restorations.16, 159 In a 20-years retrospective survival study, Hansen et al.156 

highlighted the importance of cusp coverage in root-filled posterior teeth in order to 

protect cusp fracture under function and thus improving their long-term prognosis (refer 

to Table 1.8 in section 1.4.4). The scope of this thesis is not related to various types of 

definitive restorations in root-filled teeth and thus further discussion on this subject is 

considered irrelevant.   
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1.5.4 Predisposing	factors	for	tooth	fracture	in	root-filled	teeth	

Tooth fractures in root-filled teeth have been described as multifactorial.18, 19 Kishen18  

reviewed the causes of fracture in restored root-filled teeth and classified them broadly 

as:  

(1) Iatrogenic causes - resulting from the effect of: 

a. Tooth structure loss (i.e. dentine factors) 

b. Irrigation and intracanal medicaments (i.e. chemical factors) 

c. Restoration and restorative procedures (i.e. restorative factors). 

(2) Non-iatrogenic causes:  

a. Primary causes:  

1) history of recurrent disease (i.e. microbial factors) 

2) anatomical position of the tooth. 

b. Secondary causes: age factors. 

In the same review,18 the risk factors for tooth fracture were also classified as: 

(1) Primary causes (that predispose the tooth to fracture immediately): 

a. tooth structure loss 

b. loss of free unbound water from the root canal lumen and dentinal tubules 

c. age-induced changes in dentine 

a. restoration and restorative dental procedures. 

(2) Secondary causes (that predispose the tooth to fracture after a period of time): 

a. effect of endodontic irrigants and medicaments on dentine 

b. effect of bacterial interaction with dentine 

c. biocorrosion of metallic post-core. 

The risk factors for tooth fracture were then categorised into:18 

(1) Chemical factors (effect of endodontic irrigants and medicaments on dentine) 

(2) Dentine factors (loss of free unbound water from the root canal lumen and 

dentinal tubules) 

(3) Restorative factors (tooth structure loss, restoration and restorative procedures 
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(4) Microbial factors (effects of bacterial interaction with dentine), and 

(5) Age factors   

Later, Tang et al.19 reviewed the risk factors for fractures in root-filled teeth and 

classified them as: 

(1) Non-controllable risk factors:  

a. pathology: pulp necrosis and infection 

b. physiology: incomplete root development, aging, anatomical location, 

tooth/root form and size, root numbers, functional and parafunctional 

occlusal forces.  

(2) Controllable risk factors (iatrogenic): 

a. endodontic access cavity preparation 

a. root canal preparation 

b. root canal irrigation 

c. root canal filling 

d. endodontic access cavity restoration 

e. post space preparation 

f. coronal restoration 

g. endodontically treated teeth as abutments. 
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For better understanding, the author would like to propose a new classification of the 

predisposing factors for fracture in root-filled teeth according to the various stages that 

the tooth undergoes, from pulp disease and subsequent endodontic and restorative 

treatment whilst also considering the anatomical, physiological, developmental and 

occlusal factors. The proposed classification is as follows:  

(1) Factors related to pulp tissue loss:  

a. Reduction of proprioception  

b. Partial dehydration of dentine 

c. Bacterial enzymes 

d. Host-derived matrix metalloproteinases. 

(2) Factors related to root canal treatment  

a. Tooth investigation  

b. Access cavity preparation 

c. Temporisation  

d. Mechanical canal preparation  

e. Chemical irrigants 

f. Intracanal medicaments 

g. Root canal filling. 

(3) Factors related to restorative dental treatment  

a. Coronal and/or radicular tooth structure loss  

b. Effect of restoration on biomechanical behaviour tooth structure.  

(4) Factors related to anatomy, physiology and tooth development 

a. Tooth anatomy and morphology   

b. Aging 

c. Root development 
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(5) Factors related to occlusion  

a. Anatomical position 

b. Bite force 

c. Proximal contacts and terminal tooth 

d. Malposition and occlusal interferences  

e. Parafunction. 

As per this classification, the predisposing factors for tooth fracture in root-filled teeth 

will be discussed below. 
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1.5.4.1 Factors	related	to	pulp	tissue	loss	

Persistent pulp inflammation progresses to pulp necrosis when the existing insult is not 

removed. Infection of the necrotic tissue leads to pulp tissue loss. Loss of pulp tissue 

can also result from its iatrogenic removal during endodontic treatment when the pulp is 

irreversibly inflamed or when elective root canal treatment is performed. This can result 

in loss of proprioception and partial dehydration of the dentine. Not only can the 

resulting effect of pulp tissue loss predispose the tooth to fracture, but also to bacterial 

invasion of the pulp space and the subsequent host response as discussed below.    

1.5.4.1.1 Reduction	of	proprioception	

Although periodontal mechanoreceptors are thought to play the principle role in the 

tactile sensation in dentate individuals, intra-dental mechanoreceptors have also been 

identified in intact teeth.332, 333 These receptors may provide signals about the occlusal 

contact of the opposing dentition and the texture of the food during mastication.333 

Root-treated teeth demonstrated higher values of tactile threshold than teeth with 

normal pulps.334 However, a recent study found similar tactile sensitivity in abutment 

teeth for removable partial dentures in the same individual, whether the teeth had a root 

canal filling or normal pulps.335 Hence, it is not clear whether or not loss of pulp tissue 

reduces the level of proprioception and further research is needed in this area. However, 

if loss of proprioception does occur, the protective reflexes against normal biting forces 

could be impaired or lost, thus contributing to an increased risk for fracture.  

1.5.4.1.2 Partial	dehydration	of	dentine		

As discussed previously (section 1.4.5.3), reduction in moisture was reported in early 

investigations but it was then contradicted. However, further research and knowledge of 

the dynamic nature of water and bulk dentine structure, which has been described as a 

confined environment, has provided a logical explanation that loss of pulp tissue 

influences the level of hydration in dentine, which is likely to be profound in inner 

dentine.  However, the amount and extent of dehydration is yet to be determined.  
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Overall, it is not clear whether or not removal of pulp tissue leads to substantial 

dehydration of circumambient dentine or to significant changes in the mechanical 

properties of dentine. However, if significant dehydration does occur in pulpless teeth, 
there is evidence showing that dehydrated dentine exhibits lower toughness for crack 

initiation and propagation, essentially leading to premature failures as compared to 

hydrated dentine in intact teeth.1 Hydration-dependent biomechanical properties of 

dentine are described in sections 1.3.3 and 1.4.5.3 and they are summarised in        

Table 1.10.  

1.5.4.1.3 Bacterial	enzymes	

Bacteria and/or bacterial by-products may induce changes in the structure of dentine in 

pulpless or root-filled teeth with infected root canal systems. Exposure to bacterial 

enzymes can lead to degradation of collagen fibrils in dentine.336 The role of collagen 

cross-linking in providing resistance to enzymatic degradation, stabilizing dentine 

matrix and enhancing tensile strength has been discussed earlier (section 1.3.3.1). In 

addition, Rivera and Yamauchi337  reported that the amount of collagen cross-links is 

similar in root-filled teeth to that of age and type matched teeth with intact pulps. 

Photodynamic and chemical cross-linking of collagen fibrils have been suggested to 

increase the resistance of collagen to enzymatic degradation and at the same time 

enhance the mechanical properties of dentine.56 

1.5.4.1.4 Host-derived	matrix	metalloproteinases	

Host-derived matrix metalloproteinases are produced as a result of exposure to bacteria 

or bacterial by-products. Similar to bacterial enzymes, matrix metalloproteinases can 

lead to degradation of collagen fibrils in dentine.336, 338  
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1.5.4.2 Factors	related	to	endodontic	treatment	

The potential effect of each stage of endodontic treatment on the fracture susceptibility 

of the root-filled will be briefly discussed with exception to access cavity preparation, 

mechanical root canal preparation and calcium hydroxide intracanal medicament. These 

stages are the focus of this thesis so their effects will be discussed in details.  

1.5.4.2.1 Tooth	investigation		

Teeth requiring endodontic treatment have typically lost their structural integrity as a 

result of caries, cracks, trauma and/or repeated restorative procedures. Further reduction 

in the amount of tooth structure occurs during the tooth investigation stage when one or 

more of the following is to be removed 

(1) Existing restoration(s) 

The first step in eliminating bacteria within the root canal system is to stop its ingress 

by identifying and removing the pathways of entry before proceeding with the 

subsequent steps of disinfection of the root canal system. To identify these pathways, 

removal of existing restoration(s) is recommended.  

 The action of removing an existing restoration should be as conservative as possible. 

However, tooth-coloured restorations are more difficult to remove than metallic 

restorations. Transillumination and magnification can assist in differentiating tooth 

structure from resin-based restorations. Stained dentine that results from amalgam 

restorations should not be removed. Removal of pins and posts is usually associated 

with reduction of the amount of surrounding dentine and sometimes tooth fracture. 

Depending on the location, pins can be left behind if they are not associated with a 

crack or obstructing access to the root canal system because an attempt to remove them 

may result in the tooth being unsuitable for further restoration. Clinicians can cut the pin 

down to the level of gingival floor and continue investigating the tooth. If posts are to 

be removed, extra care must be taken not to further weaken or fracture the root. A study 

by Abbott140 showed that the incidence of root fracture during post removal is rare, with 

only one tooth fracture out of 1600 teeth, if appropriate techniques and devices are used 

for the particular type of post being removed.140 
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(2) Caries 

It is generally accepted that caries is the most common coronal route for bacterial 

ingress and should not be left behind. Identifying and removing this pathway is essential 

to stop further bacterial ingress into the root canal system and this step should be 

included as an integral part of the management of pulp and periapical diseases.180  

(3) Cracks or fractures 

Many clinicians are reluctant to remove cracks in order to conserve tooth structure. As 

discussed in section 1.4.3, attempts have been made to treat these cracks with bonded 

restorations, stainless steel bands and full coverage crowns.141-144 However, bacteria 

can enter the root canal system via these cracks and failure to eliminate this pathway 

can result in continuing symptoms and persistent disease.  

(4) Modifications of the remaining tooth structure  

The remaining tooth structure should be assessed for any unsupported or undermined 

tissues once existing restorations, caries and cracks have been removed and the tooth 

has been deemed suitable for further restoration. The decision to remove or modify 

these tissues is dependent on their location and the type of definitive restoration 

needed. Reduction of unsupported cusps or removal of severely undermined cusps may 

be necessary to protect the tooth from further fracture.  

In some cases, preparing the tooth for temporary or definitive restoration may be 

performed at this stage. For example, it is not uncommon that an anterior tooth requires 

temporisation with a temporary crown (with or without a temporary post) during root 

canal treatment. Also, reduction of the occlusal contacts is a common practice in order 

to reduce the risk for post-operative pain as well as tooth fracture.  

The cumulative loss of tooth structure as a result of removal of existing restoration(s), 

caries and/or crack(s) plus the modifications of the remaining tooth structure may 

contribute to the increased risk for fracture. However, the structural integrity of the 

tooth is not only dependent on the amount of tooth structure loss but also on the 

location of the tissue loss. This will be discussed further in the section regarding factors 

related to restorative dental treatment (section 1.5.4.3).  
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1.5.4.2.2 Endodontic	access	cavity	preparation	

Preparing an access cavity in a tooth has been described as increasing the tooth’s risk 

for fracture since it involves loss of tooth structure. The weakening effect of an access 

cavity on the tooth’s structural integrity may also result from removing the pulp 

chamber roof and increasing the cavity depth to the pulp chamber floor level. The effect 

of access cavity on the tooth’s fracture susceptibility, especially in terms of straight-line 

and conservative access cavity preparation designs will be discussed in details below. 

Access cavity preparation may contribute to tooth fracture because of the following:  

(1) Amount of tooth structure removed 

The amount of tooth structure removed during access cavity preparation can vary 

depending on the tooth type and access cavity design.208, 339 A study by Hussain et al.339 

attempted to compare the amount of tooth structure removed by measuring the relative 

loss of mass after a sequence of endodontic and restorative procedures performed on 

maxillary and mandibular incisors and canines. They demonstrated that tissue loss after 

access cavity preparations was 3.4% and 4.4% in maxillary and mandibular incisors, 

respectively. While, access cavity preparations in canines resulted in 1.8% and 2.7% 

tissue loss in the maxillary and mandibular arches, respectively. Further tissue loss of 

~2.1% (in incisors) and ~1.4% (in canines) was observed after root canal preparation 

with hand files. These results were considered to be significant. They concluded that 

proportionally more tooth structure could be removed from smaller teeth (mandibular 

incisors) when performing these procedures. Hence, it is highly important to avoid 

unnecessary tooth structure removal in these teeth.  

In addition to tooth type, the amount of tooth structure removed varies according to the 

design of the access cavity according to a study by Krishan et al.208 They used micro-

CT scans for quantifying the amount of tooth structure removed (i.e. volume of tissue 

loss) following conservative and straight-line access cavity preparations - plus 

mechanical canal preparation with WaveOne reciprocating files - in maxillary incisors, 

mandibular second premolars and mandibular first molars.208 In terms of tooth type, the 

highest and lowest mean total tissue loss was found in mandibular molars and 

premolars, respectively. According to the access cavity design in tooth type-matched 

teeth, the mean volume of overall tooth structure loss (i.e. in the crown and three root 
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levels) was significantly higher in teeth with straight-line access cavities compared to 

conservative access cavities - being greater by 44%, 77% and 103% in maxillary 

incisors, mandibular premolars and molars, respectively. Of importance, the significant 

differences were only evident at the crown level whilst similar volumes of radicular 

dentine were removed at the cervical, middle and apical root levels. The use of 

WaveOne Ni-Ti reciprocating files (primary or large files) of 8% taper for 

instrumentation could have contributed to the amount of radicular dentine removed 

being similar regardless of the access cavity design. This result may not remain the 

same if the root canals are manually instrumented with 2% tapered files which is likely 

to produce more conservative preparations at the cervical root level especially when a 

conservative access cavity is prepared. However, according to the aforementioned 

study,208 straight-line access cavities resulted in greater loss of tooth structure coronally 

in comparison to conservative access cavities, with the difference being highest in 

mandibular molars.  

Overall, cutting an endodontic access cavity necessitates further removal of tooth 

structure which can be associated with higher occurrence of fracture. In comparison to 

conservative access cavity design, preparing a straight-line access cavity results in a 

wider ‘out-flared’ preparation and involves removal of inner dentine in the cervical 

region. As discussed previously (sections 1.3.2 and 1.3.3), the structural and mechanical 

properties of inner dentine near the cervical area are essential for the behaviour of the 

tooth under function and thus its loss could increase the risk for fracture. Although the 

samples in the Krishan et al.208 study were also tested for the force required for fracture 

(will be discussed below), the literature is scare in this area and further research is 

needed to investigate the role of access cavity design in increasing or reducing the 

fracture risk in root-filled teeth.  

Notwithstanding this, loss of tooth structure during endodontic access cavity preparation 

is considered one of the predisposing factors for fracture after endodontic treatment. 

Keeping the tissue loss as minimal as possible may be an important factor in reducing 

the incidence of fracture of root-filled teeth. 
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(2) Tooth deformity  

Using Interferometry, it was shown that endodontic access cavity preparation can 

significantly increase the deformity of maxillary central incisors when a constant static 

load of 3.75N was applied at 135o along the long axis of the tooth.340 This study also 

demonstrated increased deformity after post space preparation which highlights the 

importance of preserving the inner cervical dentine not only during post space 

preparation but also during access cavity preparation. However, the surrounding 

periodontal ligament and alveolar bone were not simulated in this study and the teeth 

had no coronal restoration. Not only does the absence of these parameters not replicate 

the in-vivo conditions, the amount of deformity and the distribution of strains in the 

tooth deformity could be influenced and thus, these results should be interpreted with 

caution. 

(3) Cusp deformation (i.e. deflection, flexure (strain) and relative stiffness) 

Non-destructive techniques have been used to measure the cusp(s) response to an 

applied load in-vitro. For details, see section 1.6.1.  

The behaviour of unsupported cusps has been described as being similar to simple 

cantilever beams where the deflection of unsupported cusps is proportional to the cube 

of its length.341 The deteriorating effect of the depth of cavity preparation on tooth 

stiffness was demonstrated by Blaser et al.342 who showed that teeth with deep cavity 

preparations and narrow isthmuses were significantly weaker than those with shallow 

cavity preparations and wide isthmuses. Preparing an endodontic access cavity in a 

tooth increases the depth of any cavity preparation to the same level as the floor of the 

pulp chamber. Therefore, cusp deflection or flexure is likely to increase following 

access cavity, increasing the fracture risk under function.  

The progressive effect of endodontic access cavity preparations on cusp deflection, cusp 

strain and relative stiffness has been investigated in several studies.  As shown in   

Table 1.14, there is existing heterogeneity among the studies in terms of tooth type, 

methodology, test methods, design and sequence of cavity preparations. Therefore, it is 

not feasible to compare their results. Of importance, the axial dentine between the 

endodontic access cavity and proximal cavity has been commonly removed (i.e. the 

floor of the proximal cavity is at the same level as the floor of the pulp          
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chamber).20, 343, 344 As a result, the fulcrum for cusp flexure shifted more apically and 

the cusp height is increased, leading to increased cusp deformity (flexure and 

deflection) under load. There is no evidence supporting the need to remove the axial 

dentine between the pulp chamber and the proximal box unless it is thin, carious or 

contains a crack. Therefore, these extensive cavity preparations are not relevant to the 

clinical situation and could act as a confounding factor resulting in overestimation of the 

deteriorating effects of access cavity on cusp displacement, deformation and/or 

stiffness. The absence of complete root canal treatment and/or restoration plus lack of 

simulation of periodontal ligament and/or alveolar bone level are other potential factors 

that could have influenced the results and the clinical relevance of such studies. 

Notwithstanding these differences, there is a general agreement that endodontic access 

cavities progressively increase the amount of cusp deflection in teeth with lost marginal 

integrity. In maxillary premolars, Hood341 reported that preparing endodontic access 

cavities in MOD-prepared teeth increased the amount of cusp deflection by 2-3 folds at 

a lower load, leading to premature fracture of the palatal cusp prior to reaching the 

otherwise non-destructive load level. In maxillary premolars with extensive MO 

cavities, González-López et al.344 showed that the progressive increase in cusp 

deflection was statistically significant only at higher loads (150N). Similarly, Pantvisai 

and Messer20 studied the cusp deflection of the mesial cusps of mandibular molars that 

had a sequence of either MO or MOD cavity preparations of increasing size followed by 

an endodontic access cavity preparation. In both the MO and MOD preparation groups, 

cusp deflection was increased by increasing the cavity size and was greatest following 

endodontic access cavities (3 - 4.5 folds) in relation to the preceding step. In each cavity 

preparation step, the MOD preparation had significantly greater cusp deflection than the 

MO preparation only after endodontic access cavity preparation. It was also shown that 

the mesio-lingual cusp had significantly higher cusp deflection compared to that of the 

mesio-buccal cusp. Similar findings were found by Jantarat et al.343 in terms of cusp 

deflection. However, their strain gauges suggested that strains initially increased in MB 

and ML cusps following MOD cavity and then progressively decreased after the access 

cavity was cut. The initial increase in cusp strains accounted for 60 - 70% reduction in 

the relative stiffness and the subsequent reduction in strains (i.e. after access cavity) 

restored the relative stiffness of the cusps to a similar level to that of the intact tooth.343 

However, the cavity preparations were left unrestored and the teeth were untreated 
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endodontically in the aforementioned studies20, 341, 343, 344 - which is unlikely to be the 

case clinically. Also, the axial dentine between the pulp chamber and the proximal box 

was completely removed (i.e. the floor of the cavity was the floor of the pulp chamber) 

which could have affected the results of at least three of the four studies.  

The influence of preserving the axial wall was demonstrated by Taha et al.345 They 

showed that removing the axial dentine wall on the mesial aspect of an MOD-

endodontic access cavity significantly decreased the cusp deflection and flexure of 

maxillary premolars in comparison to an MOD cavity and an MOD with an endodontic 

access cavity. Although complete endodontic treatment was performed in this study to 

simulate the clinical setting, the cumulative average cusp deflection and cusp flexure 

were measured - using DCDTs and strain gauges, respectively - during the composite-

resin restoration phase that was placed in three increments. This does not provide 

sufficient information about the degree of cusp deflection or flexure when the teeth are 

subjected to occlusal loading.  

Using strain gauges bonded to the cusps of maxillary premolars, Reeh et al.346 reported 

that endodontic procedures (access cavity, instrumentation and root canal filling) 

reduced the relative cusp stiffness by only 5%, whether endodontic procedures preceded 

or followed restorative procedures. The reduction was mainly attributed to access cavity 

preparation. In contrast, the restorative procedures had a reduction of 20% for an 

occlusal cavity, 46% for an MO/DO cavity and 63% for an MOD cavity.346 Their 

findings demonstrated the great weakening effect of loss of the marginal ridges on the 

strength of teeth. In both studies,346 the endodontic access cavity was cut within the 

confines of the occlusal cavity floor where dentine between the pulp chamber and the 

proximal box was conserved but the teeth had no restorations. In another study by the 

same authors,347 the minimal effects of endodontic procedures can be noticed on the 

relative stiffness of teeth with intact marginal ridges. However, restorations were placed 

only following MOD cavity and their effects will be discussed later (section 1.5.4.3).  

In conclusion, endodontic access cavities may be one of the reasons behind higher 

fracture rates in root-filled teeth due to the increased cavity depth and increased, 

unsupported cusp length. A literature search did not reveal any reports that compared 

the effects of SLA design with conservative access cavities on the cusp behaviour. 

Since the depth of the access cavity is similar irrespective of the design, the thickness or 
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width of the cusps are relatively reduced in SLA design. According to Hood’s theory, 

reduction in cusp thickness has been considered as another important factor - in addition 

to cusp height - for increased deflection of unsupported cusps. Thus, cusp deflection is 

likely to be increased under function in teeth associated with SLA relative to those with 

conservative access cavities but further research is needed in this area. Until proven, 

cusp protection (cusp overlays or full coverage) is considered preferable regardless of 

the access cavity design in order to reduce the risk for tooth fracture under     

function.347, 348 
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Table		1.14.	Experimental	studies	that	evaluated	cusp(s)	deformation	under	applied	load	following	sequential	cavity	preparations	including	access	cavity.		

Author	(year)	 Tooth	
type	

Measurement	
technique		

	Cavity	sequence		 Relevant	findings	 Comments		

Hood341	
(1991)		

Maxillary	
first	
premolar	

LVDTs		
(30kg)	

Intact	à	minimal	Occlusal	cavity	à	
minimal	MO	cavity	à	minimal	MOD	
cavity	àextensive	MOD	cavity	à	
access	cavity	

11µmaà	16µmb	à	20µmb	à	24µmbà	32.5µmc	à	
27.5µmd	(with	palatal	cusp	fractured	at	10kg	load)	

Total	cusp	deflection	progressively	increased	with	
increasing	cavity	preparation	sequence,	with	the	greatest	
increase	by	2-3	folds	following	access	cavity		
	

û No	endodontic	
treatment	

û No	restoration	
No	details	about	
presence	or	absence	
of	axial	wall		

Reeh	et	al.346	
(1989)	

Maxillary	
premolars	

Strain	gauges	
Relative	
stiffness	
37N/s	max	
111N	

Two	cavity	sequences:	
(1)	Intact	à	access	cavity	à	canal	
preparation	à	RCFà	MOD	cavity	
	
(2)	Intact	à	Occlusal	cavity	à	
MO/DO	cavity	à	MOD	cavity	à	
access	cavity	à	canal	prep	à	RCF		

Intact	(100%)àaccess	cavity	(94.4%)	à	canal	
preparation	(94.8%)	à	RCF	(95.7%)	à	MOD	(31.1%)				
	

Intacta	(100%)	à	Occlusal	cavityb	(80.2%)	à	MO/DOc	
(53.6%)	à	MODd	(37.3%)	à	access	cavity	(33.0%)	à	
canal	prep	(33.7%)à	RCF	(31.7%)		
	

Relative	stiffness	decreased	by	only	~5%	after	
endodontic	procedures	(whether	before	or	after	
restorative	procedures),	mainly	due	to	access	cavity.	
Restorative	procedures	resulted	in	substantial	decrease	
by	20-	63%,	mostly	due	to	loss	of	marginal	integrity.		
	

1. Axial	wall	was	
maintained	between	
access	and	proximal	
cavity	

û No	restoration		
û Resin	without	PDL	
simulation		
	

Reeh	et	al.347	
(1989)	

Maxillary	
premolars	

Strain	gauges		
Relative	
stiffness	
37N/s	max	
111N	

Intact	à	endodontic	procedures	
(access	cavity	+	RCT)	àMOD	
cavities	for	restorative	procedures	
à	MOD	restorations	(amalgam/	
cast	gold	onlay/composite	resin+	
enamel	etch/	composite	resin+	
enamel	&	dentine	etch)	

Intact	(100%)à	RCT	(95%)	à	MOD	cavitiesa	(31-33%)	
à	gold	onlayb	(211%)	>	composite	E+Dc	(88%)>	
composite	Ed	(55%)>	amalgama	(33%)				
Relative	stiffness	decreased	by	only	5%	after	access	
cavity	and	root	canal	treatment	(endodontic	
procedures)	and	further	decrease	by	63%	after	
restorative	procedures	(MOD	cavity	preparations)	
	

Relative	stiffness	significantly	increased	following	
restoration	with	gold	onlay	or	composite	resin	but	not	
amalgam	compared	to	the	relative	stiffness	prior	to	
restoration.		
	

Statistical	analysis	for	
restorative	procedure	
(not	cavity	sequence)	

ü Complete	RCT	
û Resin	without	PDL	
simulation		
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Different	superscript	letters	indicate	significant	differences	

 

Author	(year)	 Tooth	
type	

Measurement	
technique		

	Cavity	sequence		 Relevant	findings	 Comments		

Panitvisai	&	
Messer20	
(1995)	

Mandibular	
molars	
(mesial	
cusps)	
	

DCDTs	
20N/s	for	5	s		
100N	load	
	

Two	cavity	sequences:		
(1)	Intact	à	conservative	MO	cavity	
à	extensive	MO	cavity	à	access	
cavity	à	cusp	isolation	
	
	
	
(2)	Intactà	conservative	MOD	
cavity	à	extensive	MOD	cavity	à	
access	cavity	à	cusp	isolation	

Cavity	sequence:	(MB-ML)	
(1)	≤1	µmaà<2µma	à≤3µmbà7.5-6.9µmc	à	25-42µmd		
Cusp	deflection	significantly	increased	following	
extensive	MO	cavity,	access	cavity	and	cusp	isolation	in	
relation	to	the	preceding	step		
(Access	cavity	increased	cusp	deflection	by	~4.5	folds)		
	
(2)	≤1	µmaà<2µmaà3-5µmaà12.3-16.5µmbà35-
50µmc		
Cusp	deflection	significantly	increased	following	access	
cavity	and	cusp	isolation	in	relation	to	the	preceding	step		
(Access	cavity	increased	cusp	deflection	by	~3	folds)	

Cavity	type:	MODa>	MOb		

Cusp:	MLia>	MBub	

û Small	sample	size		
(MO:	n=6,	MOD:	n=7)	

û Only	mesial	axial	wall	
completely	removed	

û No	endodontic	
treatment	

û No	restoration	
û Dental	stone	without	
PDL	simulation	

	

Jantarat	et	
al.343(2001)	
	
Part	I	

Mandibular	
molars	
	

DCDTs		
	

Strain	gauges	
(Simultaneous)	
	
Mesial	cusps	
100N		
Vertical	00	
	
Relative	
stiffness	
	

Intact	àMOD	cavityàaccess	cavity	
	

Cavity	sequence:		
Cusp	deflection:	Intact	(~2µm)a	à	MOD	(3-5µm)b	à	
access	cavity	(12-16µm)c	for	each	cusp	
MB	and	ML	cusp	deflection	significantly	increased	with	
increasing	cavity	preparation	sequence,	with	the	highest	
increase	following	access	cavity	(X3-4	folds))	
ML	cusp>MB	cusp	(no	analysis)	

MB	and	ML	cusp	strain	substantially	increased	following	
MOD	cavity	and	decreased	after	access	cavity	

Relative	stiffness	of	MB	and	ML	cusps	significantly	
decreased	by	60-70%	after	MOD,	followed	by	significant	
progressive	increase	after	access	cavity,	being	similar	to	
the	baseline	cusp	intact	teeth		

û Small	sample	size	
(n=7)	

û Axial	walls	
completely	removed	

û No	endodontic	
treatment	

û No	restoration		
û Dental	stone	without	
PDL	simulation	
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Author	(year)	 Tooth	
type	

Measurement	
technique		

	Cavity	sequence		 Relevant	findings	 Comments		

Jantarat	et	
al.343(2001)	
		
Part	II	

Maxillary	
premolars		

	

DCDTs	
Strain	gauges	
(Simultaneous)	
100N	
0o,	+3o,	-3o	
orientation				
	
Relative	
stiffness		

Intact	à	MOD+	access	cavity		 MOD	+	access	cavity	lead	to	an	increase	in	cusp	
deflection		(1	µm	to	4-12	µm	range)	and	strain	
(compressive	strains)and	reduction	in	relative	stiffness	of	
both	cusps	by	25-30%.		
	
Tooth	orientation:	
Cusp	deflection	and	strain	measurement	were	highly	
sensitive	to	the	orientation	of	the	tooth	whilst	relative	
stiffness	was	much	less	affected.		

û Small	sample	size	
(n=7)	

û Axial	walls	
completely	removed	

û No	endodontic	
treatment	

û No	restoration		
û Dental	stone	without	
PDL	simulation	

González-
López	et	al.344		
(2005)	

Maxillary	
premolars	

Digital	callipers		
	
Continuous	load:	
50N,	100N	&	
150	N	for	30s		
Crosshead	
speed	
5mm/min	

Intact	à	conservative	MO	cavityà	
extensive	MO	cavityàaccess	cavity	
à	MOD	cavity	
	

Cavity	sequence	at	various	loads:		
0.3µma	à	2.9µma	à	3.8µma	à	5.9µma	à	27.8µmb			
At	50N,	cusp	deflection	after	MOD	cavity	significantly	
higher	than	all	preceding	steps	

0.8µma	à	5.4µmb	à	5.8µmb	à	10.3µmb	à	59.2µmc	
At	100N,	cusp	deflection	significantly	increased	after	
conservative,	extensive	MO	±	access	cavity	and	MOD	
cavity	compared	to	intact	tooth,	with	MOD	cavity	
significantly	higher	than	all	preceding.	

2.6µma	à7.2µmb	à	8.0µmb	à	14.3µmc	à114.4µmd	At	
150N,	cusp	deflection	after	access	cavity	was	
significantly	higher	than	all	preceding	steps	and	was	
substantially	increased	after	MOD	cavity.		

Magnitude	of	load:	Cusp	deflection	(intercuspal	
distance)	significantly	increased	with	increasing	load		

û Axial	walls	
completely	removed	

û No	endodontic	
treatment	

û No	restoration	
û Acrylic	resin	without	
simulated	PDL	
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Author	(year)	 Tooth	type	 Measurement	
technique		

Cavity	sequence		 Relevant	findings	 Comments		

Taha	et	al.345	
(2009)	

Maxillary	
premolars	

DCDTs	
	

Strain	gauges	
(Simultaneous)		
	
No	load/	after	
curing	of	
composite	resin	
for	8min	

Four	groups,	not	sequence:	

• MOD	cavity		
• MOD	cavity+	access	cavity	(axial	

wall	preserved)+	RCT	
• MOD	+	access	cavity	(axial	wall	

removed)+	RCT	
• MOD	+	access	cavity	(axial	wall	

removed)+	RCT	+	GIC	base	

	

Cavity	preparation:	(as	per	group	order)	
Total	cusp	deflection	(combined	Bu	and	Pa	cusp)	
4.9µma	à7.8µma	à12.2µmb	à	11.1µmb		

Buccal	cusp	strain	
143µstraina	à139µstraina	à251µstrainb	à182µstraina		

Palatal	cusp	strain		
256µstraina	à184µstraina	à561µstrainb	à264µstraina		
	

Cusp	deflection	and	strain	during	composite	restoration	is	
not	increased	if	access	cavity	is	cut	within	the	confines	of	
MOD	cavity.	Loss	of	axial	wall	significantly	increases	cusp	
deflection	and	strains.		
Cusps:	Pal	cusp	strain>Bu	cusp	strain	

û Small	sample	(n=8)	
ü Complete	RCT		
û Dental	stone	without	
PDL	simulation	

û Measurements	during	
low	shrink	composite	
resin	restoration,	
after	curing	each	
increment			

û Measurement	results	
from	polymerisation	
shrinkage	(no	load)	

û No	data	for	each	
increment	(three)	

Linn	&	
Messer348	
(1994)	

Mandibular	
molars	
	

Strain	gauges	
	

20N/s	for	5s	
max	100N	
	
Relative	
stiffness	
(Mesial	and	
distal	cusps	
separately)	
	
	

Access	cavity	+	canal	enlargement	
(baseline)	à	MO	cavity:		
àMO	restoration		
(amalgam/	amalgam	overlay	mesial	
cusp/	gold	overlay	mesial	cusp)		
Or		
à	MOD	cavity	à	MOD	restoration	
(amalgam/	amalgam	overlay	mesial	
and	distal	cusps/	gold	overlay	
mesial	and	distal	cusps)	
	

Relative	stiffness	(mesial	cusps/distal	cusps)%:	
Cavity	preparation:	
Baseline	(100%)à	MO	(81/95)%	à	MOD	(60/61)%		
MO	restoration:	amalgam	(81/95)%	<	selective	amalgam	
overlay	(125/84)%	<	selective	gold	overlay	(153/100)%		
MOD	restoration:	amalgam	(82/80)%	<	full	gold	overlay	
(125/	129)%	<	full	amalgam	overlay	(175/102)%	
	

Cusps	strain		
Cavity	preparation:	significantly	increased	in	M&D	cusps	
Baselinea	<	MO	(M	>D)b	<	MOD	(M=D)c		
MO	restoration:	selective	gold	overlay	significantly	
reduced	in	strains	in	mesial	cusps	compared	to	baseline	
and	MO	cavity.	Distal	cusp	were	unaffected		
MOD	restoration:	full	amalgam	overlay	significantly	
reduced	strains	in	mesial	cusps	and	full	gold	overlay	
significantly	reduced	strains	in	mesial	and	distal	cusps	
compared	to	baseline	or	MOD	cavity.	
	

Statistical	analysis	
based	on	cusps	strain	

ü Axial	wall	persevered		
û No	intact	tooth	as	
baseline	
measurement		

û Incomplete	root	canal	
treatment		
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(4) Stress distribution following access cavity preparation  

An endodontic access cavity can influence the stress distribution within the tooth. By 

using 2-D finite element analysis models of single-rooted maxillary premolars, 

Soares et al.349 compared the stress distribution of an intact tooth, an MOD-prepared, 

an MOD-composite restored, an MOD-prepared and root-filled (endodontic access 

cavity with root canal preparation and gutta-percha filling) and an MOD-composite 

restored and root-filled tooth models. As shown in Figure 1.20, the stresses were not 

uniform in model no.4 (i.e. MOD preparation plus endodontic treatment without 

restoration) with high stress concentration sites near the cervical area and inner canal 

wall. This is likely to be the result of reduction in the amount of inner dentine. 

Restoration with composite resin produced a more homogeneous stress distribution 

(Figure 1.20, model no.5). These findings highlighted the effect of endodontic 

treatment and bonded resin restorations on the stress distribution within the tooth. 

However, the results should be interpreted with caution as such methods are based on 

fixed parameters that overlook the role of the spatial and isotropic properties of 

dentine structure in the biomechanical behaviour under function.  

Figure	1.20.	Stress	distrubtion	in	single-rooted	maxillary	premolars	FEA	models:	(1)	intact	tooth,	(2)	tooth	
with	unrestored	MOD	cavity,	(3)	tooth	with	MOD	composite	restoration,	(4)	root-filled	tooth	with	unrestored	
MOD	cavity	and	(5)	root-filled	tooth	with	MOD	composite	restoration.		

								(Couresty	of	Soares	et	al.349)		
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(5) Effects of access cavity on the force required to fracture teeth 

Destructive techniques using the Universal Test machine have been used in several     

in-vitro experiments in order to investigate the deteriorating effects of the endodontic 

access cavity itself (i.e. no other restorative procedures performed),205, 208, 350-353 and/or 

with other cavity preparations (e.g. accompanied with MOD cavity).349, 352-354          

Only two studies compared the effects of access cavity designs.205, 208 An overview is 

shown in Table 1.15.  

Despite using similar concepts for testing, Table 1.15 indicates the heterogeneity among 

the studies, particularly among the samples and mechanical test parameters (dimensions 

of the crosshead, speed, orientation of the load, etc.). The sample sizes were generally 

small and simulation of in-vivo conditions (e.g. root canal treatment, coronal restoration, 

simulation of periodontal ligament and alveolar bone level) was not always 

implemented. Of importance, none of those studies considered simulation of 

mastication prior to testing (further discussion in section 1.6.2.1). Most studies used 

maxillary premolars,349-352, 354 and only two studies used mandibular molars.208, 353 The 

existing heterogeneity and the relatively small sample sizes could have influenced their 

results and, in some cases, may have led to insignificant findings. The clinical relevance 

is another limitations of those studies that lacked root canal treatments, coronal 

restoration, or simulation of in-vivo conditions.  

It can be noted from Table 1.15 that the weakening effects of the access cavity is 

dependent on the presence of intact marginal ridges, other cavity preparations and 

coronal restorations. When the teeth had only an access cavity (i.e. marginal ridges 

intact), the results were controversial in relation to intact controls.350-352 In maxillary 

premolars, the access cavity had no significant effect on the force required to fracture 

teeth without root canal treatment or restoration,351 with root canal treatment alone,352 or 

with root canal treatment and coronal restoration.350 In contrast, Wu et al.350 reported 

that unrestored access cavities with mechanically enlarged canals (without root canal 

filling) significantly reduced the force required to fracture maxillary premolars by half 

compared to intact controls. Similarly, there was a significant reduction (by 34%) in the 

forced required to fracture unrestored mandibular molars after access cavity preparation 

alone (without root canal treatment).353 In consideration of the clinical relevance of the 

experimental models used, further research is required to investigate whether cutting an 
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access cavity weakens teeth that have intact marginal ridges and these teeth should 

receive complete root canal treatment and coronal restoration, which are essential steps 

that are always performed in the clinical situation.    

The progressive weakening effect of access cavity preparation on the force required to 

fracture teeth with compromised marginal ridges has been investigated in a number of 

studies.349, 352, 353 According to Soares et al.,349 there was minimal progressive reduction 

in the force required to fracture root-filled maxillary premolars after an access cavity 

preparation compared to that of MOD-prepared teeth, whether or not a composite resin 

restoration was placed. Pradeep et al.352 found that the mean force required to fracture 

unrestored root-filled premolars with endodontic access and MOD cavities was 

significantly lower than intact controls (by 50.4%) and those that had an access cavity 

alone (by 43.7%). When similar preparations were restored with amalgam or composite 

resin, the means forces increased by ~25% but were still significantly lower than intact 

controls and those that had unrestored access cavities. Similar trends were found in the 

Steele & Johnson351 study but the results were insignificant, possibly due to the small 

sample size. Based on these findings, it can be concluded that an MOD cavity, rather 

than the access cavity, was the major contributor for the significant reduction in the 

mean force.349, 352  

Notwithstanding the above, the progressive effect of access cavity preparation was 

found to be more profound in mandibular molars with compromised marginal ridges.353 

According to Howe and McKendry,353 the mean loads at fracture were similar when a 

conservative MOD cavity or an endodontic access cavity were prepared in mandibular 

molars (222.4 kg and 225.5 kg, respectively), but they were significantly less than that 

of intact molars (341.4 kg). However, when an endodontic access cavity was prepared 

within an MOD cavity, the mean load at fracture significantly decreased (121.7 kg). In 

other words, access cavity prepared in an intact tooth reduced the mean load at fracture 

by 34%, whereas when it is cut within an MOD-prepared tooth, the progressive 

reduction was 45%. However, the teeth did not receive any coronal restoration or 

endodontic treatment; hence, their results should be interpreted with caution.  

As for cusp deformation, preservation of the axial dentine wall between the access 

cavity and proximal cavities is another important criteria that affects the fracture 

strength.354 This was investigated by Taha et al.354 who compared the fracture strength 
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and fracture patterns of unrestored and composite resin-restored maxillary premolars 

with an MOD cavity, an MOD with an endodontic access cavity cut within the occlusal 

cavity floor, and an MOD with an endodontic access cavity but without the axial 

dentine wall. In the unrestored groups (Table 1.15), there was no significant difference 

in the mean load at fracture between the MOD and the MOD with endodontic access 

cavity with conservation of the axial dentine wall. However, the mean load to fracture 

was significantly reduced when this axial dentine wall was removed. The results 

showed that composite resin restoration of the MOD cavity incorporating an endodontic 

access cavity, with or without the axial dentine, were significantly weaker than intact 

teeth, whereas restoration with a GIC base and the composite resin demonstrated similar 

fracture loads to the restored MOD cavities plus they were not significantly different 

from the intact controls. Furthermore, the crack initiation site and pattern of propagation 

were consistent between the restored and unrestored groups. In the MOD cavity and the 

MOD cavity with endodontic access cavity in which the proximal dentine was 

preserved, the buccal line angle of the occlusal floor was the crack initiation site. In 

contrast, cracks were initiated at the buccal line angle of the proximal box in the MOD 

cavities with endodontic access cavities that lacked proximal dentine. All cracks 

propagated obliquely to the buccal root surface except for the intact controls. This study 

further demonstrated the importance of preserving the dentine between the access cavity 

and the proximal box since preservation of this wall increased the load to fracture and 

resulted in more favourable fractures. 

As shown in Table 1.15, there is very limited research on the influence of access cavity 

designs on the forces required to fracture teeth.205, 208 In the Nissan et al.205 study, two 

access cavity approaches (labial and palatal) were compared in maxillary central and 

lateral incisors. They found no significant difference and concluded that there is no 

mechanical advantage in using a labial access cavity. Unfortunately, the study had no 

negative controls (intact teeth) and thus their results are questionable. As part of the 

Krishan et al.208 study, the effect of conservative access cavity designs on forces 

required to fracture three types of teeth were investigated in relation to straight-line 

access and intact controls. In contrast to maxillary incisors, the forces required to 

fracture mandibular premolars and molars with conservative access cavities were 

significantly higher (1.8 and 2.5 folds, respectively) compared to type-matched teeth 

with straight-line access cavities and they were similar to intact controls.                 
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Using micro-CT scans, the amount of tooth structure removed during access cavity 

preparation - and canal enlargement - was quantified. This tended to be relatively higher 

in teeth with straight-line access and was possibly associated with the reduced mean 

forces for fracture, at least in the case of premolars and molars. However, the teeth did 

not receive complete root canal treatment, restorations, or mastication prior to 

compressive testing. In addition, the samples were embedded in acrylic resin with no 

attempts to simulate the periodontal ligament and the continuous compressive load was 

applied at a 135o angle from the palatal surface of incisors and 30o towards the fossa in 

premolars and molars. As a result, the load measurements and/or the mode of fracture 

can be affected accordingly. Hence, it is not feasible to extrapolate their findings to the 

clinical situation.  

Despite the current evidence for conserving tooth structure in general, the effect of SLA 

access cavity design compared with conservative access cavities on the fracture 

susceptibility of root-filled teeth has not been extensively investigated. Since SLA is 

wider and involves further removal of inner dentine, it is worthwhile evaluating how 

such a design would affect the fracture strength and fracture patterns of restored root-

filled teeth using a clinically relevant experimental model.  
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Table	1.15.	In-vitro	studies	that	investigated	the	effects	of	access	cavity	preparation	on	the	force	required	to	fracture	teeth.		

Author	(year)	 Tooth	type	 	Cavity	preparation	type		 Test	method	
parameters		

Relevant	findings	 Comments		

Reeh	et	al.347	
(1989)	

Maxillary	
premolars	

• Intact		
• Access	+	MOD	cast	gold	onlay		
• Access+	MOD	amalgam	
• Access+	MOD	composite	resin	
(enamel	etch)	

• Access+	MOD	composite	resin	
(enamel	&	dentine	etch)		

6.3-mm	steel	sphere		
rate	27N/s	

gold	onlaya	(430	kg)>	intactb	(250	kg)>	
composite	EDc(67	kg)>	composite	Ec	(64	kg)>	
amalgamc(60	kg)	
	

Compared	to	intact	controls,	significantly	less	
force	was	required	to	fracture	root-filled	
premolars	with	MOD	composites	or	amalgam	
but	it	was	significantly	higher	with	gold	onlay			
	

û Small	sample	size	(n=6)	
ü Complete	RCT	
û Resin	without	PDL	

simulation		
	

Howe	&	
McKendry353		
(1990)	

Mandibular	
molars	
	

• Intact	
• Access	cavity	
• Conservative	MOD	
• MOD	with	access	cavity		

Tip	dimensions	&	
crosshead	speed	not	
mentioned	
Perpendicular	to	
occlusal	surface		

Intacta	(341.4±106.8	kg)>	access	cavityb		
(225.5±62.8	kg)>	MODb	(222.4±64.3	kg)>	
MOD+	access	cavityc	(121.7±51.0	kg)	
	

Force	required	to	fracture	significantly	
reduced	following	access	cavity	preparation	
alone	(by	34%),	MOD	(by	35%)	and	MOD	
with	access	cavity	(by	64%)	compared	to	
controls.	
	
	

û Small	sample	size	
(n=10)		

û No	RCT		
û No	restoration		
ü Acrylic	resin	with	

simulated	PDL	

Steele	&	
Johnson351	
(1999)	

Maxillary	
premolars	
	

• Intact		
• access/no	RCT	(unrestored)	
• MOD/access/RCT(unrestored)	
• MOD/access/RCT/amalgam	
• MOD/access/RCT/amalgam	+	
bonding	agent		

• MOD/access/RCT/composite	
• MOD/access/RCT/composite	
+	bonding	agent	

8.0-mm	diameter	
steel	sphere		
0.75mm/min		
Perpendicular	to	
occlusal	surface		

Intacta	(83.0±36.8kg)>accessa	(82.9±40.9kg)	
>MOD+RCT+bonded	amalgama(58.3±29.2kg)	
>	MOD+RCT+amalgama	(57.9±25.7kg)	
>MOD+RCT+bonded	compositea	(47.2±9.3kg)	
>	MOD+RCT+compositea	(47.0±9.3kg)	
>	MOD+RCT	alonea	(34.2±8.1kg)		
	

The	lowest	force	required	for	fracture	was	
associated	with	loss	of	marginal	integrity.	
No	significant	differences	due	to	small	
sample	size		
	
	

û Small	sample	size	(n=8)		
û No	PDL	simulation	
ü Alveolar	bone	level	

simulation		
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Author	
(year)	

Tooth	
type	

Cavity	preparation	type		 Test	method	
parameters		
	

Relevant	findings	 Comments		

Nissan	et	
al.205	(2007)	

Maxillary	
incisors		

• Labial	access	cavity	(SLA)+	
RCT	+composite	resin	

• Palatal	access	cavity+	RCT	
+composite	resin		

Tip	dimensions	
not	mentioned		
2mm/min		
130o	palatal	
surface	
	

No	significant	difference	between	labial	and	palatal	approach		
Fracture	at	or	below	CEJ	

û No	negative	controls	
ü Restoration	present	
û No	PDL	simulation		
ü Alveolar	bone	level	

simulation		

Soares	et	
al.349	(2008)	

Maxillary	
premolars		

• Intact	
• MOD	cavity	
• MOD	cavity	+	RCT	
• MOD	composite	resin	
• MOD+	RCT+	composite	
resin	

6.0mm-steel	
bar	
0.5mm/min	

Intacta	>MOD	compositea,b	>MOD+RCT+compositeb		>	MOD	
cavityc>	MOD	cavity	+RCTc	
	

Compared	to	intact	teeth,	MOD	cavity	with/without	
endodontic	treatment	and/or	restoration	significantly	
reduces	force	required	to	fracture	teeth	
	
Endodontic	procedures	in	a	MOD-prepared	tooth	had	no	
significant	effect	on	force	required	to	fracture		
	

û Small	sample	size	
(n=10)	

ü Acrylic	resin	with	
simulated	PDL	

	

Wu	et	al.350	
(2010)	

Maxillary	
premolars	
	

• Intact	
• Access	cavity	+	root	canal	
preparation	alone		
[Ni-Ti	K3	(25/.06)]		

• Access	cavity+	RCT+	GIC-
composite	resin	restoration	

Round	steel	
end	3-mm	
diameter	
1mm/min	
Perpendicular	
to	occlusal	
surface		

Intacta	(1105.83±90.93MPa)	>	RCT+	restorationa	
(936.67±44.67MPa)	>	access	cavity	with	canal	preparationb		
(568.33	±105.49MPa)	
	

Access	cavity	and	canal	preparation	(no	RCF	&	unrestored)	
significantly	reduced	the	force	required	to	fracture	the	teeth	
by	half	compared	to	intact	controls	
	
In	the	presence	of	bonded	restoration,	the	differences	were	
not	significant	in	comparison	to	intact	tooth	
	

û Small	sample	size	
(n=6)	

ü Acrylic	resin	with	
simulated	PDL	
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Author	(year)	 Tooth	
type	

Cavity	preparation	type		
	

Test	method	
parameters	

Relevant	findings	 Comments		

Taha	et	al.354		
(2011)	

Maxillary	
premolars	

• Intact	
• MOD	cavity	(unrestored)	
• MOD	cavity	+	access	cavity+	
RCT	(axial	wall	preserved)	

• MOD	cavity	+	access	cavity+	
RCT	(no	axial	wall)	

• MOD	+	composite	resin		
• MOD+RCT	(axial	wall	
preserved)+composite	resin	
restoration		

• MOD+	RCT	(no	axial	wall)+	
composite	resin	restoration		

• MOD+	RCT	(no	axial	wall)+	GIC-
composite	resin	restoration		

Round	steel	
end	1.5-
radius		
0.5mm/1min	
45o	palatal	
incline	of	
buccal	cusp		

Cavity	preparations:	
Intacta	(747±130N)>	MOD	cavityb	(467±141N)	
>MOD+RCTb(442±132N)>	MOD+RCT/no	axialc	(292±80N)	
	

Restorations:	
Intacta	(747±130N)>	MOD+	RCT/no	axial+	GIC-compositea	
(560±167N)>	MOD+compositeab		(541±186N)	>	
MOD+RCT/axial+compositeb	(451±206N)>MOD+RCT/no	
axial+compositeb	(449±102N)	
	

Access	cavity	within	confined	of	occlusal	floor	of	MOD	did	
not	further	reduced	the	force	for	fracture	(37.5%à40.8%	i.e.	
by	3.3%)	but	removal	of	axial	wall	significantly	weakened	
the	teeth	(reduced	by	60.9%).	
	

Restoration	with	GIC-composite	strengthens	similar	to	
intact.				
		

û Small	sample	size	
(n=10)		

û Dental	stone	
without	PDL	
simulation	

	

Pradeep	et	
al.352	
(2013)	

Maxillary	
premolars	

• Intact	
• Access	+RCT	(unrestored)		
• MOD	cavity	+	RCT	(unrestored)	
• MOD	cavity+	RCT+	amalgam	
• MOD	cavity+	RCT+	bonded	
amalgam		

• MOD	cavity+	RCT+composite	
resin	restoration		

	

Metal	bar	
5mm/min	

Intacta	(113.96±20.98kg)	>	access	cavity	+	RCTa	
(100.39±16.23kg)	>	MOD+RCT+bonded	amalgamb	
(84.66±14.38kg)	>	MOD+RCT+amalgamb	(81.90±13.02kg)	
>MOD+RCT+compositeb	(77.85±22.01kg)	>	MOD+RCTc	
(56.52±16.77kg)	
	

Endodontic	procedures	had	no	effect	on	force	required	for	
tooth	fracture.		
	

Loss	of	marginal	ridges	significantly	reduced	the	force	
required	to	fracture	root-filled	teeth.	Amalgam	and	
composite	resin	restoration	relatively	increased	the	forces	
required	for	fracture	by	~25%	but	was	lower	than	that	of	
intact	teeth	
	

û Small	sample	size	
(n=10)	

û RCT	
ü No	PDL	simulation		
ü Alveolar	bone	

level	simulation	
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Author	(year)	 Tooth	type	 Cavity	preparation	type		
	

Test	method	
parameters	
	

Relevant	findings	 Comments		

Krishan	et	al.208	
(2014)	

	

	

	

	

	

	

Maxillary	
central	
incisors	
	
Mandibular	
second	
premolars	
		
Mandibular	
first	molars		
	

• Intact	
• Conservative	access	
cavity	(CONS)	

• Straight-line	access	cavity	
(SLA)	

Spherical	
crosshead	
1mm/min		
	
Anterior		
135o	palatal	
	
Posterior		
30o	fossa	
	

Incisors:		
SLAa	(1305.2±97.6N)>	Controla	(1276.6±93.8N)	>	CONSa	
(1134.6	±109.2N)	
Force	required	to	fracture	incisors	is	similar	in	intact	CONS	
and	SLA	
	

Premolars:		
Controlb	(634.4±58.6N)>	CONSb	(586.8±116.9N)>	SLAc	
(328.4±56.7N)	
	

Molars:	
Controlc	(2029.1±259.7N)>CONSc(1586.9±196.8N)	>	SLAd	
(641.7±62.0N)	
	

Forces	required	to	fracture	premolars	and	molars	with	CONS	
were	significantly	higher	(by	1.8-and	2.5-	folds,	respectively)	
compared	type-matched	teeth	with	SLA	and	were	similar	to	
intact	controls	
		

û Small	sample	size	
(n=10/type)	

ü CMP	of	root	canals		
û No	RCF	
û No	restoration	
û No	PDL	simulation		
û Alveolar	bone	

level	simulation		

Different	superscript	letters	indicate	significant	differences.	
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1.5.4.2.3 Temporisation	

It is generally accepted that failure to restore teeth after any cavity preparation decreases 

their strength and makes them more prone to fracture when tested in-vitro or even under 

masticatory function.355 Many studies have shown that fracture susceptibility is highly 

dependent on the number of remaining coronal walls in root-filled teeth.356, 357 The 

effect of different restorative materials on tooth fracture susceptibility has also been 

reported in the literature.358, 359 The ability of glass ionomer cement to bond to dentine 

and to enamel to a lesser extent, could increase the strength of teeth.345, 358 However, the 

direct effect of different types of interim and temporary restorations on the strength of 

teeth undergoing endodontic treatment has not been widely studied in the literature.  

 An in-vitro study360 demonstrated that the hygroscopic expansion of Coltosol F (a zinc 

oxide/calcium sulphate-based restorative temporary material) could lead to cusp 

deflection, development of infractions and tooth fracture when placed in access cavities 

of root-filled teeth with glass ionomer-restored MOD cavities. Unlike with zinc oxide-

eugenol, the inter-cuspal distance significantly increased over a period of 20 days 

(whilst being kept in water) in teeth restored with Coltosol F. In addition, the number of 

teeth exhibiting infractions and/or fractures increased with time, where 43.75% of the 

samples restored with Coltosol F fractured at the end of the experiment.360 Neither 

infractions nor fractures were evident in teeth restored with ZnO-E during the period of 

the experiment. This result should be interpreted with caution as the study did not 

indicate whether the teeth had been checked for the presence of cracks prior to the start 

of the experiment and after cavity preparation. Furthermore, it should not be 

extrapolated to Cavit (a commonly used zinc oxide/calcium sulphate-based restorative 

temporary material) because Coltosol has reduced resin content compared to Cavit, 

resulting in decreased dimensional stability. Hence, Coltosol should not be used for 

more than two weeks as a temporary restoration.361 In contrast, the hygroscopic 

expansion of Cavit has been considered an advantageous property by which expansion 

of the material could potentially close any spaces at the tooth-restoration interface, 

improving its resistance against bacterial and oral fluid penetration.362 There is no 

evidence to support that this property has a detrimental effect on the tooth integrity. 

Furthermore, a protective outer layer of IRM (zinc oxide-eugenol based temporary 
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restorative materials) or glass ionomer cement could reduce the amount of hygroscopic 

expansion of the inner layer of Cavit and thus its effect, if any, will be minimal.  

In addition, the use of stainless steel bands during root canal treatment has been 

recommended in order to reduce cusp deflection and protect unsupported cusps from 

fracture.199, 363 Pane et al.363 examined the effect of stainless steel bands on cusp flexure 

and tooth strength of maxillary premolar teeth. They concluded that stainless steel bands 

used during endodontic treatment to reinforce mesio-occluso-distal (MOD) cavities and 

endodontic access cavities decreased the cusp flexure by half and increased the load at 

fracture when the tooth was placed under load. Their results demonstrated the 

importance of reinforcing extensive interim restorations used during root canal 

treatment not only to aid retention but also for protection against tooth fracture until the 

definitive coronal restoration is placed. 
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1.5.4.2.4 Mechanical	canal	preparation	

Mechanical preparation of root canals has been considered as a predisposing factor for 

tooth fracture. The author would like to focus the discussion on how mechanical canal 

preparation can contribute to increased fracture susceptibility and specifically address 

and compare the effects of hand and rotary, as well as reciprocating, file designs on the 

tooth structure. At the end of this section, a critical review of the studies that have 

mechanically tested the influence of root canal preparation techniques will be presented.  

Depending on the file design and root canal preparation technique, mechanical 

preparation of the canals may contribute to tooth fracture in the following ways: 

(1) The degree of canal enlargement  

It is generally accepted that the strength of the tooth is dependent on the amount of 

remaining tooth structure. Root canal preparation involves dentine removal and, 

therefore, it may contribute to increasing the risk for tooth fracture under function. 

Removal of dentine during root canal preparation takes place when the file touches the 

canal wall. Although it has been shown that it is unlikely that the files will instrument 

the entire canal wall, it is important to note that the dentine being removed is in close 

proximity to the canal space that was previously occupied by the highly hydrated pulp 

tissue. As discussed earlier, inner dentine exhibits essential properties, such as high 

porosity and hydration, low modulus of elasticity and high fracture toughness all of 

which play important roles in the tooth’s ability to withstand masticatory forces. 

Therefore, reduction in the amount of inner dentine during canal preparation has been 

proposed as a potential factor for fracture susceptibly. Also, the more dentine removed, 

the higher the fracture susceptibility. 

 The amount of radicular inner dentine removed is dependent on the original canal 

diameter and dentine thickness, the original shape of the canal, the file size and design, 

and the preparation techniques. The clinician has no control over the original canal 

diameter, shape and dentine thickness. However, the choice of file design and technique 

should accommodate these out of control factors. It has been shown that the remaining 

dentine thickness is less after canal preparation with various rotary Ni-Ti files compared 

to hand files.226, 227 Hence, conservation of dentine is more likely to be achieved with 

manual instruments. In recent years, new trends in root canal treatment are focused on 



Chapter	1:	Literature	review		

 149 

minimal invasive treatment that encourages conservation of dentine during root canal 

treatment in order to reduce the risk for tooth fracture during or after root canal 

treatment.   

(2) Stresses generated in radicular dentine during instrumentation 

During preparation, a root canal is shaped by the various contacts between the file and 

canal walls. These contacts create many momentary stress concentrations in the dentine, 

which may produce dentinal defects and consequently increase the tooth’s susceptibility 

for fracture.364, 365 The levels of the contact stress are dependent on the mechanical 

behaviour of the files, which is mainly determined by their cross-sectional and 

longitudinal design.364, 365 Using finite elements analysis models, Kim et al.364, 365 

studied the stress generated in the apical root dentine when different Ni-Ti file systems 

were inserted while rotating (Profile, ProTaper, Lightspeed) or oscillating (SAF) in 

curved canals. They concluded that the file design influences the apical stresses and 

strains concentration in the root dentine and at the external root surface, with the highest 

levels being induced by the ProTaper design and the least levels with SAF. They 

suggested that the high root stress concentration sites cause dentinal defects and apical 

cracks as well as canal deviation as a result of dentine removal in these sites. Although 

the highest root stresses were located at the most curved mid-root canal wall area,364, 365 

there are other reports that have indicated high shaping forces located near the file tip. 

In addition to the file design, it may be speculated that the high stress concentration 

sites are also related to the number of rotations in the root canals during 

instrumentation.366 Continuous rotation and - probably to a lesser extent - reciprocation 

are likely to generate more stresses in the root dentine compared to the inward and 

outward oscillating SAF. Furthermore, significantly less rotations in the canals are 

necessary to complete a preparation with hand-files as compared to rotary Ni-Ti files.367 

Hence, the use of stainless-steel hand-files with high cutting efficiency in a 

circumferential filing technique may be associated with minimal root stresses and 

consequently reduce the chances of dentinal defect formation in the root canal wall. 

Further investigations are necessary to compare the stresses generated in dentine during 

manual canal preparation techniques with other commonly used file systems.  
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(3) The quality of the preparation (dentinal defects and apical cracks) 

Recently, there have been reports indicating the presence of dentinal defects in the canal 

wall and at the apical root surface following root canal preparation with various file 

systems. An overview of these reports is presented in Table 1.16. 

Unfortunately, several different terms have been used to describe various dentinal 

defects - such as: craze lines, microcracks, partial cracks, incomplete or complete 

cracks, and fractures. These terms are confusing and overlapping. They could be 

substituted by two terms ‘crack’ or ‘fracture’ (refer to section 1.4.1). These defects can 

be internal or external, depending on the location (canal wall or external root surface), 

partial or full thickness, depending on their extension within the dentine. However, the 

general terms ‘dentinal defects’ will be used for the purpose of this discussion, as it is 

not possible to differentiate between the various terms used in those studies. 

The majority of the studies have assessed the effect of different preparation techniques 

on the appearance of internal dentinal defects by examining a number of horizontal 

sections of the specimens under a stereomicroscope,366, 368-385 while two studies have 

used a SEM.386, 387 Other studies assessed the presence of external cracks on the apical 

root surface and changes in the anatomical appearance of the apical foramen (referred as 

dentine detachment) following root canal preparation and filling techniques.375, 381, 388-391 

Only two studies392, 393 compared pre- and post-operative preparations using micro-CT 

to identify the presence of dentinal defects. All of the studies have used extracted 

human teeth except for one study which was performed on human cadavers.377 

Variations in the type of teeth used, endodontic treatment and simulations of in-vivo 

conditions were present among the studies as indicated in Table 1.16. Hence, there is 

considerable heterogeneity amongst the experimental models. 

Notwithstanding the differences between those studies, they all indicated varying 

percentages of teeth exhibiting internal dentinal defects in the canal wall following root 

canal preparation with various Ni-Ti rotary files and Ni-Ti reciprocating files.366, 368-383, 

385-387, 389 In general, the studies reported no or fewer defects associated with manual 

instrumentation when compared to Ni-Ti rotary or reciprocating files.366, 372, 374, 377, 386, 

387, 389 Only two studies254, 261 showed that manual preparations had similar incidence of 

dentinal defects as Ni-Ti rotary or reciprocating preparation techniques, respectively. In 

these studies,254, 261 the presence of defects was also reported in the unprepared controls 
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suggesting problems with their sectioning techniques or methodology rather than the 

filing technique itself. Furthermore, Adorno et al.384 examined radicular dentine at the 

apical level of 1.5mm from the apex and indicated the presence of dentinal defects in 

43.3% of the samples prepared using manual files. However, they used buccal canals of 

premolars and the root canals were prepared to a large apical size (#40) using the 

balanced force technique, which may explain this increased percentage value. A SEM 

study386 showed significantly more dentinal defects with ProTaper rotary file 

preparations (F2) compared to two Ni-Ti hand files [ProTaper (F2), K-File (#25)]. 

Comparing the two hand files, dentinal defects were only present in the root cross-

sections where the root canals were prepared using ProTaper Ni-Ti hand files (34.4% of 

the specimens).386 Despite the preparations being consistent in terms of apical size (25) 

and preparation technique, the increased instrument taper (.08 vs. .02) may have led to 

such difference. The initial study by Wilcox et al.394 also showed that sequential 

increase in the canal enlargement using hand files was associated with more spreader-

induced cracks and fractures. Therefore, the current literature showed that hand files are 

less likely to induce dentinal defects in the root canal walls. However, induction of such 

defects is not avoidable and depends on the hand instrument design (cutting efficiency, 

size and taper), the degree of canal enlargement (apical size and taper) and the forces 

used in the preparation techniques.  

Among the Ni-Ti rotary file systems, the risk of inducing dentinal defects in the root 

canal wall was the highest with rotary ProTaper file systems in most of the 

investigations.366, 374-376, 379, 380, 383, 386, 387 In particular, it was shown that radicular 

dentinal cracks - at the apical level of 1 mm from the apex - were initiated following 

apical root canal preparation with F2 file whereas propagation of the crack commenced 

after the apical preparation reached size F4 file.382 The extent of dentinal defect 

formation was associated with the tip design, cross-section geometry, constant or 

progressive taper type, constant or variable pitch, and flute form of the Ni-Ti rotary 

instruments.372 The motion of instrumentation being continuous rotation, reciprocating 

or vertical oscillation was also suggested to play a role. The Ni-Ti self-adjusting file 

(SAF) prepares the root with vertical oscillation (in and out ward motion). The 

advantage of this file system was demonstrated in several studies where significantly 

less or no dentinal defects were present in root canals prepared with the SAF in 

comparison to those prepared with Ni-Ti rotary and/ or reciprocating files.372, 374, 375   
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When Ni-Ti rotary and reciprocating files are compared, there is some inconsistency in 

the results. Burklein et al.373 initially indicated that Ni-Ti reciprocating file systems 

(Reciproc & WaveOne) produced significantly more dentinal defects than did the Ni-Ti 

rotary file systems (Mtwo & ProTaper). In contrast, Liu et al.375 showed that Ni-Ti 

rotary files (ProTaper & OneShape) were associated with significantly higher 

percentage of cracked teeth - apical surface cracks plus internal dentinal defects - 

compared to a Ni-Ti reciprocating file (Reciproc). Another study376 concluded that 

WaveOne reciprocating file produced significantly less dentinal defects in the root canal 

wall compared to rotating or reciprocating F2 ProTaper file. In a SEM study,386 similar 

findings were found showing significantly less dentinal defects with WaveOne file 

compared to the full-sequence of ProTaper rotary files. Kansal et al.380 recently showed 

that the use of any of the reciprocating F2 ProTaper or WaveOne file resulted in 

significantly less teeth with dentinal defects compared to ProTaper rotary files. This 

inconsistency might be attributed to the differences in the apical preparation size, being 

relatively larger in the Burklein et al.373 study (#40) compared to the later 

aforementioned studies (#25). Other potential factors such as the tooth type and the 

criteria used for analysis (defect per root or per section) could also lead to differences 

between the results. The most recent studies reported that rotary and reciprocating file 

systems equally induced dentinal defects in the canal walls when the number of root 

cross-sections exhibiting dentinal defects were compared at each level after SEM 

examination387 or in combination after stereomicroscope examination.383 However, 

when each level was compared in the latter study by Karataş et al.,383 significantly 

higher percentage of cross-sections exhibiting dentinal defects were found in rotary 

ProTaper Universal and reciprocating WaveOne preparations compared to rotary 

ProTaper Next and reciprocating Twisted File Adaptive preparations only at 3 mm level 

from the apex. Although the use of mandibular incisors and the analysis criteria for 

comparison were similar to the Burklein et al.373 study, the smaller apical preparation 

sizes along with the simulation of periodontal ligament and alveolar bone that were 

considered in the Karataş et al.383 study could have lead to the result being contradictory 

with that of Burklein et al.373  

 Upon examining the apical root surface, the presence of surface cracks was shown to be 

mainly dependent on the level of instrumentation and the size of the file being used, 

regardless of the preparation techniques when manual and Ni-Ti rotary files (Profile)388, 
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389 or different Ni-Ti rotary files (ProFile, K3, Endowave) were compared.390 However, 

initiation of internal dentinal cracks at a level of 1mm from the apex were significantly 

higher with rotary files compared to hand files irrespective of the level of 

instrumentation.389 Liu et al.391 reported that in addition to instrumentation level and file 

size, the preparation type (manual or rotary) played a role in creating surface apical 

cracks and dentine detachment. They showed that the percentage of teeth exhibiting 

surface apical cracks or dentine detachment was significantly higher following 

preparations using Ni-Ti rotary files (ProTaper and K3 files) compared to those 

prepared by manual Ni-Ti files, irrespective of the level of instrumentation.391      

Adorno et al.388 showed that files as small as ISO #15 can induce apical cracks and 

dentine detachment if the working length is at the level of the apical foramen. However, 

when the working length is shorter than the apical foramen, file sizes 20 or 25 were the 

first files to induce such changes in the root surface at the apex. Similarly, more surface 

apical cracks were detected when the instrumentation level coincided with the level of 

the apical foramen compared to being 1mm shorter when apical preparation size file 

was ISO size 60 (stainless-steel hand files or rotary Profile),389 or after sequential apical 

enlargement beyond ISO size 30/.04 (rotary Profile, K3 or Endowave).390 These 

findings agree with Liu et al.391 in terms of instrumentation levels and apical 

enlargement where the majority of the cracks were initiated after sequential apical 

enlargement beyond file size 30 and 30/.04 in Ni-Ti hand, rotary K3 preparations, 

respectively. It is worth noting that the preparation technique with hand instruments in 

those studies was based on the balanced force concept, which might have over-

estimated the results for hand files. In rotary ProTaper preparations, most of the apical 

cracks were induced after sequential apical enlargement with F1 ProTaper file.391 In 

another study,375 the percentage of teeth exhibiting cracks - at the apical root surface 

and/or in the canal wall - was significantly higher with Ni-Ti rotary ProTaper and 

OneShape file systems compared to Reciproc file and SAF, when the working length 

was at the apical foramen. From these results, it can be noted that surface apical cracks 

were present in 20% and 5% of the specimens prepared with ProTaper and OneShape, 

respectively, whereas, none of the specimens had surface apical cracks in the Reciproc 

file and SAF groups. In a recent study,382  sequential canal enlargement with rotary 

ProTaper Universal files up to F2 was significantly associated with crack initiation and 

such cracks can be propagated with further enlargement up to size F4 and above.  
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Hence, it is essential to maintain a working length that is shorter than the apical foramen 

so that the influence of instrumentation on apical crack initiation is reduced.  

Minimization of the apical size of the preparation (no more than ISO size 30) is another 

important factor to reduce the occurrence of apical cracks. Using hand files of .02 taper 

and high cutting efficiency (such as Hedström files) in a technique that does not require 

excessive apical pressure (such as circumferential filing) may reduce the amount of 

shaping forces on the root and consequently reduce the chance of initiation of cracks on 

the apical root surface or internal dentinal wall of the root canal. Further investigations 

are required to confirm this assumption.   

The clinical implication of these dentinal defects is that their presence may give rise to 

localised stress concentration sites in the canal wall or apical root surface which can 

propagate during root canal filling techniques, post space preparation, post cementation 

or when exposed to oral function, consequently, leading to tooth fracture.18 A potential 

direct relationship between the presence of dentinal defects and the force required to 

fracture the roots has been shown in-vitro.376 However, there is no evidence correlating 

the presence of these dentinal defects in-vitro and the clinical situation. Although many 

studies have attempted to reproduce the clinical conditions in the laboratory setting, it is 

impossible to eliminate the influences of other experimental factors such as forces used 

during extraction, storage medium and level of hydration during sectioning techniques.  

A few researchers have attempted to contradict the relationship between canal 

preparation techniques and the incidence of dentinal defects.377, 392, 393 A study261 that 

used a human cadaver model showed that all the teeth had various degrees of defects 

whether they were intact or following manual or reciprocating root canal preparation 

techniques. However, their results should be interpreted with caution since their sample 

size was very small. Also, the age of the donors (being of an average of 82.8 years) 

might have influenced their results. Another two studies276,277 used micro-CT to 

compare cross-sections of mesial roots of mandibular molars for the presence of 

dentinal microcracks before and after preparation of the MB root canal. They found that 

all of the microcracks present in the post-operative cross-sections were already present 

in the corresponding pre-operative cross-sections and hence they concluded that there 

was a lack of causal relationship. Since micro-CT has higher definition than 

stereomicroscopy, it can be expected that a relatively higher number of roots exhibiting 
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defects (in the canal wall and/or external root surface) would be detected. However, the 

difference in the extension of pre-operative and post-operative defects following root 

canal preparation was not reported although some of the cross-sections shown in 

illustrative examples in their paper suggest propagation of the cracks further into 

dentine or into fractures. Notwithstanding this, further investigations are required to 

validate this methodology and any other assumptions. 
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Table	1.16.	Summary	of	studies	that	investigated	the	presence	of	dentinal	and	apical	defects	following	root	canal	preparation.		

Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Wilcox	et	
al.394	(1997)		

Maxillary	
anterior	
teeth		

Hand	files	and	Gates	
Glidden	drills			
(Step	back	method)	

	
(Canal	enlargement	in	
sequence:	canal	width	of	
20%,	30%,	40%,	50%	of	
total	tooth	width)		

Spreader-
induced	
defects:	

Initiation-
Surface	craze	
lines		

Propagation-	
Root	fracture	

Transillumination		
	
At	the	end,	
Stereomicroscope	
	
horizontal	sections	
at	2,	4,	6	&	8	mm			

Craze	line	progressed	to	root	fractures.	

More	fracture	with	larger	preparations	and	
more	retreatments.		

20%à30%à40%à50%		

10/0à8/0	à	5/5	à8/7		

(Craze	line/root	fracture)	

PDL	simulation		
Alveolar	bone	
simulation.		
Examination	after	
lateral	compaction	RCF.	
Same	teeth	used	(Root	
canal	filling	removed	
and	the	root	canal	were	
re-filled).	
No	analysis.		

Adorno	et	
al.388	(2009)	
	
	
	

Mandibular	
premolars		

Stainless-steel	hand	file	
(Step-back	and	balanced	
force	technique)		

Profile	Ni-Ti	rotary	files	
(crown	down/	.04)	

	(Increasing	apical	size	
15-60)	
WL	at	AF,	AF	-1mm	

External	
surface	apical	
cracks		
	
Apical	dentine	
detachment	
	
First	file	

Digital	microscope		
	
At	level	of	the	apex	

No	significant	differences	between	hand	and	
rotary	files	on	presence	of	apical	crack,	
dentinal	detachment	and	the	size	of	the	first	file	
to	initiate	cracks.	Both	showed	more	cracks	
with	increasing	file	size.	

Significantly	more	cracks	and	detachment	and	
initiated	by	smaller	files	(as	small	as	size15)	
when	the	level	of	instrumentation	is	at	apex	
compared	to	-1mm.		
	

PDL	simulation.		
Alveolar	bone	
simulation.	

Bier	et	al.366	
(2009)	

Mandibular	
premolars	

K-Flexofiles	hand	file		
(Balanced	force	
technique)	
Ni-Ti	rotary	files:	
ProTaper		
SystemGT		
Profile		
S-ApeX		
(40/	.05-	.06)		

	Internal	
dentinal	
defects:	
“Fracture	“	
Craze	line		
Partial	cracks	

Stereomicroscope	
	
horizontal	sections	
at	3,	6	&	9mm	
from	apex	

No	fractures.	

Significantly	more	dentinal	defects	(craze	lines	
and	partial	cracks)	were	detected	in	teeth	
prepared	with	ProTaper	(16%),	Profile	(8%)	
and	SystemGT	(4%)	compared	to	S-Apex,	hand	
files	and	unprepared	controls	that	had	no	
defects	(0%).	

No	simulation	of	PDL	
and	alveolar	bone.		
Analysis	at	root	level.	
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Shemesh	et	
al.368	(2009)	

Mandibular	
premolars	

SystemGT	Ni-Ti	rotary	
files		
(40/.06)	
	

Internal	
dentinal	
defects:	
“Fracture”	
Craze	line		
Partial	cracks	

Stereomicroscope	
	
horizontal	sections	
at	3,	6	&	9mm	
from	apex	

One	tooth	had	a	fracture.	
Significantly	more	dentinal	defects	(craze	lines	
and	partial	cracks)	were	detected	in	teeth	
prepared	with	SystemGT	compared	to	
unprepared	controls	that	had	no	defects.		
Further	dentinal	damage	with	lateral	
compaction.	
	

No	simulation	of	PDL	
and	alveolar	bone.	
Analysis	at	root	level.	

Adorno	et	
al.389	(2010)	

Mandibular	
premolars	

Stainless-steel	hand	file	
(Step-back	and	balanced	
force	technique)		
	
Profile	Ni-Ti	rotary	files	
(crown	down	/.04)	
		
[Apical	sizes	(60)]	
	WL	at	apical	foramen,		
	AF-1mm	

External	
surface	apical	
cracks		
	
Internal	
dentinal	
defects		

Digital	microscope	
	
At	three	levels:	
Apex,	-1mm,	-2mm	
	

At	the	apex,	significantly	more	cracks	were	
detected	when	the	level	of	instrumentation	was	
at	apex	compared	to	-1	mm	regardless	of	the	
preparation	technique.		
At	-1mm	from	the	apex,	rotary	files	resulted	in	
more	dentinal	defects	compared	to	hand	files	
and	unprepared	controls	(both	had	no	cracks)	
despite	the	level	of	instrumentation.	
At	-2mm	for	the	apex,	similar	number	of	teeth	
exhibited	dentinal	defects	regardless	of	the	
preparation	technique	or	level.		
	

PDL	simulation		
Alveolar	bone	
simulation.		
	
Analysis	at	sectional	
level.	

Shemesh	et	
al.369	(2010)	

Mandibular	
premolars	

ProTaper	rotary	file	
(40/.06)	

 
 
 

Internal	
dentinal	
defects:	
“Fracture”		
Craze	line		
Partial	cracks	
	
Dentine	
thickness	

Stereomicroscope	
	
horizontal	sections	
at	3,	6	&	9mm	
from	the	apex	
	
	

Significantly	more	dentinal	defects	were	
detected	in	teeth	prepared	with	ProTaper	files	
compared	to	unprepared	controls	that	had	no	
defects.	
	No	correlation	between	the	presence	of	defects	
and	remaining	dentine	thickness.	
Further	dentinal	damage	with	lateral	
compaction	and	continuous	wave	filling	
techniques.	

No	simulation	of	PDL	
and	alveolar	bone.	
	
Analysis	at	root	level.	
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Adorno	et	
al.390	(2011)	

Mandibular	
incisors	

Ni-Ti	rotary	files:	
Profile	
K3		
Endowave		
	
(Apical	enlargement	
sequence:	25/.04,	25/.06,	
30/.04,	30/.06,	35/.04)	
	
WL	at	AF	,	AF	-1mm,	
AF+1mm	

External	
surface	apical	
cracks		
	
Initiation		

Digital	microscope	
	
At	level	of	the	apex	

No	significant	differences	in	the	number	of	
teeth	with	cracks	between	K3	(56%),	
Endowave	(44%),	and	Profile	(42%).		
	More	cracks	with	increasing	file	size.	
Significantly	more	teeth	exhibited	cracks	after	
instrumentation	at	the	level	of	the	apex	(56%)	
or	beyond	the	apex	(58%)-	with	smaller	files-	
compared	to	those	prepared	at	1	mm	shorter	
than	the	apex	(28%)	whose	cracks	occurred	
after	file	size	30/.04	was	reached.	

PDL	simulation.	
Alveolar	bone	
simulation.	

Vat	et	al.370	
(2011)	

Mandibular	
incisors	

Stainless-steel	hand	
files	
	
ProTaper	Ni-Ti	rotary	
files	+	stainless	steel	
hand	files	

Internal	
dentinal	
defects:	
	“Fracture”	
no	
differentiation		

Microscope		
	
Four	sections		

No	significant	differences	in	the	number	of	
sections	exhibiting	defects	between	hand	
(12.5%),	rotary-	prepared	teeth	(9.4%)	and	
unprepared	controls	(6.3%).	
No	significant	differences	in	the	number	of	
roots	exhibiting	defects	between	hand	(25%)	
rotary-	prepared	teeth	(25%)	and	unprepared	
controls	(12.5%).	

Small	sample	size	(n=8).	
No	simulation	of	PDL	
and	alveolar	bone.	
Inconsistent	irrigating	
agents.		
Analysis	at	root	and	
combined	sectional	
levels.		

Barreto	et	
al.371	
(2012)	

Upper	
anterior	
teeth	

ProTaper	Universal	Ni-
Ti	rotary	files		
(F3	#30)	

Internal	
dentinal	
defects:	
“Fracture”	
Other	defects		

Stereomicroscope	
	
horizontal	sections	
at	3,	6	&	9mm	
from	the	apex	
	
	

None	of	the	teeth	exhibited	fractures	in	both	
groups.	
(*)	Number	of	teeth	exhibiting	other	defects	is	
higher	in	prepared	group	(53.3%)	compared	to	
unprepared	controls	(20%).		
Number	of	teeth	with	‘other	defects’	was	
similar	in	prepared	and	root-filled	teeth,	
regardless	of	root	canal	filling	technique.	But	
pressure-filling	techniques	was	associated	with	
fractures.			

Mechanical	cycling.	
PDL	and	
Alveolar	bone	
simulation.	
Analysis	at	root	level.	
(*)	No	analysis	between	
groups.	
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Yoldaş	et	
al.372		
(2012)	

Mandibular	
molars	
(Mesial	root)	

Stainless-steel	hand	file	
(#40)	
	
Ni-Ti	rotary	files	(#30):	
HERO	Shaper	
Rev-S		
Twisted		
ProTaper		
	
Ni-Ti	vertical	
oscillating:	
Self-Adjusting	File	(SAF)		
	

Internal	
dentinal	
defects	
		

Stereomicroscope	
	
horizontal	sections	
at	3,	6	&	9mm	
from	the	apex	
	
	

Number	of	roots	with	dentinal	defects	was	
significantly	higher	in	Ni-Ti	rotary	files	
preparations	[HERO	Shaper	(60%),	Twisted	
(40%),	ProTaper	(30%),	Rev-S	(25%)]	
compared	to	preparation	with	hand	files,	SAF	
and	controls	(no	defects	in	the	three	groups).		

One	VRF	with	ProTaper.		

PDL	simulation.		
Alveolar	bone	
simulation.	
Inconsistent	apical	
preparation	size.		
Analysis	at	root	level.	

Adorno	et	
al.384	(2013)	

Single	
rooted	
premolars	
with	2	canals	
(Buccal	
canal)	

Stainless-steel	hand	file	
(balanced	force	
technique)		
	
(Apical	size	#40)	
	
WL	at	the	apical	plan		
	

Dentinal	
crack:	
	
Initiation	
Propagation		
	
	

Digital	microscope	
	
Apical	1.5mm	was	
ground		

Mechanical	preparation	of	the	root	canal	
significantly	increased	the	initiation	of	dentinal	
cracks	(43.3%	of	the	samples).		

RCF	procedures	did	not	cause	crack	initiation	
but	resulted	propagation	of	the	existing	cracks.		

No	simulation	of	PDL	
and	alveolar	bone.	
Large	apical	preparation	
size		
(#40)	

Burklien	et	
al.373	(2013)	

Mandibular	
incisor	

Ni-Ti	rotary	files:	
Mtwo	(40/.06)	
ProTaper	(40/.06)	F4	
	
Ni-Ti	reciprocating	
files:	
Reciproc	(40/.06)	
WaveOne	(40/.08)	
	

Internal	
dentinal	
defects:		
	
complete	
cracks	
incomplete	
cracks			
craze	lines	

Stereomicroscope	
	
horizontal	sections	
at	3,	6	&	9	mm	
from	the	apex	
	
	

Root	canals	preparation	with	both	rotary	and	
reciprocating	instruments	resulted	in	dentinal	
defects.		

Overall,	Reciproc	produced	significantly	more	
complete	cracks	than	did	Wave	One	and	the	
two	rotary	systems.		

	At	the	3	mm	level,	reciprocating	files	produced	
significantly	more	incomplete	cracks	than	the	
two	rotary	systems.		

No	PDL	simulation.	
Exposure	time	to	NaOCl	
not	controlled.		
Analysis	at	each	
sectional	level	and	
combined	sections.	
Craze	line	present	in	
controls.	
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Hin	et	al.374	
(2013)	

Mandibular	
premolars	

K-flexofiles	hand	files		
(Balanced	force	
technique	and	step	back)	
(40/.05)	
	
Ni-Ti	rotary	files:	
ProTaper	(40/.06)	
Mtwo	(40/.04)	
	
Ni-Ti	vertical	
oscillating:	
Self-Adjusting	File	(SAF)	

Internal	
dentinal	
defects:	
Crack	
(Incomplete	
and	complete)		
	

Microscope	
	
horizontal	sections	
at	3,	6	&	9	mm	
from	the	apex	
	
	

Root	canals	preparation	with	ProTaper	and	
Mtwo	(35%	&	25%	of	the	samples,	
respectively)	produced	significantly	more	
cracks	(including	complete	cracks)	than	did	
SAF	(10%)	and	hand	files	(0%)	and	compared	
to	controls	(0%).		

Only	ProTaper	and	Mtwo	were	associated	with	
complete	cracks.		

No	simulation	of	
alveolar	bone.	
Analysis	at	root	level.	

Liu	et	al.391	
(2013)	

Mandibular	
incisors	

Ni-Ti	hand	files:	
	K-flex	
(Balanced	force	
technique)	
(Apical	enlargement	
sequence:	#20-	#35)	
	
Ni-Ti	Rotary	files:	
ProTaper		
(Sequence:	SX,	S1,	S2,	F1,	
F2,	F3)	
K3	Files		
(Sequence:	25/.04,		
25/.06,	30/.04,	30/.06	&	
35/.04)	
	
WL	at	AF+1,	AF,	AF-1,		
AF-2	
	

External	
Surface	apical	
cracks		
	
Apical	dentine	
detachment		
	
First	file	

Stereomicroscope	
	
Apical	root	surface		
	
horizontal	sections	
at	2	mm	from	the	
apex	(limited	
samples)	
	
	

Teeth	prepared	with	ProTaper	(20%)	and	K3	
(18.8%)	exhibited	significantly	more	cracks	
than	those	prepared	with	hand	files	(1.3%).	

Teeth	prepared	with	ProTaper	(23.4%)	and	K3	
(20%)	exhibited	significantly	more	dentinal	
detachment	than	those	prepared	with	hand	
files	(2.5%).	

Instrumentation	at	or	beyond	the	AF	is	
associated	with	more	cracks	and	dentinal	
detachment.		

The	cracks	were	initiated	in	84.4%	Of	the	
cracked	teeth	after	file	sizes	#30,	F1	and	
30/.04.	

PDL	and	alveolar	bone	
simulation.		
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Liu	et	al.375	
(2013)	

Mandibular	
incisors		

Ni-Ti	rotary	files:	
ProTaper		(F2)	
OneShape	(25/.06)	
	
Ni-Ti	Reciprocating:	
Reciproc		(25/.08)	
	
Ni-Ti	vertical	
oscillating:	
Self-Adjusting	File	(SAF)	
	
WL	at	AF	
	

External	
Surface	apical	
cracks		
	
Internal	
dentinal	
defects	
(cracks)	

Stereomicroscope	
	
Apical	root	surface		
	
Horizontal	
sections	at	2,	4	&	6	
mm	from	the	apex	

No	cracks	were	present	in	controls	and	SAF	
preparations.	

The	percentage	of	teeth	exhibiting	cracks	
(external	or	internal)	was	significantly	higher	
using	rotary	ProTaper	(50%)	and	ShapeOne	
(35%)	for	root	canal	preparation	compared	to	
Reciproc	(5%)	and	SAF	(0%).		

Cracks	appeared	more	often	in	cross-sections	
than	in	apical	root	surface.		

PDL	and	alveolar	bone	
simulation.	
Analysis	at	root	level	
combining	surface	
apical	crack	and	
dentinal	defects.	
	
	

Abu	El	Nasr	&	
Abd	El	
Kader376	
(2014)	

Maxillary	
premolars		

Ni-Ti	rotary	file:	
F2	ProTaper	file	(F2)	
	
Ni-Ti	reciprocating	file:	
F2	ProTaper	file	(25/.08)	
Primary	WaveOne	
(25/.08)	

Internal	
dentinal	
defects	
		

Stereomicroscope	
	
	
horizontal	sections	
at	3,	6	&	9	mm	
from	the	apex	
	
	

F2	ProTaper	file,	whether	rotating	or	
reciprocating,	(75%)	produced	significantly	
more	cracks	compared	to	WaveOne	(25%).	
Controls	had	no	cracks	(0%).		

Force	required	to	fracture	the	roots*			

No	PDL	simulation.	
Alveolar	bone	
simulation	after	canal	
preparation.	
Analysis	at	root	level.	

Arslan	et	
al.378	(2014)	

Mandibular	
molars	
(mesial	root)	

Coronal	flaring	rotary	
instruments:	
Gates	glidden	(#3-#1)	
ProTaper	Universal	(SX)	
Endoflare	file	
Revo-S	(SC1)	
HyFlex	(25/.08)	

Internal	
dentinal	
defects:	
(Crack)	
	

Stereomicroscope	
	
	
horizontal	sections	
at	1,2,3,4,6	&	8	mm	
from	the	CEJ	

The	percentage	of	teeth	exhibiting	cracks	for	
was	significantly	higher	for	Gates	Glidden	drills	
(50%)	compared	to	ProTaper	Universal	
(22.2%),	Revo-S	(27.7%),	HyFlex	(27.7%),	
Endoflare	(16.6%)	and	negative	controls	
(16.6%).	

Crack	present	in	the	coronal	4mm.	

	

PDL	and	alveolar	bone	
simulation.	
Analysis	at	root	level.	
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Arias	et	al.377	
(2014)	

Mandibular	
incisors	
from	six	
human	
cadavers	
	

Stainless-steel	hand	
files:	
GT	files		
(Crown	down)	
20/0.06,	25/0.04	
	
Ni-Ti	reciprocating	file:	
WaveOne	
(apical	preparation	size	
unspecified/.08)		

Dentinal	
microcracks		
(Presence/	
extension/	
direction/	
location)		

Microscope		
	
horizontal	sections	
at	3,	6	&	9	mm	
from	the	apex	
	

Cracks	were	present	in	4	intact	controls,	3	
teeth	prepared	with	hand	files,	and	4	teeth	
prepared	with	WaveOne.		

The	incidence	of	microcracks	was	similar	
among	unprepared	controls,	hand	file,	and	
WaveOne	at	any	root	section	level.		

All	crack	were	in	incomplete,	started	at	canal	
wall,	buccolingual	direction.		

	

Small	sample	size	(n=6).	
Age	of	donors	(age	82.8	
±	14).		
Uncontrolled	variables	
(time	and	volume	of	
NaOCl	exposure,	
preparation	size	and	
taper).		
Blinded	examination.		
Analysis	at	sectional	
levels.		
	

Ashwin-
kumar	et	
al.386	
(2014)	

Mandibular	
molars	
(mesial	root)	

Ni-Ti	hand	files:	
K-file	(#25/.02)	
ProTaper	(F2	-	25/.08)	
(Balanced	force	
technique)	
	
Ni-Ti	rotary	files:	
ProTaper	(F2	-	25/.08)	
		
Ni-Ti	reciprocating	file:	
WaveOne	(Primary-	
25/.08)	

Internal	
dentinal	
defect		
	

Scanning	electron	
microscope		
	
horizontal	sections	
at	3,	6	&	9	mm	
from	the	apex	
	

No	cracks	were	present	in	hand	K-files	and	
unprepared	controls	compared	to	WaveOne	
and	the	two	ProTaper	systems.		

ProTaper	rotary	files	preparations	were	
associated	with	significantly	higher	number	of	
sections	exhibiting	dentinal	defects	compared	
to	preparations	with	WaveOne	reciprocating	
system	or	ProTaper	hand	files,	at	each	level	and	
the	three	level	altogether	(80%	vs.	38.9%	&	
34.4%,	respectively).		

ProTaper	rotary	files	had	2.04	and	2.32	higher	
risk	of	inducing	dentinal	cracks	as	compared	to	
WaveOne	reciprocating	and	ProTaper	hand	
files,	respectively.		

	

No	alveolar	bone	
simulation.		
Analysis	for	each	
sectional	level	and	
combined	sections.		
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Çapar	et	al.379		
(2014)	

Mandibular	
premolars		

Ni-Ti	rotary	files:		
ProTaper	Universal	(F4)	
ProTaper	Next	(40/.04)	
HyFlex	(40/.04)	

Internal	
Dentinal	
defects		
	(Cracks)	

Stereomicroscope	
	
horizontal	sections	
at	2,	4,	6	&	8	mm	
from	the	apex	
	

The	three	rotary	files	systems	caused	
significant	dentinal	cracks	in	the	prepared	root	
compared	to	unprepared	controls	that	had	no	
defect.		

The	percentage	of	roots	exhibiting	cracks	was	
significantly	higher	in	ProTaper	Universal	
preparations	(56%)	compared	to	ProTaper	
Next	(28%)	and	Hyflex	(28%).	

	

PDL	and	alveolar	bone	
simulation.	
Analysis	at	root	level.	

De-Deus	et	
al.392	(2014)	

Mandibular	
molar	
(mesial	root)	

Ni-Ti	rotary	files:	
BioRaCe	(25/.06,	40/.04)	
	
Ni-Ti	reciprocating	
files:	
Reciproc	(25/.08,	40/.06)	
WaveOne	
(25/.08,	40/.08)	

Internal	
dentinal	
defects	
(microcracks)	

Micro-CT	 The	dentinal	microcracks	present	in	the	
postoperative	cross-sections	were	also	present	
in	preoperative	cross-sections	regardless	od	
the	root	canal	preparation	technique.	

No	causal	relationship	between	root	canal	
preparation	with	BioRace,	Reciproc	and	
WaveOne	could	be	detected.		

	

PDL	and	alveolar	bone	
simulation.	
Not	blinded	
examination.	
	
	
	

Kansal	et	
al.380	(2014)	

Mandibular	
premolars	

Ni-Ti	rotary	files:	
ProTaper	
	
Ni-Ti	reciprocating	
files:	
F2	ProTaper	Ni-Ti	file	
WaveOne	(primary)	

Internal	
dentinal	
defects	

Stereomicroscope		
	
horizontal	sections	
at	3,	6	&	9	mm	
from	the	apex	
	

All	Ni-Ti	files	systems	caused	significant	
dentinal	cracks	in	the	prepared	root	compared	
to	unprepared	controls	that	had	no	defect.		

The	percentage	of	roots	exhibiting	cracks	was	
significantly	higher	in	ProTaper	preparations	
(53%)	compared	to	reciprocating	F2	ProTaper	
file		(26%)	and	WaveOne	(15%).	

	

PDL	and	alveolar	bone	
simulation.	
Analysis	at	root	level.	
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Adl	et	al.381	
(2015)	

Mandibular	
incisors	

Ni-Ti	rotary	files:	
	ProTaper	(F3)	

External	
apical	cracks		
	
	
Internal	
dentinal	
defects		

Digital	light	
microscope		
	
Apical	root	surface		
	
horizontal	sections	
at	3,	6	&	9	mm	
from	the	apex	
	

Surface	apical	and	dentinal	cracks	were	
produced	after	root	canal	preparation	with	
Protaper	files,	regardless	of	the	irrigating	
solutions	used	during	instrumentation.	

Compared	to	controls,	the	highest	percentage	
of	roots	with	apical	and	dentinal			cracks	are	
when	2.5%	NaOCl	irrigation	(35%),	followed	
by	NaOCl	and	RC	prep	(25%),	and	saline	with	
or	without	RC	prep	(10%	each).	

	

No	alveolar	bone	
simulation.		
	
Analysis	at	root	level	
combining	apical	cracks	
and	dentinal	defects.		

Çapar	et	al.382	
(2015)	

Mandibular	
premolars		

Ni-Ti	rotary	files:	
ProTaper	Universal	
	
(Canal	enlargement	in	
sequence:		SX,	S1,	S2,	F1-
F5)	
	
WL	at	the	apical	plan	

Dentinal	
cracks	
	
Initiation		
Propagation		
	
Apical	size	

Stereomicroscope		
	
Apical	1	mm	was	
ground	
		
At	the	end,	
Horizontal	
sections	at	2,	4,	6	&	
8	mm	from	the	
apex	

20%	of	the	samples	had	cracks	initiated	after	
canal	preparation	procedure	with	ProTaper	
Universal	Ni-Ti	rotary	system	-significantly	
different	from	unprepared	controls-	no	cracks.	

Apical	size	of	F2	file	had	a	significant	effect	on	
the	apical	crack	initiation.	

SX	à	S1	à	S2	à	F2*	à	F3	à	F4#	à	F5				

0/0à0/0à0/0à4/0à1/0à3/1à0/1		

(crack	initiation*/	propagation#)		

More	cracks	present	in	the	apical	sections	
compared	to	coronal.		

Absence	of	crack	on	the	apical	surface	did	not	
exclude	presence	of	cracks	in	the	dentinal	wall	
of	the	canals.		

	

No	alveolar	bone	
simulation.		
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Çiçek	et	al.387	
(2015)	

Mandibular	
molars	
(mesial	root-	
MB	canal)	

Ni-Ti	hand	files:	
K-Flexofiles	(#25)	
(Balanced	force	
technique)		
	
Ni-Ti	rotary	files:	
ProTaper	Universal		
ProTaper	Next	
(25/.06)	
	
Ni-Ti	reciprocating	file:	
WaveOne	(25/.08)	
	
	

Dentinal	
defects:	
Craze	line		
Partial	crack	
microcrack	
Fracture	
	
No	
differentiation			
	

Scanning	electron	
microscope		
	
Horizontal	
sections	at	3,	6	&	9	
mm	from	the	apex	
	

Rotary	and	reciprocating	file	systems	caused	
significant	dentinal	defects	in	the	prepared	
roots	compared	to	those	that	were	prepared	
with	hand	files	(no	defects),	at	each	level.			

No	significant	differences	were	present	
between	rotary	and	reciprocating	file	systems	
(75%,	64%	&	42%,	respectively).		

	

PDL	and	alveolar	bone	
simulation.	
No	unprepared	controls.	
Analysis	at	sectional	
level.	

Karataş	et	
al.383	(2015)	

Mandibular	
incisors		

Ni-Ti	rotary	files:		
ProTaper	Universal	
(25/.08)	
ProTaper	Next	(25/.06)	
	
Ni-Ti	reciprocating:	
WaveOne	(25/.08)	
Twisted	file	adaptive	
(25/.06).	

Internal	
dentinal	
defects:	
Crack	
	
Craze	line		
microcrack	
Fracture	
	
No	
differentiation	
	
		

Stereomicroscope		
	
Horizontal	
sections	at	3,	6	&	9	
mm	from	the	apex	
	

Overall,	rotary	and	reciprocating	file	systems	
(38%,	33%,	33%	&	29%)	equally	caused	
dentinal	cracks	in	the	prepared	roots,	
significantly	higher	compared	to	the	
unprepared	controls	(no	defects).	

Only	in	the	apical	section	(3	mm),	ProTaper	
Universal	and	WaveOne	systems	produced	
significantly	more	cracks	than	ProTaper	Next	
and	TF	Adaptive	systems.		

PDL	and	alveolar	bone	
simulation.	
Blinded	examination.		
Analysis	at	each	
sectional	level	and	
combined	sections.		
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Author	(year)	 Samples	 Canal	preparation	
technique		

Assessment	
criteria	

Method	 Relevant	findings		 Comments	

Karataş	et	
al.385	(2015)	

Mandibular	
incisors	

Stainless-steel	hand	
files:	
K-files	(#35)	
	
Ni-Ti	rotary:	
Twisted	File	adaptive	
	
Ni-Ti	reciprocating	
(CW/CCW):		
90o/30o	
150o/30o	
210o/30o	
Twisted	File	adaptive	
(35/.04)	
	
Rotating	&	
reciprocating	(Adaptive	
motion):	
Twisted	File	adaptive	
	

Internal	
dentinal	
defects:	
Crack	
	
Craze	line,	
incomplete	
crack,	
complete	
crack	
No	
differentiation			
	

Stereomicroscope		
	
Horizontal	
sections	at	3,	6	&	9	
mm	from	the	apex	
	

Overall,	all	techniques	significantly	caused	
cracks	in	comparison	to	control	(0%).	

Incidence	of	dentinal	cracks	is	significantly	less	
with	TF	Adaptive	instruments	working	in	
210o/30o	reciprocating	motion	(7%)	compared	
with	working	in	continuous	rotation	(33%)	and	
adaptive	motion	(29%),	but	it	was	similar	to	
other	reciprocating	(16%,	13%)	and	hand	file	
(11%).	

More	cracks	present	at	9mm	level.	

PDL	and	alveolar	bone	
simulation.	
Blinded	examination.		
Analysis	at	each	
sectional	level	and	
combined	sections.	

De-Deus	et	
al.393	(2015)	

Mandibular	
molar		
(Mesial	root)	

Ni	–Ti	rotary:	
ProTaperNext	(25/.06)	
	
Ni-Ti	reciprocating		
Twisted	File	Adaptive	
(25/.06)	

Internal	
dentinal	
defects	
(microcracks)	

Micro-CT	 The	dentinal	microcracks	present	in	post-
operative	cross-sections	were	also	present	in	
pre-operative	cross-sections	regardless	of	the	
root	canal	preparation	technique.	

No	causal	relationship	between	root	canal	
preparation	with	ProTaperNext	and	Twisted	
File	Adaptive	and	the	presence	of	defects	could	
be	detected.		

	

PDL	and	alveolar	bone	
simulation.	
Not	blinded	
examination.	
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(4) Stress distribution following root canal preparation  

It is believed that stresses predisposing to crack initiation and propagation are usually 

generated in the canal space. Notwithstanding the complex mechanism of fracture, 

mechanical preparation of the root canal can influence the distribution and level of 

stresses in radicular dentine by modifying the cross-sectional shape, size and the taper 

of the canal, reducing the amount of dentine thickness and eliminating pre-existing or 

introducing new stress concentration sites in the canal wall.  

Several studies have attempted to assess the patterns of stress distribution in the root 

canal walls and radicular dentine using finite-element analysis models (FEA) in 

simulated root canal filling conditions234, 395-398 or during exposure to simulated occlusal 

loading.234, 399 Compaction load was applied directly via the spreader when it contacts 

the root canal wall,396, 400 or it is uniformly transferred onto the entire root canal wall 

when the spreader is surrounded by gutta percha395-398 or during vertical compaction of 

gutta percha with a plugger.234, 400  

The cross-sectional shape of the root canal has been shown to play an important role in 

stress distribution, in particularly the radius of the canal curvature.395 Round cross-

sectional canals distribute the stresses more uniformly with minimal stress 

concentration areas.395, 398 The stresses are highest at the canal wall, and decrease 

towards the external root surface. When the radius of canal curvature is reduced (i.e. 

oval canals), the stresses are no longer uniform. The buccal and lingual extensions of 

the canals, where the canal curvature is reduced, creates stress concentration sites in the 

root canal wall, regardless of the amount of dentine (which is usually thicker in the 

bucco-lingual direction).395, 398 In addition to the canal curvature, the reduction in 

dentine thickness has been also shown to increase the magnitude of the tensile stresses 

rather than the direction, especially from the proximal area.395 Progressive reduction in 

the proximal dentine thickness in oval-shaped canals and roots resulted in an increase in 

the maximum tensile stresses on the canal wall surface and the external proximal 

surfaces without affecting the stress distribution pattern.395   

When simulated lateral compaction was applied in a mandibular incisor FEA model, it 

was shown that progressive increase in the root canal diameter (round profile) and 

corresponding decrease in the dentine thickness, especially from the proximal side, 

resulted in an increase in the amount of tensile stresses on the external proximal 
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surface.397 In another study,398 subsequent enlargement of round root canal profiles with 

ProTaper or Profile Ni-Ti rotary files resulted in minimal increase in the tensile stresses 

on the canal walls whilst increasing the amount of external root stress on the distal side 

of mandibular incisors in the FEA model - this was negligible in uninstrumented round 

canals. However, the circumferential stresses were approximately of similar levels and 

were evenly distributed around and along the root canal wall following root canal 

preparation. In contrast to round canals, the external proximal stresses were present in 

uninstrumented oval canals and were not affected with the sequential enlargement of the 

oval root canal by rotary files. However, the buccal and lingual extremities of the oval 

canals were completely eliminated by the Ni-Ti rotary files in the apical third resulting 

in a round canal shape. Consequently, the magnitude of circumferential stress at the 

canal wall was substantially reduced and became more evenly distributed in the apical 

third compared to the uninstrumented oval canal, whereas the stress concentration sites 

were not completely removed by the Ni-Ti rotary files in the middle and coronal thirds. 

Therefore, preparing oval canals with rotary files resulted in minimal reduction in the 

stress concentration levels at the buccal and lingual extremities compared to 

uninstrumented oval canals whilst the asymmetrical stress distribution was not 

changed.398 

Rundquist et al.234 showed different stress distribution patterns in mandibular premolar 

models (with round canal profiles of varying tapers) resulting from simulated vertical 

compaction of gutta percha or when simulated occlusal loading was applied. During 

vertical compaction, high tensile stresses were generated along the canal wall - being 

greatest at the apical constriction and near the plugger tip - and decreasing toward the 

periphery. The stress levels were highest in the apical third upon compaction of the first 

increment of gutta percha and became lower with subsequent increments. In this case, 

increasing the taper of the canal resulted in lower tensile stress levels around and along 

the canal and at its apical constriction. However, upon the application of simulated 

occlusal loading on the buccal cusp, high tensile stresses were detected at the cervical 

level of the external lingual surface, and they decreased towards the canal. In contrast to 

the first scenario, the stress levels were increased when the taper of the root canal was 

increased.    
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In the Cheng et al.399 study, the stresses during simulated lateral or vertical compaction 

of gutta percha was highest at the level of root curvature, being higher and widely 

spread with vertical compaction. In contrast the stresses were higher in the cervical part 

of the root canal upon occlusal loading. However, the level of stress was shown to be 

lower when the occlusal load was applied vertically in comparison to being applied at 

an angle.399  

The presence of dentinal defects or irregularities in the root canal wall can also serve to 

increase stress concentration when further endodontic or restorative dental treatment is 

performed or when the tooth is exposed to occlusal loading. Furthermore, localised 

tensile stress concentration sites in the canal wall can result from procedural errors, such 

as ledging. Eventually, these sites can lead to crack initiation and/or propagation.   

From a stress analysis point of view, elimination of the stress concentration areas or 

increasing the radius of canal curvatures whilst minimizing the amount of dentine 

removed (especially from the proximal side) could reduce the amount of tensile stresses 

and allow favourable symmetrical distribution. Increased canal tapers reduce the tensile 

stresses at the canal wall and apex during root canal filling but, at the same time, it 

increases the external surface stresses at the cervical level during function.  

There are many claims that round smooth canal profiles are likely to be produced with 

rotary and/or reciprocating files. However, the limitation of rotary files in shaping oval 

canals has been previously demonstrated plus their use in circumferential filing 

techniques has been shown to be not feasible due to the tendency to remove excessive 

amounts of dentine. Also, the increased incidence of defects in the canal wall following 

preparation with rotary and reciprocating files has been well documented. In contrast, 

.02 tapered hand files can be used in circumferential filing of oval canals without 

excessive removal of dentine nor creating dentinal defects, but leaving relatively 

irregular canal walls. However, a round smooth canal can only be prepared when the 

rotary or reciprocating file removes dentine circumferentially when the cross-sectional 

diameter of the canal is smaller that that of the instrument, which is only likely at the 

apical level. Hence, it can be speculated that the radicular tensile stresses may be 

relatively reduced and more uniformly distributed following circumferential filing with 

hand files as a result of increasing the curvature of the canal outline with minimal 

dentine removal, but localised stress concentration sites may be introduced as a result of 
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irregularities in the canal wall. In contrast, following preparations with rotary or 

reciprocating files, the tensile stresses might be higher as result of increased canal tapers 

and reduced thickness of remaining dentine, with the stresses being concentrated at the 

tip of dentinal defects (that are present along the canal and more often in apical parts) 

and toward the reduced canal curvature sites (mainly present in the coronal two thirds of 

the root canal). 

(5) Alterations in the mechanical properties of teeth following root canal 

preparation 

The fracture susceptibility of teeth is routinely assessed in-vitro by the continuous 

application of an increasing load in the Instron Universal Test Machine until fracture 

occurs. The literature has several studies376, 400-408 that have investigated the influence of 

mechanical root canal preparation on the force or load required to fracture teeth. Also, 

there are two other studies340, 409 that have evaluated other mechanical properties or have 

used different methods. One compared the microhardness of dentine segments 

following hand or rotary instrumentation,409 and the other used interferometry to 

evaluate the degree of tooth deformation upon loading following sequential enlargement 

of the root canal.340 A summary of the studies is shown in Table 1.17. 

From Table 1.17, it can be noticed that there is considerable heterogeneity in the 

experimental models used, particularly in the nature of the samples (tooth type, presence 

of coronal tooth structure and restoration), the test parameters (tip design, direction of 

load, cross-head speed, etc.) and the presence or absence of the simulation of in-vivo 

conditions (periodontal ligament and alveolar bone simulation, cyclic loading, etc.). 

One study409 used dentine segments to test for alteration in microhardness, which does 

not provide any information on the effect on the tooth as whole. Also, the degree of 

tooth deformation is affected by the direction of load and the presence of coronal 

restoration and supporting periodontal tissues, which were not replicated in the        

Lang et al.340 study. Hence, direct comparison between the studies cannot be performed.    

Unfortunately, all of the studies tested the force required to fracture the teeth without 

coronal tooth structure.376, 400-408 Apart from one study,404 their samples also lacked 

coronal restorations. Some investigators have used a static vertical load applied by a 

D11 spreader tip attached to an Instron Universal Test Machine that was inserted into 

empty,406 partially403 or completely filled root canals.402, 405 This method overlooks the 
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wedging effect of such a small tip. When the tip was inserted into the canal - given the 

size of the tip and the size of the canal preparations - the forces must all have been 

applied at the apical end of the canal (probably at the apical constriction). In the 

presence of a root canal filling, the forces vary according to whether or not the tip 

touches the canal wall or is surrounded by gutta percha. Both scenarios are not typical 

of the application of forces during normal function of teeth. This is also true for those 

studies that applied static vertical or angled loads on the samples without any 

consideration of the effect of masticatory function.376, 400, 401, 407, 408 Therefore, the results 

of those studies should be interpreted with caution because their experimental models 

lack clinical relevance. Nonetheless, the Santini et al.404 study was the only study that 

tested their samples - that were root-filled and restored with fibre posts and metallic 

crowns - after being exposed to cyclic loading in an attempt to simulate the effect of 

mastication prior to static testing, plus taking into consideration the resiliency of the 

periodontal ligament. Despite the cyclic loading being uniaxial, their experimental 

model is the most relevant to the clinical setting. However, unfortunately, negative 

controls were not used in this study.  

As indicated in Table 1.17, negative controls in the experiments were not used in almost 

half of the studies,376, 402-405 where comparisons were solely performed between the 

mean forces required to fracture the samples that were prepared using various 

instruments or techniques. As a result, the actual influence of these root canal 

preparations on the force require to fracture teeth cannot be evaluated due to the lack of 

negative controls. For example, Lam et al.403 compared the force required to fracture the 

mesial roots of mandibular molars in which the MB root canals were prepared to 

variable apical sizes and tapers using stainless-steel hand files, Lightspeed or SystemGT 

Ni-Ti rotary files. Using a D11 spreader tip for loading, they concluded that larger 

apical enlargement and increased canal preparation taper did not increase the fracture 

susceptibility of the roots. Similarly, another two independent studies402, 405 concluded 

that Ni-Ti instrumentation techniques (using instrument taper ranging from .04 - .08) 

did not increase the fracture susceptibility of roots of mandibular incisors and 

premolars, respectively, when compared to stainless-steel hand file instrumentation to 

standardised apical sizes - being #25 and #40, respectively. However, these conclusions 

are invalid since no controls were tested, in addition to the other problems in the 

experimental models as indicated in the Table.  
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Of these aforementioned studies,376, 402-405 one investigated the incidence of dentinal 

defects and the force required to fracture maxillary premolar roots separately following 

root canal preparations using single Ni-Ti rotary or reciprocating files.376 The 

uninstrumented negative controls were only assessed for the presence of dentinal wall 

defects, and were not included for fracture testing. Notwithstanding this, their results 

showed that the roots prepared with the same instrument that was associated with the 

highest percentage of roots exhibiting dentinal defects, required significantly lower 

force for fracture to occur. Hence, it may be possible to conclude from their results that 

the presence of dentinal defects may be directly associated with reduction in the force 

required to fracture the roots.  

The influence of root canal preparation instruments and techniques on the force required 

to fracture teeth may be more precisely assessed when compared to unprepared 

controls.400, 401, 406-408 However, the heterogeneity of the experimental models indicated 

in Table 1.17 results in inconsistency as to whether or not root canal preparation reduces 

the force required to fracture the teeth, particularly when similar root canal preparation 

techniques are compared to unprepared controls. In the Wu et al.407 study, root canal 

preparation using Gate Glidden drills and hand files - with # 50 apical preparation size - 

led to reduction in the force required to fracture canine and premolars by 2% and 30% 

compared to their unprepared counterparts, respectively. This result was considered 

statistically significant only in premolars. However, it must be noted that the premolars 

had two root canal shapes that were pooled for the analysis. Although the authors 

justified this by the insignificant differences between premolars with oval canals and 

those with round canal samples before instrumentation as well as after instrumentation, 

there was no analysis showing the effect of root canal preparation in each canal shape 

separately. Hence, the results could be biased by the canal shape, being a confounding 

factor. In contrast, another study408 that used canines found that the mean forces 

required to fracture roots were significantly reduced by 25%, 22% and 43.1% when 

canals were prepared to a standardised apical size (ISO size 40) using stainless-steel 

hand and two Ni-Ti rotary files (FlexMaster and SystemGT), respectively. Although a 

smaller apical preparation was performed in the later study,408 the differences in the 

hand instrumentation technique and the direction of load could have contributed to this 

controversy. Singla et al.406 also showed a significant reduction in the force required to 

fracture premolars following root canal preparations of similar apical size (ISO 40) 
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using stainless-steel hand files or Ni-Ti rotary files (Profile and ProTaper). They also 

reported that increasing the taper of the canal preparation above 4% significantly 

increased root fracture susceptibility of mandibular premolars.406 In contrast to these 

findings, Çapar et al.401 reported that root canal preparation with Ni-Ti rotary files 

(ProTaper) and vertical oscillating files (SAF) had no significant effect on the force 

required to fracture premolars roots. Although both studies401, 406 prepared the canals 

with ProTaper files up to file F4 in the same tooth type, this controversy is mainly 

attributed to whether the forces were applied inside the canals via D11 spreader tip406 or 

at the canal orifice via a conical tip.401  

In a recent study,400 the force required to fracture the mesio-buccal root of maxillary 

molars was reduced by 19%, 9% & 2% when the root canals were prepared to apical 

preparation size 25 using three Ni-Ti single file systems: OneShape (.06), WaveOne 

(.08) and Reciproc (.08), respectively. Compared to the untreated controls, the reduction 

was statistically significant following root canal preparation with the rotary OneShape 

file, but not with the reciprocating WaveOne and Reciproc files. They speculated that 

continuous rotation inside the canal is more likely to affect the fracture susceptibility of 

teeth to a higher extent than reciprocation movement. However, this conclusion cannot 

be extrapolated to the clinical setting since the effects were tested only on MB roots of 

maxillary molars and not the whole tooth and without simulating the in-vivo conditions 

as indicated in Table 1.17.  

In conclusion, there is insufficient evidence available to determine whether or not root 

canal preparation procedures influence the force required to fracture teeth since the 

experimental models have lacked clinical relevance from one or more aspects. Hence, 

further investigations are needed to evaluate the influence of various root canal 

preparation techniques and instruments on the fracture susceptibility and the longevity 

of the teeth using an experimental model that overcomes the current issues encountered 

by the available in-vitro studies and take the next logical step of implementing the 

simulation of in-vivo conditions, including occlusal loading.   
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Table	1.17.	Summary	of	studies	that	investigated	the	effect	of	mechanical	preparation	of	the	root	canals	on	mechanical	properties	of	teeth.	

Author	
(year)	

Samples	 Canal	preparation	
techniques		

Mechanical	
test		

Mechanical	
properties		

Findings		 	 Comments	

Trope	&	
Ray	et	
al.410	
(1992)	

Canines	 Gates	Glidden	drills	(#2-
#3)		&	Stainless-steel	hand	
files	(Hedström,	#55)		

Vertical	
compression	
via	blunt	knife	
tip	until	
fracture	

Force	
required	to	
fracture		

Instrumentation	alone	significantly	
reduced	the	force	required	to	fracture	the	
root	compared	to	unprepared	controls.	

Instrumentation	plus	root	canal	filling	GP	
and	GIC	sealer	had	similar	force	required	
to	fracture	as	controls.		

û Decoronated		
û 0.5%	NaOCl	
û RCF	&	No	RCF	
û No	PDL	simulation	
ü Alveolar	bone	simulation		
û Loading	at	15o	

Slutzky-
Goldberg	
et	al.409	
(2002)	

Molars		 Stainless-steel	hand	files	
	
Profile	Ni-Ti	rotary	files	

Vickers	
diamond	micro-
hardness	tester		

Micro-	
hardness	

Stainless	steel	files	and	2.5%NaOCl	
irrigation	significantly	reduced	dentine	
micro-hardness	to	a	higher	extent	that	did	
Ni-Ti	rotary	files	and	2.5%	NaOCl	irrigation	
compared	to	controls	

.		

û Testing	preformed	on	
transverse	dentine	
segments.	

û Inconsistent	exposure	
time	to	2.5%	NaOCl			

Wu	et	
al.407	
(2004)	

Mandibular	
premolars	
(oval	&	
round	
canals)	
	
Canines		

Gates	Glidden	drills	(#1-3)	
&	Stainless-steel	hand	files	
(K-files,	#50)		
	
Circumferential	filing	and	
step	back	technique	

Vertical	
compression	
via	steel	ball	
until	fracture	

Force	
required	for	
fracture	(N)	

Root	canal	preparation	significantly	
reduced	the	force	required	to	fracture	
premolars	(reduced	by	30%).*	

Root	canal	preparation	did	not	affect	the	
force	required	to	fracture	canine	(reduced	
by	only	2%).	

No	significant	differences	in	force	required	
to	fracture	unprepared	premolars	with	
round	or	oval	canal.	

No	significant	differences	in	force	required	
to	fracture	prepared	premolars	with	round	
or	oval	canal	

û Decoronated	
û 2%	NaOCl	irrigation	
û No	RCF	
û No	coronal	restoration			
û No	PDL	simulation		
ü Alveolar	bone	simulation		
	
*	Canal	shape	is	a	
confounding	factor		
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Author	
(year)	

Samples	 Canal	preparation	
techniques		

Mechanical	
test		

Mechanical	
properties		

Findings		 	 Comments	

Lam	et	
al.403	
(2005)		

Mandibular	
molars	
(mesial	
root-MB	
canal)		

Gates	Glidden	drills	(#1-2)	
&	Stainless-steel	hand	files	
(K-file,	#25)		
Step	back	technique		
	
Ni-Ti	rotary	files:		
LightSpeed	(#50)	
SystemGT	(20/.08)	

Loading	via	D11	
endodontic	
spreader	until	
fracture		

Force	
required	for	
fracture	(kg)	

No	significant	differences	were	found	
between	force	required	to	fracture	the	
roots	prepared	with	lightSpeed	(increased	
apical	enlargement),	systemGT	(increased	
taper)	and	K-files	(conservative	
preparation)		

B-L	>M-D		

û No	unprepared	control	
û Decoronated		
ü 1%	NaOCl	irrigation	
ü RCF	till	mid	root	
û No	coronal	restoration		
û No	PDL	nor	alveolar	

bone	simulation	
(mounted	in	putty)	

û Type	of	load	(wedging	
effect)		
	

Sathorn	et	
al.405	
(2005)	

Mandibular	
incisors	
	
	

Gates	Glidden	drills	(#1-3)	
&	Stainless-steel	hand	files	
(K-files,	#40)		
Step	back	and	balanced	
force	concept		
	
Ni-Ti	rotary	files:	
Profile	(40/.04)	
	

Loading	via	D11	
endodontic	
spreader	until	
fracture	

Load	at	
fracture	(N)	

No	significant	differences	between	force	
required	to	roots	prepared	with	hand	(B-L	
>	M-D)	or	rotary	files	(M-D>	B-L)	

*FEA	model	high	stress	area:		irregularity	
in	canal,	root	shape,	not	round	canal,	
proximal	concavity		

û No	unprepared	control	
û Decoronated		
ü NaOCl/EDTA	irrigation	
ü RCF	present		
û No	coronal	restoration		
û No	PDL	nor	alveolar	

bone	simulation	
(mounted	in	putty)	

û Type	of	load	(wedging	
effect)		
	

Lang	et	
al.340	
(2006)	

Maxillary	
incisors		

Stainless-steel	hand	files	
(K-files)	
Sequential	enlargement:	
#40à#60à#80à#110	

Interferometry		 Tooth	
deformation		

Sequential	enlargement	of	the	root	canals	
did	not	significantly	increase	the	deformity	
the	teeth	following	access	cavity	
preparations.			
	
	

û No	coronal	restoration	
û No	PDL	nor	alveolar	

bone	simulation	
û Loading	at	135o	

	
  



	

 176 

Author	
(year)	

Samples	 Canal	preparation	
techniques		

Mechanical	
test		

Mechanical	
properties		

Findings		 	 Comments	

Zanbiglari	
et	al.408		
(2006)	

Mandibular	
canine		

Stainless-steel	hand	files	
(#40)	
Balanced	force	technique		
	
Ni-Ti	rotary	files:	
FlexMaster	(30/.06,	
25/.06,	20/.06,	35/.02,	
40/.02)	
systemGT	(35/.12,	40/.10,	
40/.08,	40/.04)	
	

Vertical	
compression	
via	steel	tip	
until	fracture	

Force	
required	for	
fracture	(N)	

Root	canal	preparations	significantly	
reduced	the	force	required	to	fracture	
roots	compared	to	unprepared	controls.	
(Reduced	by	25%,	22%	&	43.7%,	
respectively)			
	
The	force	required	to	fracture	roots	
prepared	SystemGT	was	significantly	lower	
than	those	prepared	with	FlexMaster	or	
hand	K-files.	
	
Lateral	compaction	with	AH	and	gutta	
percha	had	no	significant	further	effect	on	
the	force	required	to	fracture	the	roots.		
	
	

û Decoronated	
û 2.5%	NaOCl	irrigation	
û With	and	without	RCF	
û No	coronal	restoration		
û No	PDL	simulation	
ü Alveolar	bone	simulation		
û Loading	at	15o	

Hegde	et	
al.402	
(2008)	

Mandibular	
premolars		

Gates	glidden	drills	(#2-
#3)	&	Ni-Ti	hand	files	
K-files(#25)	
Step	back	technique	
	
Ni-Ti	rotary	files:	
Quantec	LX	(#25/.06)	
ProTaper	(F2)	
V-Taper	(25/.08)	
	
	

Loading	via	D11	
endodontic	
spreader	until	
fracture	

Load	at	
fracture	(kg)	

No	significant	differences	in	the	load	
required	to	fracture	the	roots	prepared	
with	hand	and	rotary	files.	
	

û No	unprepared	control		
û Decoronated		
û 2.5%	NaOCl	irrigation	
ü RCF	present	
û No	coronal	restoration	
û No	PDL	nor	alveolar	

bone	simulation	
(mounted	in	putty)	

û Type	of	load	(wedging	
effect)		
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Author	
(year)	

Samples	 Canal	preparation	
techniques		

Mechanical	
test		

Mechanical	
properties		

Findings		 	 Comments	

Singla	et	
al.406	
(2010)	

Mandibular	
premolars		

Stainless-steel	hand:		
K-files	(40/.02)	
	
Ni-Ti	rotary	files:	
Profile	(40/.04)	
Profile	(40/.06)	
ProTaper	(F4)	

Loading	via	D11	
endodontic	
spreader	until	
fracture	

Force	
required	for	
fracture	(N)	

Root	canal	preparations	significantly	
reduced	the	force	required	to	fracture	
roots	compared	to	unprepared	controls	
(reduced	by	8%,	10%,	17%	&	24%,	
respectively)	

The	forces	required	to	fracture	roots	
prepared	with	hand	files	and	.04	rotary	
Profile	were	significantly	higher	than	those	
prepared	with	.06	Profile	and	ProTaper	
files.		

The	forces	required	to	fracture	roots	
prepared	with	.06	Profile	files	were	
significantly	higher	than	those	prepared	
with	ProTaper	files.		

>4%	taper	decreases	mean	force	for	
fracture	

	

û Decoronated		
û Saline	irrigation		
û No	RCF	
û No	coronal	restoration		
ü PDL	and	alveolar	bone	

simulation		
û Ethylene	oxide	used	for	

sterilization		
	

Abu	El	
Nasr	&	
Abd	El	
Kader376	
(2014)	

Maxillary	
premolars		

Ni-Ti	rotary	file:	
F2	ProTaper	file	(F2)	
	
Ni-Ti	Reciprocating:	
F2	ProTaper	file	(25/.08)	
Primary	WaveOne	
(25/.08)	
	
	

Vertical	
compression	
via	steel	
spherical	tip	
until	fracture	

Force	
required	for	
fracture	(N)	

The	force	required	to	fracture	the	roots	
prepared	using	F2	ProTaper	file,	whether	
rotating	or	reciprocating,	was	significantly	
lower	than	WaveOne.	

û Controls	not	tested		
û Decoronated	
û 2.5%	NaOCl	irrigation	
ü RCF	present	
û No	coronal	restoration			
û No	PDL	simulation		
ü Alveolar	bone	simulation	
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Author	
(year)	

Samples	 Canal	preparation	
techniques		

Mechanical		
test		

Mechanical	
properties		

Findings		 	 Comments	

Çapar	et	
al.401	
(2014)	

Mandibular	
premolars		

ProTaper	Ni-Ti	
rotary	files	(F4)	
	
Self	adjusting	file	
(SAF)		
	

Vertical	
compressive	load	
via	steel	conical	
tip	unit	fracture		

Load	
required	for	
fracture		(N)	

No	significant	differences	were	found	in	the	
load	required	for	fracture	between	
unprepared	roots	and	those	prepared	with	
ProTaper	rotary	or	SAF,	with	or	without	
RCF	with	lateral	compaction	technique.				

û Decoronated.	
û No	coronal	restoration.	
û No	PDL	simulation.		
û 2.5%	NaOCl	-	17%	EDTA	-

2.5%	NaOCl	
û RCF	and	no	RCF.	
ü Alveolar	bone	simulation.	

Santini	et	
al.404	
(2014)	

Maxillary	
canines		

K-files	hand	files	
[step	back	technique	
(40/.05)]	
		
Ni-Ti	rotary	files	
(40/.06)	

Compressive	load	
via	round	steel	tip	
on	the	palatal	
surface	
	
Transillumin-
ation	of	external	
root	surface	
		

Force	
required	for	
fracture	(N)	
	
	

The	force	required	to	fracture	root-filled	
and	resorted	teeth	was	similar	regardless	of	
the	root	canal	preparation	technique.		
	
Unfavourable	fractures	occurred	more	often	
in	the	teeth	that	had	Ni-Ti	rotary	file	
preparations	(88.2%)	compared	to	those	
prepared	with	hand	files	(67.8%).	

û No	unprepared	controls		
û Decoronated		
û 2.5%	NaOCl	-	17%	EDTA	

irrigation		
ü RCF	present	
ü Coronal	restoration	(fiber	

post	and	crown)	
ü PDL	and	alveolar	bone	

simulation		
ü Exposure	to	cyclic	loading		

Nur	at	
al.400	
(2015)	

Maxillary	
molars	(MB	
root)	

Ni-Ti	rotary	file:	
OneShape	(25/.06)	
	
Ni-Ti	reciprocating	
file:	
Reciproc	(25/.08)	
WaveOne	(25/.08)	

Vertical	
compression	via	
steel	conical	tip	
until	fracture	

Force	
required	for	
fracture	(N)	

Root	canal	preparation	with	OneShape	
significantly	reduced	the	force	required	to	
fracture	the	roots	compared	the		
unprepared	controls	(reduced	by	19%).		
The	reduction	in	the	force	required	to	
fracture	roots	prepared	with	Reciproc	and	
WaveOne	was	not	significant	compared	to	
the	controls	(reduced	by	4%	&	9%,	
respectively).	
No	significant	difference	found	among	the	
forces	required	to	fracture	prepared	roots	
with	rotary	and	reciprocating	files	

û Decoronated		
û 2.5%	NaOCl/17%	EDTA	
û No	RCF	
û No	coronal	restoration	
û No	PDL	simulation	
û Alveolar	bone	level	(4mm	

acrylic	mount	
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1.5.4.2.5 Chemical	irrigation	

There have been many investigations on the effects of various endodontic irrigating 

solutions on the structural and mechanical properties of dentine. However, this 

discussion is beyond the scope of this thesis and only the common adverse effects of 

NaOCl and EDTA(C) and their combination will be discussed in this section.  

(1) Sodium hypochlorite 

The deleterious effect of NaOCl on dentine has been demonstrated in a number of 

investigations. Along with its therapeutic effects, exposure to NaOCl - for prolonged 

periods and/or at high concentrations - resulted in significant reductions in flexural 

strength, shear strength, elastic modulus and microhardness of radicular dentine.411-417 

As a non-specific proteolytic agent, NaOCl indirectly affects these mechanical 

properties mainly by degradation of the collagen matrix of mineralised dentine.412 Also, 

reduction in dentine microhardness may indicate some alterations in the mineral 

component of dentine by NaOCl irrigating solution.412 As a result, the susceptibility of 

root-filled teeth to fracture under function might be increased accordingly. However, its 

effect on the organic matrix of dentine has been shown to be dependent on 

concentration and exposure time.249 Therefore, the undesirable effects on dentine 

substrate can be minimised - whilst achieving the desirable therapeutic effect - when a 

low concentration (i.e. 1%) of NaOCl is used as an irrigating solution, possibly 

accompanied with ultrasonics to reduce exposure time and improve efficiency. 

However, further research is needed in this area.  

(2) EDTA and EDTAC 

EDTA and EDTAC demineralise the inorganic components of dentine by calcium 

chelation.253, 254, 418, 419 These chelating agents have been suggested to facilitate 

negotiation and chemomechanical preparation of the root canal by demineralizing and 

softening of the dentine as well as improving smear layer removal from the root canal 

walls. Along with its desirable effects, there have been several reports on the adverse 

effects of such chelating agents on the structural and mechanical properties of dentine. 

There is a clear consensus about the reduction of dentine microhardness following 

exposure of root dentine sections to 17% EDTA and/or 15% EDTAC irrigating 

solutions. 413, 420-424 As in NaOCl irrigation, these effects are more profound with 



Chapter	1:	Literature	review		

 180 

prolonged exposure to these chelating agents.425 Of importance, EDTAC has been 

associated with relatively lower reduction in calcium ions as well as microhardness in 

comparison to EDTA solution.253, 423, 425, 426 An explanation for this can be that EDTAC is 

commonly used at 15% concentration whereas the commonly used concentration of 

EDTA is 17%. In addition, the presence of surfactant (cetrimide) may also play a 

role.426   

(3) Combination 

Although the use of a combination of NaOCl and EDTA(C) is essential for effective 

removal of the smear layer, the combined effects of these irrigating solutions on the 

mechanical properties of dentine has not been thoroughly investigated. Marending et 

al.427 showed that the irrigation sequence did not significantly affect flexural strength 

and elastic modulus when 2.5% NaOCl (for 21 minutes) followed by 17% EDTA (for 3 

minutes) and a final flush with 2.5% NaOCl (for 3 minutes) were exposed to dentine 

sections. They concluded that short-term exposure to EDTA following NaOCl had no 

further weakening effect on the dentine. Similarly, Zhang et al.249 evaluated flexure 

strength of dentine when 17% EDTA (for 2 minutes) was used as the final irrigant on 

dentine sections which were initially immersed in 1.3% or 5.25% NaOCl for 10–240 

minutes. They found that EDTA alone did not alter the flexure strength. Based on this 

finding, they concluded that NaOCl was the major contributor for the resultant 

reduction in flexure strength and the use of EDTA as the final irrigant had negligible 

effect. In contrast, Sayin et al.423 found that the use of 17% EDTA or 15% EDTAC for 

5 minutes followed by 2.5% NaOCl for another 5 minutes significantly reduced dentine 

microhardness.  

Although there has been a lot of attention in the literature regarding ‘dentine erosion’ 

that results from EDTA irrigation of NaOCl-treated dentine wall,256, 257 this appearance 

should not be considered an untoward event of EDTA after NaOCl. The relationship 

between dentine erosion and dentine microhardness was evaluated by Saghiri et al.428 In 

comparison to other irrigants, combined EDTA/NaOCl treatment for 5 minutes resulted 

in the highest amount of dentine erosion but the least reduction in microhardness at 

100um depth into the canal wall. Based on these findings, they concluded that dentine 

erosion of the canal walls does not necessarily contribute to the reduction in 
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microhardness whereas the role of penetration depth of the irrigating solution(s) may be 

more important.  

The recommended regimen is to use 15% EDTAC as the main irrigant during canal 

preparation, 1% NaOCl for the last 2-3 files and then a final flush with 15% EDTAC 

solution.194, 242 The effect of this regimen on the mechanical properties of dentine has 

not been investigated yet.  

Unfortunately, previous work has been limited by the use of dentine discs or sections 

and a lack of clinical relevance of the test methods used. The adverse effect of irrigating 

solutions and/or their combination on the entire tooth using a clinically relevant 

experimental model warrants further investigations.  
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1.5.4.2.6 Intracanal	medicament	

For the sake of scope of this thesis, the discussion in this section will only focus on 

Ca(OH)2 intracanal medicaments.   

The use of Ca(OH)2 as an intracanal medicament is widely accepted for the 

management of teeth with infected root canal systems and apical periodontitis. In the 

case of mature teeth, Ca(OH)2 is usually placed in the root canals for short periods of 

time - ranging from 1 to 4 weeks - in order to reduce the microbial load in the root canal 

system. However, if the mature tooth has been associated with a large periapical 

radiolucency, Ca(OH)2 may be left for longer periods of time (more than two months) to 

promote healing of the periapical areas and to allow accurate assessment of the need for 

surgical intervention. Also, long-term Ca(OH)2 might be implemented as part of 

managing mature teeth requiring endodontic treatment that have had root perforations, 

inflammatory root resorption, and traumatic injuries. Moreover, the application of long-

term Ca(OH)2 treatment is still a common approach for the management of immature 

traumatized teeth despite the availability of other materials (e.g. MTA) and techniques 

(e.g. revascularisation). In these clinical situations, Ca(OH)2 may be placed in the root 

canals for extended periods of time - ranging from 9 months up to 2-3 years in order to 

stimulate the formation of an apical hard tissue barrier prior to completing the root canal 

filling (i.e. apexification).429 However, placement of Ca(OH)2 in the root canals - 

mainly for extended periods of time - has been suggested to weaken the teeth.  

Some researchers have questioned the association of Ca(OH)2 during endodontic 

treatment and the increased susceptibility for tooth fracture. However, a recent review 

of the literature did not reveal any prospective clinical studies that have investigated the 

effect of Ca(OH)2 dressing on the tooth fracture susceptibly.430 A 4-year retrospective 

clinical study on subluxated and luxated maxillary incisors reported that cervical root 

fractures occurred from biting forces or minor impact during long-term intracanal 

Ca(OH)2 treatment or following root canal filling with gutta percha.431 The overall rate 

of cervical root fractures was about 40% amongst the immature teeth, whereas, in 

mature teeth, it was only 2%. This study outlined that these fractures were strongly 

associated with the stage of root development (as demonstrated in Figure 1.21) and the 

presence of inflammatory resorptive defects in the cervical area of the teeth. However, 

the average period of Ca(OH)2 treatment was 24 months and 11 months in immature 
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and mature teeth, respectively. Hence, it can be argued that the reduced amount of 

dentine plus the relatively longer period of Ca(OH)2 exposure in immature teeth may be 

responsible for the increased rate of root fracture.  

 
Figure	1.21	The	percentage	of	cervical	root	fractures	after	Ca(OH)2	dressing	and	4-years	follow	up	period	after	
root	canal	filling	with	gutta	percha,	distributed	according	to	the	stage	of	root	development:	1-4	=	immature	and	
5	=	mature.	(Courtesy	of	Cvek431)	

The effects of Ca(OH)2 on root fracture susceptibility and the mechanical properties of 

dentine have been investigated in-vitro (Table 1.18) As shown, the studies were carried 

out using human416, 432-440 or non-human teeth;415, 441-444 immature441-443 or mature 

teeth432, 435, 436, 438, 440, or dentine specimens (sections, discs, slabs) from specified or 

unspecified locations.415, 416, 433, 434, 437, 439, 444 Ca(OH)2 was used in the form of 

proprietary paste/s or it was prepared chair-side by mixing Ca(OH)2 powder with water, 

saline, or glycerine at various consistencies. The investigations were carried out at one 

point in time415, 416, 436, 441 or over multiple points in time.432-435, 437-440, 442-444 Different 

mechanical properties were investigated using different test methods. However, there is 

considerable controversy among their findings as to whether Ca(OH)2 treatment has a 

negative effect on the mechanical properties of dentine or not, and how long is the 

duration that Ca(OH)2 may be used without affecting the mechanical properties of 

dentine.  
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Of those studies that used immature sheep teeth,441-443 one study found that Ca(OH)2 

dressing significantly reduced the fracture strength after 2, 3, 6, 9, and 12 months 

compared to the time-independent controls - by 22% and 50% after 2 and 12 months, 

respectively.442 Within Ca(OH)2-filled groups, the progressive reduction in strength was 

significant after 2 months. In a similar study, 22% reduction in fracture strength was 

found after 100 days of Ca(OH)2 treatment compared to time-dependent controls and 

this reduction was considered statistically significant.441 In contrast, differences in 

fracture strength between Ca(OH)2-filled teeth and corresponding controls after 0.5, 2 

and 12 months were not significant.443 Within Ca(OH)2-filled teeth, the progressive 

reduction in fracture strength (8% after 2 months and further 20% after 12 months) was 

also not significant. Although similar methods were used in this study, the sample size 

was relatively larger (28 teeth) than the two aforementioned studies (10 teeth or less), 

which could explain the inconsistency in their results. Notwithstanding this, it is not 

appropriate to extrapolate the findings of these studies to the effects of Ca(OH)2 on 

mature teeth or human teeth.  

 Two studies were carried out on bovine dentine sections that were immersed in Petri 

dishes containing Ca(OH)2 formulation or saline (controls) during the exposure 

period.415, 444 The first study tested the force required to fracture the root dentine 

specimens after 5 weeks of Ca(OH)2 exposure and found a significant reduction (by 

32%) compared to the control counterparts.415 The other study investigated the modulus 

of elasticity using a non-destructive method. In comparison to the corresponding time-

dependent controls, the modulus of elasticity of radicular dentine was significantly 

increased after 7, 14, 21, 28, 56 and 90 days. However, the progressive increase was 

statistically significant after 7 days without further marked increase.444 These findings 

should be interpreted with caution since the changes in the properties of non-human 

dentine might not represent the changes that occur in human dentine. In addition, the 

dentine specimens were exposed to Ca(OH)2 from all directions, whereas in the clinical 

setting, Ca(OH)2 is only present in the root canals where the concentration of hydroxyl 

ions is the highest and their concentration decreases towards the periphery as they 

diffuse through the dentine tubules. Therefore, the deteriorating effects of Ca(OH)2 

could have been overestimated in those studies. Another potential problem is that the 

mechanical properties of dentine are dependent on the location and orientation of the 

dentine tubules, so variations between specimens are difficult to avoid.                  
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Overall, the methods used in these studies lacked clinical relevance from many aspects 

and thus their findings should be interpreted with caution.  

The remaining studies may be considered more clinically relevant in terms of the use of 

human tissues.416, 432-440 However, it is important to point out the other experimental 

factors that should be considered prior to extrapolating their findings to the clinical 

setting. Again, the use of dentine sections, slabs or discs introduces variations within the 

specimens depending on the location and orientation of the dentine tubules. It also 

overlooks the interaction of the structural components of the tooth - such as the bulk 

dentine, enamel and periodontal ligament, etc. - which are essential for the tooth’s 

ability to withstand functional loading. Furthermore, the effects of Ca(OH)2 may be 

considered more drastic in most of those studies because Ca(OH)2 in the test medium 

surrounded the dentine specimens from every direction during the exposure       

period.416, 434, 437, 439 This is reflected in the findings where Ca(OH)2 significantly 

influenced certain mechanical properties after relatively short periods of time. For 

example, Ca(OH)2 significantly reduced the flexural strength after 7 days,416 10 and 30 

days using three-point bend tests.434 Significant reduction in microhardness occurred 

after 3 and 7 days of Ca(OH)2 exposure compared to pre-treatment controls.439 Using 

paired longitudinally sectioned roots, reduction in nanohardness was significant after 3 

and 6 months but not after 1 month of Ca(OH)2 exposure.437 In contrast, Ca(OH)2 had no 

significant effect on modulus of elasticity during the first three months (1, 7, 10, 30 and 

90 days)416, 434, 437 but the effects were significant at 6 months when the elastic modulus 

was reduced by more than 50% compared to the corresponding control.437 These 

findings also show that initially Ca(OH)2 effects the surface of the tooth and with longer 

periods of exposure, the bulk of the dentine specimen is affected.  

Only two studies implemented intracanal exposure of Ca(OH)2 prior to tooth sectioning 

and specimen testing.433, 438 However, the canals were only mechanically prepared and 

rinsed with saline so there were no attempts to remove the smear layer following 

instrumentation which would negatively affect the amount of hydroxyl ions that could 

diffuse through the dentine. Therefore, the effects of Ca(OH)2 were less pronounced as 

demonstrated in the results where no significant effects on maximum load at fracture 

were found after 1 and 6 months when a proprietary paste was used, and after 1 month 

when Ca(OH)2 saline mixture was prepared chair-side.433 On the contrary, the edge 
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toughness was significantly increased after intracanal exposure for periods of 15, 30 and 

60 days compared to the controls that were tested immediately.438 However, the 

relevance of the test method used is questionable and requires further investigation.  

The remaining four studies used testing methods of mature human teeth in which the 

coronal tooth structure was either removed,436, 440 or maintained.432, 435 It is unlikely to 

be the case clinically that the teeth would lack coronal tooth structure and/or restoration 

during or following endodontic treatment. The two studies that used anterior teeth with 

intact coronal tooth structure represent the clinical situation more precisely in this 

regard.432, 435 Although intracanal exposure to Ca(OH)2 was implemented in all of these 

studies, only one long-term study considered the removal of smear layer following 

mechanical preparation of the root canals, and had a gutta percha root canal filling 

placed prior to mechanical testing in all groups including the controls.432 Replacement 

of the Ca(OH)2 during the period of the experiment and simulation of the periodontal 

ligament were only considered in another long-term study.440  

The heterogeneity in the experimental models lead to relatively inconsistent findings. 

When the force required to fracture decoronated mandibular premolars was tested 

following intracanal exposure to Ca(OH)2 paste, a significant difference was found after 

1 month in a short-term study and after 1 month, 3 and 6 months in a long-term study, 

compared to corresponding time-dependent controls (placed under similar 

conditions).436, 440 There was no significant difference between Ca(OH)2-filled teeth and 

controls after 12 months but it was significantly reduced when compared to 6-months 

Ca(OH)2-filled group. 240 However, it was interesting to notice that there was a 

significant increase (almost 50%) in the force required for fracture in Ca(OH)2-filled 

groups between 1 to 3 months. 240  

The microtensile fracture strength (MTFS) was investigated on anterior teeth in two 

independent long-term studies.432, 435 In comparison to the controls, Ca(OH)2 

significantly reduced MTFS after 84 days (3 months), while the effect was not 

significant after 7 and 28 days. 235 However, there was a progressive significant decrease 

in MTFS after 7 and 84 days months of Ca(OH)2 exposure which was preceded with an 

unexplained initial increase (11%) in microtensile fracture strength after 7 days.235 In 

contrast, the reduction in MTFS was significant after 6, 9, 12 and 18 months and no 

significant effect was evident after 1 and 3 months compared to the controls.231     
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Overall, there was progressive reduction in MTFS over-time but there was no testing 

prior to 1 month. 231 In both studies, the controls were not placed in similar conditions as 

the test teeth and therefore the results may not be valid.  

Although studies have shown that exposure to Ca(OH)2 could lead to alterations in the 

mechanical properties of dentine, the actual mechanism of action that Ca(OH)2 exerts 

on dentine has not been properly investigated. Some researchers have hypothesized that 

such effects are attributed to the tissue-dissolving property of Ca(OH)2 which can 

influence the organic content of dentine which mainly consists of collagen type I and 

this contributes considerably to the mechanical properties of dentine.416 Other 

researchers have postulated that the alkalinity of Ca(OH)2 can dissolve, neutralise and 

denature the acidic proteins and proteoglycans - containing carboxylate and phosphate 

groups that act as linking agents between hydroxyapatite crystals and collagen fibrils 

network - resulting in weakening of dentine.415, 432, 435, 442 

In conclusion, there is insufficient evidence to show whether Ca(OH)2 treatment has a 

negative effect on the tooth fracture susceptibility. There is also insufficient evidence to 

show how long is the duration that teeth should be exposed to Ca(OH)2 for these effects, 

if any, to become clinically evident. Hence, further investigations are needed using 

clinically relevant experimental models and test methods. 

 



 

 188 

Table	1.18.		An	Overview	of	experiments	evaluating	the	effect	of	Ca(OH)2	on	the	mechanical	properties	of	dentine	and	fracture	susceptibly.		

So
ur
ce
	

Author	
(year)	

Sample	 Type	of	
Ca(OH)2	

Exposure	
period	

Mechanical	
test	

Mechanical	
properties	

Major	findings/	conclusions	 Comments	

SH
EE
P	

Andreason	et	
al.442	(2002)	

Immature	
mandibular	
incisors	

Proprietary	
Ca(OH)2	paste	
(Calacept)	

0.5,	1,	2,	3,	
6,	9	&	12	
months	
	

Compressive	
load	until	
fracture	

Fracture	
strength	
(MPa)*	

Ca(OH)2	significantly	reduced	
the	fracture	strength		after	2,	3,	6,	
9	&	12	months	compared	to	the	
controls.	
(reduced	by	22%	after	2	months	
and	50%	after	12	months	
compared	to		2m-controls)	

Between	Ca(OH)2	groups,	
progressive	reduction	in	fracture	
strength	was	not	significant	
between	0.5	and	1	month;	
between	2,	3	&	6	months;	and	
between	3,	6,	9	&	12	months	of	
Ca(OH)2	exposure.	i.e.	significant	
after	2	month.	

	

ü Coronal	tooth	structure	
maintained	

û Small	sample	size	(n=10)	
û Controls	were	tested	at	

different	points	in	time	
(after	0	&	2	months	only).	

û No	CMP	of	the	root	canals.	
û No	RCF.	
û No	PDL	simulation.	
û Facial	loading.	
û No	replacement	of	dressing.	

Andreason	et	
al.441	(2006)	

Immature	
mandibular	
incisors	

Proprietary	
Ca(OH)2	paste	
(Calacept)	

100	days	 Compressive	
load	until	
fracture	

Fracture	
strength*	
(MPa)	

Ca(OH)2	significantly	reduced	
fracture	strength	after	100	days	
compared	to	the	controls	
(reduced	by	22%).	
	

ü Coronal	tooth	structure	
maintained	

ü Time-dependent	controls	
û Small	sample	size	(n=10).	
û No	CMP	of	the	root	canals.	
û No	RCF.	
û No	PDL	simulation.	
û Facial	loading.	
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So
ur
ce
	

Author	
(year)	

Sample	 Type	of	
Ca(OH)2	

Exposure	
period	

Mechanical	
test	

Mechanical	
properties	

Major	findings/	conclusions	 Comments	

SH
EE
P	

Hatibović-
Kofman	et	
al.443	(2008)	

Immature	
mandibular	
incisors	

Proprietary	
Ca(OH)2	paste	
(UltraCal	XS)	

0.5,	2	&12	
months	

Compressive	
Load	until	
fracture	

Fracture	
strength*	
(MPa)	

No	significant	differences	in	
fracture	strength	between	0.5,	2	
and	12	months	exposed	Ca(OH)2		
teeth	and	corresponding	time-
dependent	controls.	
	
Progressive	reduction	in	fracture	
strength	within	Ca(OH)2		groups	
was	not	significant	after	0.5,	2		
(reduced	by	8%)	and	12	months	
(further	reduced	by	20%)	
exposure	time	(i.e.	total	of	28%)	
	

ü Time-dependent	controls.		
Controls	tested	over	the	
similar	points	in	time.	

û No	CMP	of	the	root	canals.	
û No	RCF.	
û No	PDL	simulation.	
û Facial	loading.	

BO
VI
N
E	

White	et	
al.415	(2002)	

	

Cervical	
dentine	
sections	

Not	specified	 5	weeks	 Shear	stress	
until	fracture	

Force	
required	for	
fracture	
(N/g)	

Ca(OH)2	significantly	reduced	
force	required	for	fracture	
(reduced	by	32%).	

	

û Dentine	sections	immersed	
in	test	or	control	(saline)	
solutions	in	Petri	dishes	for	
5	weeks	
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So
ur
ce
	

Author	
(year)	

Sample	 Type	of	
Ca(OH)2	

Exposure	
period	

Mechanical	
test	

Mechanical	
properties	

Major	findings/	conclusions	 Comments	

BO
VI
N
E	

Kawamoto	et	
al.444	(2008)	

Coronal	and	
radicular	
dentine	slabs	
from	the	
labial	side	of	
the	tooth	

Proprietary	
Ca(OH)2	paste	
(Calcipex	II)	
 

 

 

 

	

1,	7,	14,	
21,	28,	56	
&	90	days	

Ultra-sonic	
pulse	method	
(non-
destructive	
method)	

Modulus	of	
elasticity	
(GPa)	

Ca(OH)2		significantly	increased	
modulus	of	elasticity	in	coronal	
dentine	after	1	day	without	any	
further	significant	differences	
within	the	specimen.	Compared	
to	time-dependent	controls,	
significant	increase	in	elastic	
modulus	after	1,	7,	14,	21,	28,	56	
and	90	days.	
	
Ca(OH)2		significantly	increased	
modulus	of	elasticity	in	radicular	
dentine	after	7	days.	No	further	
significant	increase	within	the	
specimens.	Compared	to	time-
dependent	controls,	significant	
increase	in	elastic	modulus	after	
7,	14,	21,	28,	56	and	90	days.	
	

û Small	sample	size	(n=6).	
û Dentine	slabs	exposed	to	

Ca(OH)2	paste	or	saline	in	
Petri	dishes.	

ü Time-dependent	controls.	

H
U
M
AN

	

Grigoratos	et	
al.416	(2001)	

Dentine	bars	
	

Ca(OH)2	
powder	+	
distilled	water	
solution	

7	days	 Three-point	
bend	test	

Modulus	of	
elasticity	
(Nm-2)	
	
	
Flexural	
strength	
(Nm-2)	

Ca(OH)2	had	no	significant	effect	
on	the	modulus	of	elasticity	
compared	to	the	control.	
	
Ca(OH)2	significantly	reduced	
the	flexural	strength	compared	to	
the	control.	
	

û Dentine	bars	from	
unknown	location.	

û Dentine	bars	exposed	to	the	
test	solutions	in	containers.	

û Differences	in	specimens’	
behaviour	were	revealed.	
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So
ur
ce
	

Author	
(year)	

Sample	 Type	of	
Ca(OH)2	

Exposure	
period	

Mechanical	
test	

Mechanical	
properties	

Major	findings/	conclusions	 Comments	

H
U
M
AN

	

Yoldaş	et	
al.439	(2004)	

Dentine	discs	
from	the	
middle	third	
of	the	root	

Ca(OH)2+	
distilled	water	
solution;	
Ca(OH)2+	
glycerin		
mixture	

1,	3	&	7	
days	

Knoop	micro-
hardness	test	

Micro-
hardness	
(KNH)	

Both	Ca(OH)2	mixtures	
significantly	reduced		
microhardness	after	3	&	7	days	
compared	to	pretreatment	
controls.	

The	reduction	in	microhardness	
was	significantly	greater	in	
Ca(OH)2/	glycerin	than		Ca(OH)2/	
water	combinations.	

û Comparisons	with	the	
pretreatment	controls.	

ü Mechanical	preparation	of	
the	root	canals	prior	to	root	
sectioning.	

û No	chemical	irrigation	
û Dentine	discs	placed	in	

Petri	dishes.	

Doyon	et	
al.433	(2005)	

Radicular	
dentine	
sections	

USP	Ca(OH)2	
powder	+	saline	
mixture;	
Proprietary	
Ca(OH)2	paste	
(Metapaste	)	

1	&	6	
months	

Compressive	
Load	until	
fracture	

Peak	load	at	
fracture	(kg)	

Only	USP	Ca(OH)2	/saline	paste	
mixture	significantly	reduced	
load	required	for	fracture	after	6	
months	compared	to	the	control	
and	other	test	groups.	

ü Mechanical	preparation	of	
the	root	canals	and	prior	to	
sectioning.	

û Sectioning	followed	
Ca(OH)2		intracanal	
exposure.	

û Controls	tested	over	the	
same	various	points	in	time.	

û Dentine	sectioned	after	
exposure	period.	
	

Marending	et	
al.	434	(2009)	

Radicular	
dentine	bars	

Ca(OH)2	
powder	+	saline	
mixture	

1,	10	&	30	
days	

Three-point	
bending	test	

Flexural	
strength	
(MPa)	
	
Modulus	of	
elasticity	
(GPa)	

Compared	to	the	control,	Ca(OH)2	
significantly	reduced	flexural	
strength	after	10	days	and	30	
days	(Almost	35%	reduction	
observed	after	10	days	without	
further	evident	decrease	at	30	
days).	
No	significant	effect	on	modulus	
of	elasticity.	

û Dentine	bars	exposed	to	
test	mixture	or	saline	in	
tubes	

û Compared	to	Controls	
tested	at	only	one	point	in	
time	(30	days).	

û Location	of	dentine	bars	not	
specified.	
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So
ur
ce
	

Author	
(year)	

Sample	 Type	of	
Ca(OH)2	

Exposure	
period	

Mechanical	
test	

Mechanical	
properties	

Major	findings/	conclusions	 Comments	

H
U
M
AN

	

Twati	et	
al.437	
(2009)	

Paired	
longitudinally	
sectioned	
root	halves	

Proprietary	
Ca(OH)2	paste	
(UltraCal	XS)	

1,	3	&	6	
months	

Nano-
indentation	

Nano-
hardness	
(GPa)	
	
	
	
Modulus	of	
elasticity	
(GPa)	
	

Ca(OH)2		significantly	reduced	
nanohardness	after	3	&	6	
months	compared	to	the	
corresponding	time-dependent	
controls	(almost	reduced	by	50%	
and	67%,	respectively)	
	
Ca(OH)2		significantly	reduced	
modulus	of	elasticity	after	6	
months	compared	to	the	
corresponding	time-dependent	
controls	(more	then	50%	
reduction)	
	
	

ü Time-dependent	Controls.	
Controls	tested	over	similar	
points	in	time.	

û Halved	roots	placed	in	Petri	
dishes	for	Ca(OH)2	paste		
exposure.	

û Small	sample	size	(n=5)	but	
paired.	

Whitbeck	et	
al.438	(2011)	

Mature	teeth	
then	exposed	
root	dentine	
in	the	vicinity	
of	root	canal	

Ca(OH)2	
powder		+	
deionized	
water	mixture	

15,	30	&	
60	days	

Edge	chipping	 Edge	
toughness	
(N/mm)	

Ca(OH)2		significantly	increased	
edge	toughness	after	15,	30	&	90	
days	compared	to	the	controls.	

û Small	sample	size	(n=3).	
û Relevance	of	test	method.	
ü Mechanical	preparation	of	

the	root	canals.	
û Saline	as	irrigant.	
û Intracanal	Ca(OH)2	

exposure	prior	to	preparing	
for	testing.	

û Control	tested	immediately	
û Control	and	test	teeth	had	

no	RCF.	
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So
ur
ce
	

Author	
(year)	

Sample	 Type	of	
Ca(OH)2	

Exposure	
period	

Mechanical	
test	

Mechanical	
properties	

Major	findings/	conclusions	 Comments	

H
U
M
AN

	

Rosenberg		
et	al.435	
(2007)	

Maxillary	
incisors	
	

Ca(OH)2	
powder	+	saline	
mixture	

7,	28	&	84	
days	
	

Instron		
microtensile	
fracture	
strength	

microtensile	
fracture	
strength	
(MPa)	

Ca(OH)2		significantly	reduced	
MTFS	after	84	days	compared	to	
control	(reduced	by	23%).	
	
Reduction	in	MTFS	was	
significant	between	7	&	28	days	
Ca(OH)2-filled	groups	and	7	&	84	
days	Ca(OH)2-filled	groups	
(reduced	by	43.9%)	

ü Coronal	tooth	structure	was	
maintained	

ü CMP	of	the	root	canals	
û Only	NaOCl	irrigation	
û No	replacement	of	dressing.	
û No	PDL	simulation	
û Control	group	had	gutta-

percha	RCF	whereas	test	
groups	had	no	RCF.	

û Immediately	tested	
controls.	

û Load	oriented	at	the	
cervical	area	of	the	tooth.	
	
	

Sahebi	et	
al.436	(2010)	

Mandibular	
premolars		

Ca(OH)2		
powder	+	saline	
mixture	

1	month	 Compressive	
force	until	
fracture	

Force	
required	for	
fracture	(kg	
cm-1)	

Ca(OH)2	significantly	reduced	the	
force	required	for	specimen	
fracture	compared	to	the	
corresponding	control.	
(Reduction	by	14.4%)	

ü Time-dependent	controls.	
ü Mechanical	preparation	of	

the	canals.	
û Irrigation	with	saline	

(smear	layer	present)	
û No	RCF.	
û Teeth	were	then	decorated	

and	apically	sectioned.	
û Neither	PDL	nor	alveolar	

bone	simulation.	
û Force	applied	at	coronal	

end,	open	root	canal	space.	
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So
ur
ce
	

Author	
(year)	

Sample	 Type	of	
Ca(OH)2	

Exposure	
period	

Mechanical	
test	

Mechanical	
properties	

Major	findings/	conclusions	 Comments	

H
U
M
AN

	

Batur	et	al.432	
(2013)	

Mandibular	
incisor	

Ca(OH)2		+	
saline	mixture	

1,	3,	6,	9,	
12	&	18	
months	

Load	until	
fracture	

Microtensile	
fracture	
strength	
(MPa)	

Ca(OH)2	significantly	reduced	
MTFS	of	teeth	after	6,	9,	12	
&	18	months	compared	to	the	
controls.	
	
Significant	differences	in	MTFS	
between	one-month	and	18-
months	Ca(OH)2		groups	
(reduction	by	40%)	and	between	
3-months	and	18	months		
Ca(OH)2		groups	(reduction	by	
31%).	

ü Coronal	tooth	structure	
maintained.	

ü CMP	of	the	root	canals.	
ü Control	gutta	percha	RCF.	
ü Test	teeth	had	gutta	percha	

RCF	following	intracanal	
exposure	periods.	

û Control	group	at	single	
point	in	time	(7	days	after	
RCF)	

û No	PDL	simulation.	
û Load	applied	at	the	cervical	

surface	of	the	tooth.	

Zarei	et	al.440	
(2013)	

Mandibular	
premolar		

Ca(OH)2		+	
saline	mixture	

1	week,	1,	
3,	6	&	12	
months	
	

Compressive	
force	until	
fracture	

Force	
required	for	
fracture	(N)	

Ca(OH)2		significantly	reduced	the	
force	required	for	tooth	fracture	
1,	3	&	6	months	compared	to	
time-dependent	controls.	
	
Within	the	Ca(OH)2		group,	a	
significant	increase	in	the	force	
required	for	tooth	fracture	at	3	
months	in	comparison	to	the	
previous	period	of	time	(1month)	
and	a	significant	decrease	at	12	
months	in	comparison	to	the	
previous	period	of	time		
(6	months).	
	

ü Time-dependent	controls.	
û Decoronated	teeth.	
ü CMP	of	the	root	canals.	
û No	RCF.	
ü PDL	simulation.	
ü Ca(OH)2	dressing	replaced	

at	each	time	period.	
û No	analysis	of	data	within	

each	group,	only	significant	
changes	over	time	
(compared	to	previous	time	
period).	

CMP:	Chemo-mechanical	preparations,	RCF:	Root	canal	filling,	PDL:	Periodontal	ligament	
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1.5.4.2.7 Root	canal	filling	
Root canal filling may play a role in the increased risk for tooth fracture depending on:  

(1) Stresses originating from the root canal filling procedures: 

a. Forces applied during root canal filling 

Many researchers and clinicians have believed that spreader-induced forces during 

lateral compaction are one of the major causes for vertical root fracture. A number of in-

vitro studies have found that such forces ranged from 1-3 kg.445-447 when compared to 

the spreader-induced forces required to fracture various tooth types, these forces have 

been shown to be lower and within the safe limit.445-449 As suggested by Pitt et al.,448 the 

spreader-induced forces during lateral compaction should not exceed 70% of the 

minimum force required to fracture the root. In accordance with this suggestion, 

Lertchirakarn et al.445 reported that the safe limits ranged from 2.4-6.4 kg, being the 

lowest in mandibular incisors. However, a spreader-induced load as small as 1.5 kg has 

resulted in root fracture in mandibular incisors,449 which is still considered above the 

applied lateral compaction forces in this particular tooth type.445 According to   

Lindauer et al.,446 even the application of a 4.9 kg load during root canal filling of the 

mesial root canals of mandibular molars did not result in fracture.446 Such load 

exceeded the safe limit of mesial roots of mandibular molars (3.4 kg) reported by 

Lertchirakarn et al.445 but it was still above the level applied during lateral compaction.  

Regardless of the tooth type, root canal filling procedures should not be considered as a 

cause for vertical root fracture unless excessive forces are applied or the root has been 

weakened by over-instrumentation.445  

b. Spreader design  

Other studies have investigated the spreader design as a potential factor for root 

fracture.445, 446, 450 In comparison to finger spreaders, hand spreaders (D11T or D11) 

resulted in higher applied loads and the root strains during root canal filling.445, 446, 450 

Of importance, the insertion of such tapered, inflexible condensing instruments - i.e. 

D11 spreader - into curved root canals produced high root distortion, potentially 

increasing the risk for fracture.451 However, the applied loads via D11T spreaders were 

still lower than the loads required to fracture the roots.445 Also, the wedging effect of the 

spreader could be variable when the spreader contacts the wall or when it is surrounded 

by gutta-percha.396  
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c. Root canal filling technique 

During root canal filling of maxillary incisors, the applied vertical forces have been 

found to be similar whether lateral compaction of gutta-percha (2.47 kg) or vertical 

compaction of thermoplasticised gutta-percha (2.59 kg) was tested and a significantly 

lower compaction force (0.92 kg) was associated with Thermafil root filling 

techniques.447 In the same study,447 these values were shown to be lower than the forces 

required to fracture the roots.  

Using strain gauges on the outer root surfaces, the magnitude and the pattern of strains 

generated in the roots were distinctive.447 During lateral compaction, apical strains were 

higher than the coronal strains and no thermal strains were detected. In the case of 

vertical compaction of thermoplasticised gutta-percha or insertion of Thermafil, the 

coronal part of the roots exhibited higher strains than the apical part - whilst 69.4% and 

95.1% of the respective coronal root strains, and 22.4% and 92.8% of the respective 

apical root strains have been attributed to thermal strain. Of these three techniques, 

vertical compaction generated the highest magnitude of strains, being higher coronally 

than apically. The increase in root strains has been suggested to increase the root’s 

susceptibility for fracture. However, these measurements represent the outer strain only 

since strain gauges cannot be applied to the inner canal wall. Furthermore, validation 

with an FEA model showed that measurements of outer root strains do not reflect the 

real situation of the internal stresses in the root.396   

d. Induction of dentinal defects 

According to FEA studies,396 high stress concentration sites in the root canal wall 

produced upon simulation of spreader-induced forces - i.e. the wedging effect when it 

contacts the root canal wall or evenly distributed load on the entire root canal when it is 

surrounded by gutta percha - were considered as potential sites for crack initiation. In 

both cases, the stresses were highest at the root canal wall and lowest at the root surface. 

The distribution of the stresses within the root is also affected by other factors (refer to 

sections 1.5.4.2.4 and 1.5.4.4.1).  

Many researchers368, 369, 371, 382, 452, 453 have attempted to evaluate the initiation and/or 

propagation of dentinal defects in the canal wall following root canal filling procedures. 

An overview of some finding is shown in Table 1.19. There is a clear consensus that 
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passive compaction techniques such as the use of single cone are less likely to induce 

dentinal defects or cause crack propagation whereas, the presence of dentinal cracks 

and/or fractures is usually associated with pressure-filling techniques, with no obvious 

differences between lateral and vertical compaction techniques. 

(2) Root and/or root canal wall status after chemo-mechanical preparation: 

a. Weakened roots by over-instrumentation  

Susceptibility of any root to fracture during root canal filling is markedly increased as a 

result of excessive canal enlargement during chemo-mechanical preparation of the root 

canals.394 Larger canal preparations can lead to higher stresses when compaction forces 

are applied.  

b. Presence of dentinal defects in the root canal wall 

As mentioned before, the presence of any defect in the root canal wall can act as a stress 

concentration site upon application of load. Therefore, dentinal cracks created during 

root canal preparation can be extended by the loads of the root canal filling procedures, 

thus increasing the risk of fracture.369, 371, 447, 452  

(3) The effect of root canal filling materials   

It is generally accepted that the most commonly used endodontic cements had similar 

effects on the tooth strength.454, 455 Similarly, root canal filling techniques did not appear 

to have variant effects.401, 404  

Many clinicians believe that root canal filling with resin-based materials (e.g. Resilon) 

provide resistance for the tooth for fracture due to the adhesion of the root canal filling 

via a ‘monoblock’ effect. However, the presence of a ‘monoblock’ could not be 

confirmed along the whole root canal filling, plus the longevity of such bonding has 

been questioned.456 Furthermore, experimental studies have revealed that such root 

canal fillings do not reinforce the tooth and the forces required for tooth fracture were 

not different whether gutta-percha or resin-based filling was placed inside the root 

canals.454, 457, 458 Hence, there is no evidence to validate this belief at this stage which 

warrant further investigation.  
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Table	1.19.		Overview	of	in-vitro	studies	that	examined	the	presence	of	dentinal	defect	in	extracted	teeth	following	root	canal	filling	techniques.		

2 

Author	
(year)	

Sample	 RCF	
technique	

Criteria		 Method	 Relevant	findings		 Comments	

Shemesh	et	
al.368	(2009)	

Mandibular	
premolars		
	
SystemGT	Ni-
Ti	rotary	files	
(40/.06)	

Lateral	
compaction		
	
Passive	
compaction		

Internal	dentinal	
defects:	
“Fracture”	
Craze	line		
Partial	cracks	

Stereomicroscope	
	

horizontal	
sections	at	3,	6,	
9mm	from	apex	

Craze	lines	and	partial	cracks:		
Lateral	compactiona>	passive	compactionab>	canal	prepb>	
controlc		
Fracture:	
Lateral	compactiona>passive	compactionab>canal	prepab	>	
controlb	
Any	defect:	
Lateral	compactiona>	passive	compactionb>	canal	prepb>	
controlc		
	

No	simulation	of	
PDL	and	alveolar	
bone	

Shemesh	et	
al.369	(2010)	

Mandibular	
premolars	
ProTaper	
rotary	file	
(40/.06)	

Lateral	
compaction		
	
Continuous	
wave		
	

Internal	dentinal	
defects:	
“Fracture”		
Craze	line		
Partial	cracks	

Stereomicroscope	
	

horizontal	
sections	at	3,	6,	
9mm	from	the	
apex	
	
	

No	fractures		
craze	line	and	partial	cracks:	
Lateral	compactiona>	continuous	waveab>canal	prepb	>	
controlc	
	

No	simulation	of	
PDL	and	alveolar	
bone	
	

Barreto	et	
al.371	(2012)	

Upper	
anterior	teeth	
	

Protaper	
Universal	Ni-
Ti	rotary	files	
(F3	#30)	

Lateral	
compaction	
	

Passive	
compaction	
	

Tagger’s	
hybrid		
	

Internal	dentinal	
defects:	
“Fracture”	
Other	defects		

Stereomicroscope	
	
horizontal	
sections	at	3,	6,	
9mm	from	the	
apex	

	Other	defects:		
Passive	compactiona>	canal	prepa	>	lateral	compactiona	=	
Hybrida	
Fracture:	
Hybrida	(33.3%)>	lateral	compactiona	(13.3%)>	passive	
compactionb(0)	=	canal	prepb			
	

Mechanical	
cycling		
PDL	simulation		
Alveolar	bone	
simulation	
	
	

Adorno	et	
al.384	(2013)		

Single	rooted	
premolars		
(buccal	canal)	
	

hand	K-files	
#40	

Lateral	
compaction	
	

Lateral	and	
vertical	
compaction	
		

Dentinal	crack	
	
Initiation	
Propagation		

Digital	microscope	
	
Apical	1.5mm	was	
ground		

No	crack	initiation.	
	
Propagation	of	existing	cracks	was	similar	using	the	two	
techniques		

No	sealer		
No	simulation	of	
PDL	and	alveolar	
bone	
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Different	footnote	indicates	significant	differences	among	the	groups.	
	

 

Author	
(year)	

Sample	 RCF	technique	 Criteria		 Method	 Relevant	findings		 Comments	

Çapar	et	
al.382	(2015)	

Mandibular	
premolars	
	
ProTaper	
Universal	(F5)	

Single	cone	
(ProTaper	
Universal)		

Dentinal	cracks	
	
Initiation		
Propagation		

Stereomicroscope		
	
Apical	1	mm	was	
ground	
		
Horizontal	
sections	at	2,	4,	6	
&	8	mm	from	the	
apex		
	
	

Single	cone	filling	procedure	had	no	significant	
effect	on	apical	crack	initiation	and	propagation.	

No	alveolar	bone	
simulation		

Çapar	et	
al.453	(2015)	

Mandibular	
incisors		
	
ProTaper	
Universal	(F2)	
	
	

Lateral	
compaction	
	
Continuous	wave		
	
Single	cone	
(ProTaper	
Universal)	

Dentinal	cracks	
	
Fractures		

Stereomicroscope		
	
Horizontal	
sections	at	2,	4,	6	
&	8	mm	from	the	
apex	

Dentinal	cracks	(total	sections):	
Continuous	wavea	(27.5%)>	lateral	compactiona	
(22.5%)>	single	coneb	(8.8%)>	canal	prepb	(7.5%)>	
unpreparedc	(0)	
At	8mm,	highest	number	of	sections	exhibiting	
cracks	in	lateral	compaction	and	continuous	wave.		
Fracture	(per	tooth):	
Continuous	wavea	(10%)>	lateral	compactiona	
(5%)>	single	conea(5%)>	canal	prepa	(5%)	
		
Except	for	single	cone,	the	retreatment	procedure	
following	the	different	filling	techniques	caused	
more	cracks	than	the	original	fillings.	
	

No	alveolar	bone	
simulation	
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1.5.4.3 Factors	related	to	restorative	dental	treatment	

Restoration of root-filled teeth which have typically lost significant amount of tooth 

structure can be challenging as there are many clinical factors to be considered.459 These 

factors include the periodontal support, occlusion, parafunction and the intended 

function of the tooth (e.g. serving as a single-unit restoration or an abutment for a 

bridge, overdenture or removable partial denture).459 This will allow the clinician to 

provide a comprehensive restorative treatment plan that aims to balance the functional 

demands on the tooth against its support and structural integrity, consequently reducing 

the risk for tooth fracture. 

Despite the wide existing literature on definitive coronal restorations of root-filled teeth, 

an extensive review is beyond the scope of this thesis. In general, the influence of 

restorative procedures on the fracture susceptibility of root-filled teeth can be due to the 

following: 

1.5.4.3.1 Coronal	and/or	radicular	tooth	structure	loss		

Following root canal treatment, teeth have typically lost their structural integrity as a 

result of both the presence and removal of caries, cracks and pre-existing restorations, 

plus the access cavity and the mechanical enlarging of the canals. Preparation of the 

tooth for the definitive coronal restoration may involve additional loss of coronal and/or 

radicular tooth structure. Although the tooth’s suitability for further restoration should 

have been assessed at the tooth investigation stage after removing of caries, cracks and 

pre-existing restorations, the associated loss of coronal tooth structure should be 

considered as a restorative rather than an endodontic factor. 

(1) Extent of the cavity 

As previously discussed, most clinical studies have indicated a potential association 

between the presence of a crack or fracture in a tooth and extensive restorations with 

undermining cusps, marginal ridges or involving multiple surfaces. In a retrospective 

clinical study,358 root-filled teeth with up to two restored surfaces survived for 

significantly longer periods - with less occurrences of tooth fractures - compared to 

those with three or more restored surfaces. In addition, the increased proportional 

volume of the restoration (i.e. decreased remaining tooth structure) has been described 

as one of the strongest risk indicators for non-carious cusp fracture in posterior teeth.150 
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The weakening effect of extensive cavities has also been shown in-vitro.349, 351, 353, 354 

Such effect is not only dependent on the amount of tooth structure loss but also on the 

location of the loss. Of importance, the major weakening has been attributed to the loss 

of marginal ridge(s) integrity as discussed previously (See Tables 1.14 and 1.15 in 

section 1.5.4.2.2). 

The integrity of the marginal ridge has been shown to play an essential role in cusp 

strains and relative stiffness in endodontically treated posterior teeth.343, 346, 348 In the 

Linn & Messer348 study, loss of the mesial marginal ridge in mandibular molars - which 

had an access cavity and root canal enlargement as baseline - led to reduction of the 

relative stiffness of the mesial and distal cusps by ~ 19% and 6%, respectively.348 The 

relative stiffness of both cusps was reduced by ~ 40% each when the distal marginal 

ridge was lost. Similarly, the relative stiffness of the mesial cusps was reduced by ~30 -

40% after MOD cavity preparation in the Jantarat et al.343 study although intact 

mandibular molars were used for baseline measurement and different cavity sequence 

was investigated (intactà	 MOD cavity à access cavity) compared to the Linn & 

Messer348 study (access cavity à MO cavity à MOD cavity). In terms of cusp strains, 

an MOD cavity led to a substantial increase in ML and MB cusps strains343 and in both 

mesial and distal cusps of mandibular molars.348 when compared to the Reeh et al.346 

study, loss of marginal integrity in maxillary premolars resulted in more profound 

reduction in the corresponding cusp stiffness, being ~40% and ~63% in MO and MOD 

cavities, respectively. It can also be noted from this study that approximately a 20% loss 

of tooth strength occurred with each prepared surface.346  

In addition to cusp strains and relative stiffness, loss of marginal ridge(s) has been 

considered to be an important factor in increasing cusp deflection in posterior       

teeth.20, 341, 343, 344 As shown in Table 1.14, there is a progressive increase in cusp 

deflection of maxillary premolars with increasing cavity preparation sequence, being 

more profound when both marginal ridges were missing.341, 344 Similarly, deflection of 

the mesial cusps of mandibular molars was greater in MOD cavities than in MO 

cavities, with such differences being significant only after endodontic access cavity had 

been prepared.20  
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The deteriorating effect of loss of marginal ridge integrity on the force required to 

fracture root-treated posterior teeth can also be deduced from previous investigations 

(Table 1.15).  In mandibular molars, preparing a conservative MOD cavity reduced the 

force required to fracture the teeth by 35% but when an access was also prepared, the 

forces were reduced by 64% in comparison to intact teeth.353 In the case of maxillary 

premolars, loss of mesial and distal marginal ridges significantly reduced the forces 

required to fracture the teeth, whether or not endodontic procedures were      

perfomed.349, 352, 354  

Overall, these findings highlight that the presence of an uninterrupted band of enamel 

(i.e. intact marginal ridges) is a key factor in retaining tooth strength. In addition to 

marginal ridge integrity, other factors such as increase in isthmus width, cavity depth 

and/or the number of surfaces involved,128, 154 loss of the axial wall (between proximal 

box and access cavity)345, 354 plus the presence of sharp internal line angles associated 

with amalgam and gold restorations can also increase the fracture susceptibility of root-

filled teeth under function. 

(2) Remaining coronal tooth structure  

The clinical assessment of the residual coronal tooth structure is generally based on 

clinical opinion. McDonald and Setchell459  developed a ‘tooth restorability index’ - 

which is based on subjective recommendations - to assist clinicians to assess the 

remaining coronal tooth structure of root-treated teeth in terms of height, thickness and 

distribution, and its contribution to retention and resistance form of extra-coronal 

restorations.459 As per their suggestion, a reliable visual assessment of the dentine wall 

thickness can be facilitated by placing the core restoration after the final crown 

preparation.459  

The residual coronal tooth structure has been described as one of the most important 

factors for the longevity of restored root-filled teeth.162, 460, 461 In a randomised clinical 

trail,162 the six-year survival rate of root-filled and crowned premolars was significantly 

influenced by the residual amount of coronal tooth structure (i.e. number of remaining 

coronal dentine walls). Table 1.20 shows their data irrespective of the restorative 

procedure. As shown, root fractures leading to extractions (i.e. absolute failures which 

in turn generated the survival rate) were more frequent in teeth with reduced number of 

coronal dentine walls and were highest in those without a ferrule. Of note, all of the root 
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fractures were reported in teeth restored without any intra-radicular retention, with 

exception of 36% (4 out of 11) of those found in teeth without a ferrule being associated 

with post-retained restorations. Despite the high level of evidence provided, it was 

addressed in this clinical study that the residual amount of coronal dentine could be 

overestimated because it was assessed prior to crown preparation, which is common in 

clinical studies.  

Table	1.20.	An	overview	of	the	relevant	finding	from	Ferrari	et	al.162	six-year	survival	study.	

Fa
ilu
re
	 Number	of	remaining	

walls	
4	walls	 3	walls	 2	walls	 1	wall	

	

0	walls	

ferrule	

	

0	walls	

no	ferrule	

Number	of	teeth	 53	 52	 53	 51	 50	 57	

‘R
el
at
iv
e’
	

Post	dislodgement	 0	 1	 0	 3	 4	 4	

Post/core	fracture	 0	 2	 3	 3	 4	 6	

Crown	dislodgement	 0	 3	 7	 9	 14	 13	

Infected	 root	 canal	

system	
0	 5	 5	 6	 7	 10	

‘A
bs
ol
ut
e’
	 Root	fracture	

	

	

	

0	 0	 1	 3	 4	 11	

Success	rate	 100%	 78.8%	 69.8%	 52.9%	 34%	 22.8%	

Survival	rate	 100%	 100%	 98.1%	 94.1%	 92.6%	 80.7%	

Experimental studies have also highlighted the crucial positive effect of preserving the 

coronal tooth structure on tooth strength whether residual cavity walls for intracoronal 

restorations (e.g. amalgam or composite resin),357, 462, 463 or residual dentine walls for 

crown restorations were evaluated.356, 357, 464, 465 Of note, the location of residual coronal 

tooth structure is also important when the tooth lacks complete circumferential coronal 

structure.464 

In addition to preserving coronal dentine walls, maintaining the cervical dental tissues 

to create a ferrule effect has been considered essential to the performance and longevity 

of restored root-filled teeth.162, 466-468 A ‘ferrule’ effect is defined as a ‘‘360o metal collar 
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of the crown surrounding the parallel walls of the dentine extending coronal to the 

shoulder of the preparation. The result is an elevation in resistance form of the crown 

from the extension of dentinal tooth structure.’’469 More specifically, the bracing 

cervical zone of a crown restoration over the axial tooth structure between the core and 

preparation finish line constitutes the ‘ferrule’ effect.464 For an adequate ferrule effect, 

the presence of circumferential sound coronal tooth structure between the core and 

preparation finish line, extending at least 1.5-2 mm coronally from the crown margin is 

required.468 This ferrule effect has been shown to promote more satisfactory stress 

distribution to the roots and provides positive protective effect to restored root-filled 

teeth.468, 470, 471 According to a detailed review by Juloski et al.,468 it was concluded that 

providing an adequate ferrule is desirable as it leads to more favourable fractures and 

lowers the impact of the post and core system, luting agents, and the final restoration on 

the performance of root-filled teeth. However, the effect of a ferrule in multi-rooted 

teeth as well as the optimal ferrule thickness warrants further research.  

In the context of crown restorations, it is generally accepted that root-filled teeth must 

have a minimum of 5 mm of tooth structure coronal to the level of alveolar crest- i.e.    

3 mm necessary to avoid impingement of the ‘biological width’ and maintain healthy 

periodontium plus 2 mm above the preparation finish line to ensure structural integrity 

and an effective ferrule.18, 464, 471 If the crown:root ratio is favourable or aesthetics is not 

a concern, clinical crown lengthening or orthodontic extrusion may be performed in 

order to increase the coronal tooth structure for crown restoration when less then 5 mm 

is available.464, 468   

(3) Tooth structure loss associated with tooth preparation  

Upon quantification of the amount of tooth removed after endodontic and restorative 

procedures in anterior teeth, Hussain et al.339 showed that preparing the tooth for crown 

accounted for the greatest amount of coronal tooth structure loss in comparison to 

performing an access cavity, being 24% vs. 3.9% in incisors and 18.3% vs. 2.2% in 

canines, respectively. Since preparation of the tooth for a coronal restoration involves 

further loss of tooth structure, it is logical that the residual amount of coronal tooth 

structure is more precisely assessed after tooth preparation and prior to core placement 

as discussed earlier.459, 468   
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There is generally a larger amount of tooth structure removed when teeth are prepared 

for indirect adhesive restorations (i.e. requiring an ‘out-flared’ preparation without 

undercuts) compared to direct adhesive restorations. As a result, the stresses were 

shown to be higher, but of similar distribution, in teeth prepared for indirect rather than 

direct restoration using finite element analysis.359   

With respect to radicular dentine loss, post space preparation involves further removal 

of dentine from the root canal wall. Hussain et al.339 demonstrated that preparing the 

tooth for a cast post-and-core involved a reduction of ~ 4.9% and ~ 9.8% in incisors and 

canines, respectively, which was more extensive compared to the loss resulting from 

mechanical preparation of the canals, being 2% in incisors and 1.4% in canines. Using 

interferometry, Lang et al.340 showed that the deformity of maxillary incisors was 

significantly increased when a post space was prepared in the root canal. Furthermore, 

Çapar et al.382 showed that post space preparation using post drills had a significant 

effect on apical crack propagation in root-filled mandibular premolars.  

This substantial coronal and/or radicular loss of tooth structure may contribute to an 

increase in the risk of tooth fracture. However, the strengthening effect of the 

restoration may compensate for weakening effect of tooth structure loss as discussed 

below. Notwithstanding this, post space preparation might be of greater importance as it 

involves substantial loss of inner dentine (since its estimated thickness is about one third 

of the facio-lingual thickness of bulk dentine) and leaves the remaining ‘brittle’ outer 

dentine which exhibits low resistance to fracture. Since the post-core restoration induces 

stress concentrations and high tensile stresses in the tooth structure, the tooth will be at 

higher risk for fracture during function. This poses a challenge for researchers to invent 

an appropriate material that is suitable to replace the inner dentine in order to regain the 

tooth’s original integrity and stability. 
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1.5.4.3.2 Effect	of	restoration	on	biomechanical	behaviour	of	tooth	structure		

(1)  Cusp protection 

Numerous clinical studies have reported an association between root canal treatment 

without subsequent cusp protection and tooth fracture.155, 156 The importance of cusp 

protection via full cusp coverage or overlays has been extensively highlighted in order 

to protect the teeth from fracture during and after root canal treatment. 346-348 Clinical 

studies have demonstrated that coronal coverage after endodontic treatment increased 

the survival of premolars and molars.331, 472 

The importance of cusp protection has been also demonstrated in-vitro. Using maxillary 

premolar teeth with MOD and endodontic access cavities, ElAyouti et al.473 showed that 

cusp reduction and coverage with composite resin significantly increased the load 

required to fracture the teeth, being similar to that of intact teeth. Unlike restored teeth 

with unprotected cusps, all the restored teeth with cusp protection survived the period of 

exposure to simulated mastication (the equivalent to 5-years of oral function) regardless 

of the remaining cusp thickness. In another study,474 a significant reduction in the force 

required to fracture root-filled maxillary premolars with MOD composite resin 

restorations in the absence of cusp coverage and fibre posts with prior exposure to 

cyclic loading and thermocycling was reported.  In root-filled mandibular molars, 

complete coverage of the cusps and restoring their original contours with amalgam has 

been shown to have similar fracture strength as those with only amalgam-restored 

access cavities.463 Based on the Linn & Messer348 findings, selective cusp protection 

does not provide stiffness to unprotected cusps. Full cusp protection with gold or 

amalgam has been recommended in mandibular molars whether one or both marginal 

ridges were lost, but a cast gold overlay was found to provide better stiffening effect - 

probably due to the reverse bevel of gold restorations and relatively less tooth structure 

being removed (1 mm reduction of cusp height) compared to amalgam restorations with 

bull joint and 2 mm cusp reduction.348 However, such reinforcing effect of cusp overlay 

gold restorations is much lower for molars in comparison to similarly restored 

premolars in the Reeh et al.346 study (refer to Table 1.14).  
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(2) Restorative materials and techniques   

There are numerous prospective clinical studies comparing the outcome of different 

types of restorations in root-filled teeth in the literature. Over a 5-years period, it was 

found that restoration of class II carious lesions in premolars using direct composite 

resin restorations (with fibre posts) were more effective than amalgam in reducing the 

occurrence of root fractures, but not secondary caries.475 Root-filled premolars restored 

with fibre posts and direct composite restorations had similar clinical success to those 

similarly restored plus full coverage metal-ceramic crowns over the 3-years follow-up 

period.472, 476 Based on these clinical findings, many researchers have advocated the use 

of composite resin rather than amalgam restorations in root-filled teeth due to its 

adhesive property in order to prevent the teeth from fracturing under function.153
  

Other than the adhesive property, the protective effect of composite resin could be 

primarily attributed to the conservative cavities being prepared rather than the 

restorative material itself. Also, the discrepancy in physical properties of restorative 

materials - such as elastic modulus and thermal expansion coefficient - compared to 

teeth has been suggested to play a role in stress distribution and crack induction.128, 349, 

359 As previously shown in Figure 1.20, restoration with composite resin presented more 

homogeneous stress distribution in maxillary premolar 2-D finite element analysis when 

compared with unrestored prepared teeth.349 In addition, higher cusp strains were found 

in root-filled teeth with MOD amalgam restorations compared to those with direct or 

indirect adhesive MOD restorations.359 Similarly, there was a general reduction in 

mesial cusp movement in mandibular molars with fibre-reinforced composite 

restorations with MOD and endodontic access cavities regardless of the restoration 

technique without significant effect on fracture strength.477 In terms of thermal 

expansion coefficient, it is relatively high in composite resins but the polymerization 

shrinkage of composite resin has been suggested to compensate for this undesirable 

effect.128  

Notwithstanding the above, clinical and experimental studies have demonstrated that 

restoration of posterior root-filled teeth with cast gold overlays reduces the fracture rate 

and increases the relative tooth stiffeness.347, 348, 358 In general, significantly lower mean 

fracture rate has been reported in root-filled teeth with indirect restorations compared to 

those with direct restorations.358 Restoration of root-filled teeth with composite resin 
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has demonstrated satisfactory results in terms of fracture susceptibility.347, 358 However, 

the reported increased risk for secondary caries should be considered as a significant 

limitation.  

(3) Post-retained restorations  

Posts are recommended to help retain the coronal core and/or full coverage restorations 

in root-filled teeth when the remaining tooth structure is not sufficient for retention.478 

However, it is a common clinical finding that posts are present in root-filled teeth 

exhibiting root cracks or fractures.124, 128, 129, 138, 151 In contrast, prospective clinical 

studies have generally reported that post intra-radicular retention significantly reduced 

the fracture risk of root-filled teeth with high amounts of coronal tooth structure.162  

The increased fracture susceptibility has been suggested to result from the alterations in 

the nature of stress distribution within the tooth during functional loading when a post-

core restoration is placed.5, 479 As the post-core-tooth system bends as an integral unit 

along with the remaining dentine, not only the root-filled tooth with post-retained 

crowns experienced substantially higher amount of stress but they also exhibited regions 

of high of stress concentration during the application of compressive loads (Figure 1.22) 

in comparison to intact teeth (Figure 1.13).5 The increase in bending stress is a result of 

higher compressive stress on the facial side at the cervical region and higher tensile 

stresses on the lingual side at the mid-root region. The bending stress is reduced towards 

the apex but tensile stresses at the lingual surface of the apical regions developed near 

the post terminus. These alterations are likely to occur when the stiffness (i.e. high 

elastic modulus) of the post and core material is higher than that of the dentine and they 

are dependent on the location of the post (i.e. length) and direction of the occlusal 

load.5, 470, 479 Furthermore, these localized stress concentration sites coincided with the 

fracture plane when compressive testing was applied on post-core restored mandibular 

incisors mounted in acrylic with simulated periodontal ligament.5 As shown in       

Figure 1.23, the root fracture was oblique in the facio-lingual direction, extending from 

the cervical towards the mid-root region.5  
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Figure	1.23.		Schematic	diagram	showing	the	plane	of	fracture	in	rehabilitated	mandibular	incisor.	

							(Courtesy	of	Kishen	&Asundi5)	

  

 

Figure	1.22.	(a)	Schematic	illustration	of	the	bending	stress	distribution	within	the	rehabilitated	tooth	upon		
	 	 the	application	of	compressive	loads.	(b)	Graphs	obtained	from	digital	photoelasticity	showing	
	 	 stress	distribution	in	rehabilitated	tooth	model	at	the	cervical	(A),	middle	(B)	and	apical	(C)	
	 	 regions	of	the	root	for	compressive	loads	applied	along	the	long	axis	of	the	tooth.	
	 	 (Courtesy	of	Kishen	&Asundi5)	
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It is believed that posts made of materials with a modulus of elasticity similar to dentine 

are able to absorb and distribute the stresses resulting from masticatory forces in a more 

protective manner to the tooth structure than stiffer metallic posts.471 Thus, fibre-

reinforced resin posts with similar elastic modulus were introduced as an alternative to 

metallic posts in an attempt to decrease the likelihood of root fracture. Moreover, it has 

been claimed that ‘reinforcement’ of the tooth is achieved as a result of the adhesive 

property of the post system - fibre posts, resin luting cements and core materials - to 

dentine, forming a single cohesive unit  (i.e. ‘monoblocks’). However, as pointed out by 

Tay and Pashley,480 the theoretical concept of ‘monoblocks’ is far from being achieved 

in-vivo. The efficiency of these systems has not been thoroughly investigated and the 

presence of multiple interfaces increases the risk of adhesive failure.480  

It is important to highlight that these posts do not ‘reinforce’ the tooth since the 

literature reveals conflicting evidence in this regard.356, 357 However, the literature 

suggests that fibre-reinforced resin posts distribute stresses throughout the remaining 

tooth structure and are more likely to result in a fracture that can be restored (such as 

fracture of the core or post) rather than concentrating the stresses in localised sites and 

causing catastrophic root fractures requiring extractions.356, 478, 481-483 However, a recent 

systematic review478 showed that there is no consensus among the clinical trials and 

cohort studies on whether metallic posts have higher incidence of catastrophic failures 

than fibre post. There is a general tendency for cast posts (metallic-based) and glass 

fibre (fibre-reinforced) to have more restorable and less catastrophic fractures. Although 

prefabricated posts have an advantage in that the post space can be prepared and the 

post directly bonded in a single appointment, optimal adaptation to the post space and 

the remaining coronal tooth structure is only achieved via custom cast posts and 

cores.162 

In addition to the above, the fracture susceptibility of root-filled teeth with post-retained 

restorations is also dependent on the amount of remaining tooth structure, the presence 

of the ferrule effect, the post dimensions (length, diameter and shape) and the surface 

texture (threaded vs unthreaded) plus other physical properties of the post materials 

such as metal corrosion and expansion.18, 470, 471, 479  
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Post cementation has been shown to cause relatively greater root deformation than 

lateral compaction of gutta percha, which suggests that the former procedure exerts 

greater wedging forces that are more likely to cause root fractures.484 Hence, 

cementation of posts should be done carefully and slowly; an escape vent for the cement 

is probably helpful. 
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1.5.4.4 Factor	related	to	anatomy,	physiology	and	development		

1.5.4.4.1 Tooth	anatomy	and	morphology	

The anatomical and morphological features of human teeth may be partially responsible 

for their fracture susceptibility under function. It is essential for the clinician to be 

aware of certain anatomical features that may exaggerate the risk for fracture in root-

filled teeth. However, these factors are out of the clinician’s control but, where possible, 

the endodontic and restorative treatment should be modified to accommodate these 

factors, consequently reducing the potential risk for fracture. 

As previously discussed (section 1.4.4), the most susceptible teeth to fracture are the 

mandibular first molars in the lower arch and maxillary premolars in the upper    

arch.124, 149, 151, 153, 154 Also, non-functional cusps fracture more frequently than 

functional cusps, at least in mandibular molars.149, 154 In the case of radicular fractures, 

the mesial roots of mandibular molars, the mesio-buccal roots of maxillary molars and 

the roots of maxillary premolars are the most prone to fracture.129, 137, 147  

According to the location of cracks/fractures in the tooth, it is more relevant to discuss 

the contribution of the coronal and radicular features in fracture predisposition:   

(1) Coronal features  

The relatively high fracture potential of mandibular molars and maxillary premolars has 

been suggested to be a sequel to their greater occlusal area in comparison to the 

opposing counterparts.485 Among the molars, this increased risk has also been suggested 

to be the result of the wedging effect of the mesio-palatal cusp on the maxillary first 

molar.142 Due to the presence of the transverse ridge, the maxillary molars are less prone 

to fracture.151, 154 However, in certain populations (e.g. Korean), maxillary molars are 

more susceptible to fracture due to the profound lingual inclination of mandibular 

molars - in which case the buccal cusps of the lingually-tilted molars could act as a 

‘plunger’ or wedge for their maxillary antagonists.128, 152 In the case of premolars, this 

could be a result of steep cusp inclinations (or deep fossa) and smaller buccolingual 

widths of the functional cusps.485, 486 

It appears that cusp anatomy can provide a logical explanation to the higher fracture 

potential of non-functional cusps compared to functional cusps of mandibular molars in 

clinical and in-vitro studies.20, 149, 154, 343, 485 For posterior mandibular teeth and maxillary 
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molars, the inner cusp inclines of non-functional cusps are steeper as they act as guiding 

planes for lateral excursions.485 Also, the overlying enamel is not as thick as the 

functional cusp and they are relatively smaller in the buccolingual dimension.485 Unlike 

the functional cusps, the outer inclines of the non-functional cusps are not supported by 

the inner inclines of the opposing teeth. However, the functional cusps of maxillary 

premolars exhibit greater buccolingual widths and steeper cusp inclinations in 

comparison to the non-functional cusps.485 This finding could explain the clinical 

observation of more prevalent palatal cusp fractures in maxillary premolars154 - despite 

the existing disagreement.155, 156  

(2) Radicular features 

These features are essential considerations during the mechanical preparation and/or 

filling of the root canals and they include the following: 

a. The original root canal shape and size 

The importance of the cross-sectional shape of the root canal in stress distribution has 

been previously discussed (section 1.5.4.2.4 No.4). These factors are related to high 

stress concentration in the canal wall. Based on FEA models, a round cross-sectional 

shape of the root canal is the most favourable for uniform stress distribution.395 

However, in reality, the majority of root canals are not round and round canals are likely 

to be present only in maxillary central incisors plus maxillary and mandibular 

canines.239 Of note, the reduced radius of canal curvature has been found to be the 

strongest factor influencing stress concentration.396 

The incidence of long oval root canals has been reported to be relatively common, 

particularly in maxillary premolars with a single canal, mesio-buccal roots of maxillary 

molars, mandibular incisors and the mesial roots of mandibular molars.239 These thin 

narrow root canals can potentially increase the risk for fracture as a result of 

concentrated stresses at the buccal and lingual extremities where the radius of the canal 

curvature is low.239 This observation is consistent with the common direction of root 

fractures despite the relatively increased buccolingual dentine thickness.239  

The original diameter of the root canal is relevant in terms of the existing dentine 

thickness. It can be speculated that in narrow or calcified root canals, instrumentation 

results in a considerable loss of dentine structure. At the same time, wide root canals 
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require no or minimal enlargement. However, the fracture risk is also dependent on the 

existing dentine thickness of the root.  

b. Dentine thickness 

FEA studies395, 397 have shown that VRF is common in the buccolingual direction 

despite the greater thickness of radicular dentine. In contrast, reduction in the thickness 

of dentine on the proximal side - in the case of oval-shaped root canals or the presence 

of external root concavity - was found to have a more dramatic but an indirect    

effect.395, 397   

c. Root morphology  

According to the root shape and size, the potential risk for fracture varies among certain 

teeth. Thin, flat roots with narrower mesio-distal dimensions are particularly prone to 

fracture. Examples are mandibular incisors, maxillary premolars, mesio-buccal roots of 

maxillary molars, and the mesial and distal roots of mandibular molars. The proximal 

concavity is also common in these teeth, particularly on the distal aspect of mesial roots 

of mandibular first molars and mesio-buccal roots of maxillary molars. Round, bulky 

roots are less susceptible to fracture; examples are maxillary central incisors, maxillary 

canines and the palatal roots of maxillary molars.  

The reason for this fracture susceptibility has been attributed to the cross-sectional 

shape of the root and the presence of a proximal concavity.395, 397 An increase in the 

curvature of the external root contour resulted in asymmetrical tensile stress distribution 

towards the direction of increased curvature (i.e. in the buccolingual direction), and 

increase in the magnitude of tensile stresses - to a lesser extent than in the case of oval 

canal shapes - in the inner canal wall, decreasing towards the buccal and lingual 

surfaces.395 In addition, it resulted in tensile stresses on the external proximal surface.395 

However, these effects may be partially attributed to the relatively reduced thickness of 

the proximal dentine in oval cross-sectional root shapes. As the thickness of dentine on 

the proximal aspect is decreased, the maximum tensile stresses on the canal wall surface 

and external proximal surface are increased without affecting the stress distribution 

pattern.395  
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Similarly, increasing the depth of proximal concavities is accompanied by a reduction in 

proximal dentine thickness, which results in increasing the magnitude of external tensile 

stress on the proximal root surfaces in FEA mandibular incisor models with mesial and 

distal proximal concavities.397 Consequently, this can predispose to crack initiation from 

the outer proximal surface towards the canal (i.e. in the mesio-distal direction). Hence, 

the external root morphology, as well as the radius of canal curvature internally, 

determine the fracture pattern of the root.396  

An important finding to note is that as the roots of mandibular first molars increase in 

length, there is a higher tendency for the mesial roots to exhibit reduced distal wall 

thickness and deeper proximal distal concavities.487 Hence, the risk for complications 

such as perforations and fractures will be increased. 

Furthermore, it has been suggested that the relatively lower root surface area in 

mandibular molars plus their surrounding rigid compact bone may contribute to the 

relatively higher fracture potential in comparison to maxillary molars.485 

d. Root curvature  

Based on an FEA mandibular premolar model, it has been shown that increasing the 

degree of root curvature (from 15o, to 30o, and to 45o) resulted in increasing the area of 

stress concentration, but not the magnitude of stress, in the root dentine.488 These sites 

were evident in the coronal aspect and on the concave side of the external root surface. 

Unlike the above factors, root curvature concentrates stresses on the external root 

surface. 

e. Presence of isthmus  

The presence of an isthmus has recently been proposed as a potential weak site for crack 

extension in the root, promoting the extension in buccolingual direction. Based on 2-

dimensional fracture mechanics analysis, it has been demonstrated that the presence of 

an isthmus reduced the maximum load required for VRF by 80% in comparison to root 

specimens without an isthmus. According to this finding, it was concluded that the 

mesial root of mandibular molars with two canals connected by an isthmus are more 

prone to fracture than distal roots with one canal during lateral compaction of gutta 

percha.  
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1.5.4.4.2 Aging	

It is generally accepted that teeth are more prone to fracture with age. A case-control 

study of cusp fracture in restored posterior teeth showed that the odds for fracture 

increased by about 70% with a 10-year increase in the patient’s age.150 

 As a natural consequence of aging, the microstructural and biomechanical properties of 

dentine undergo alteration. In terms of structure, formation of ‘transparent’ or ‘sclerotic’ 

dentine has been described as the dentinal tubules become gradually occluded with the 

deposition of large mineral crystals within the lumen that are chemically similar to 

intertubular mineral. This alteration in dentine begins in the apical end of radicular 

dentine and often extends into coronal dentine over time.489, 490 Consequently, the 

degree of mineralisation increases compared to young dentine.491 

The age-related changes in the biomechanical properties of dentine have been 

demonstrated in a number of studies.113, 118, 119, 491, 492 Of importance, there is a 

significant reduction in flexure strength, energy to fracture,118 fracture toughness,491 

crack-initiation toughness,492 plateau toughness,492 crack growth toughness,119 fatigue 

strength,118 fatigue crack growth resistance113 of old dentine when compared to that of 

young dentine. The toughening mechanisms in old dentine are less effective with 

minimal evidence of plastic deformation and microcracking ahead of the crack tip, 

leaving fewer sites for unbroken ligament formation.119, 491, 492 Based on these findings, 

dentine becomes more brittle, less resistant to crack extension and less tolerant to 

fatigue damage with age.  

It was believed that for transparent dentine to form, a viable pulp is required. However, 

it was later revealed that the rate of transparent dentine formation in pulpless teeth is 

similar to, or higher than, teeth with a viable pulp.489 Hence, the above age-related 

alterations are continuous in dentine regardless of the status of the pulp. This may 

indicate that root-filled teeth - especially in young individuals - are still at higher risk 

for fracture with an increase in their age. 
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1.5.4.4.3 Root	development	

It is generally accepted that immature teeth are more prone to fracture after endodontic 

treatment. Although many studies have suggested that apexification with long-term 

calcium hydroxide is the main reason for such increased fracture risk, the thickness of 

root dentine in incompletely formed roots may be a more logical reason.   

1.5.4.5 Factors	related	to	occlusion		

1.5.4.5.1 Anatomical	position	

The anatomical position of teeth in the dental arch and their proximity to the 

temporomandibular joint influence the amount of occlusal forces generated from the 

elevator muscles of the mandible.131, 153 The occlusal force varies throughout the 

dentition, being of a 4:2:1 ratio on molars, premolars and incisors, respectively.493 There 

are two explanations for this - first, the temporomandibular joint is the hinge and the 

mandible is the moment arm so the closer to the hinge, the higher the moment or force 

applied.201 Second, the anterior teeth can dissipate the occlusal load by splaying forward 

whereas the posterior teeth receive more vertical load and higher compressive 

stresses.201 Hence, the higher bite forces on the posterior teeth, especially molars, could 

be associated with the higher occurrence of cracks and fractures in these teeth compared 

to anterior teeth.153  

1.5.4.5.2 Bite	forces	

Human bite force varies within the different regions of the oral cavity and is greatest in 

the first molar area.494 These forces are generally affected by the consistency of the food 

with lower loads applied on teeth when chewing soft food compared to hard food.495 

The human jaw and oral musculature are capable of applying loads on individual molar 

teeth in the vicinity of 1,000 N.496 

Large variations in human bite force have been recorded in the first molar area,494, 497, 498 

some of which can be explained by the studies having been performed on different 

populations, genders and age or by the differences in measuring armamentarium and 

techniques. However, these forces are generally well below l,000 N.  
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1.5.4.5.3 Proximal	contacts	and	terminal	teeth	

The presence of mesial and distal proximal contacts significantly affects the survival of 

teeth after endodontic treatment, particularly for molar teeth. In a prospective study over 

2-4 years, tooth fracture was the reason for extraction in 38% of teeth with two 

proximal contacts compared to 58% with one or less proximal contacts.17 Terminal teeth 

have one proximal contact - hence, more fractures were reported in the extracted 

terminal teeth, being 68% compared to 38% of non-terminal extracted teeth.17 This can 

be explained by the uneven distribution of the occlusal forces and the higher eccentric 

stress on teeth with less than two proximal contacts.124    

1.5.4.5.4 Malposition	and	occlusal	interferences	

Occlusal interferences in centric occlusion or lateral excursions may be associated with 

malposition of the tooth in the dental arch.124 Similarly, it is possible that restorative or 

prosthetic treatment alters the occlusal anatomy of the tooth and/or the cusp-fossa 

relationships with the opposing teeth, consequently interfering with normal occlusion.485 

Hence, the resultant excessive masticatory stresses may predispose to tooth fracture.    

1.5.4.5.5 Parafunction	

Excessive masticatory forces increase the demands imposed on the tooth, whether it is 

root-filled or not, potentially increasing the risk for fracture.499 Clinical observations 

have indicated that the potential risk for tooth fracture is generally increased among 

individuals who grind or clench their teeth.138, 148 In Chinese populations, vertical root 

fractures involving intact teeth seem to be more prevalent in individuals with excessive 

or repetitive oral chewing habits.147, 500 Pre-existing tooth attrition is considered a 

warning sign of possible heavy occlusion or parafunction.  

Tooth fracture has been also described as one of the complications associated with oral 

and peri-oral piercings.501, 502 The risk of injuring the tooth is higher in individuals with 

tongue piercings than those with lip piercings.502   
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1.6 In-vitro	experimental	models		

1.6.1 Techniques	used	to	assess	susceptibility	for	tooth	fracture	
The techniques used in the literature to evaluate the susceptibility of root-filled teeth to 

cracks or fractures can be divided into:   

(1) Non-destructive methods 

a. Linear cusp displacement devices  

These techniques have been used to measure the response of the cusp(s) to an applied 

load in-vitro. The linear displacement of the cusp(s) under load (i.e. cusp deflection) has 

been measured by recording the intercuspal distance using digital callipers344 or the bulk 

movements of individual cusps under load using Linear displacement devices such as 

Linear Variable Differential transformers (LVDTs) or Direct Current Differential 

transformers (DCDTs).20, 345 Numerous studies have applied these experimental 

methods following sequential cavity preparations in order to assess the weakening effect 

of access cavities and/or other cavity preparations.20, 341, 343-345, 503 (refer to Table 1.14) 

The major advantage of these methods is that the samples are not destroyed (i.e. the 

teeth are not loaded until fracture) and they can be used for multiple tests.341 Comparing 

DCDTs and Strain gauges, Jantarat et al.343 showed that DCDTs were sensitive to 

vertical orientation of the samples and required precise three-dimensional adjustments. 

They recommended the use of both devices simultaneously due to the cusp response 

pattern being inconsistent with each method. In addition, the amount of cusp deflection 

is also dependent on the amount of applied load and the duration of load application 

from the load cell.344, 503  

b. Strain gauges  

Cusp flexure or cusp strain is the strain generated within the cusps while under load and 

the device used to measure it is a strain gauge.345 Strain gauges detect strains as either 

tension or compression depending on the change of the shape of the surface on which 

they are mounted. Compressive strains are usually detected during cusp flexure in 

response to occlusal load.348 Relative stiffness is defined as stiffness of a tooth in test 

conditions relative to stiffness at baseline (e.g. intact tooth).343, 346 The relative stiffness 

value is calculated by dividing the baseline cusp strain (e.g. in the intact tooth) by the 

test cusp strain (e.g. following cavity preparation), usually expressed as percentage348 or 
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a ratio where baseline stiffness of intact tooth is 1.341 Hence, an increase in cusp strain 

relative to the baseline measurement for the same tooth results in a reduction of the 

relative stiffness and vice versa.348  

Similar to DCDTs, the major advantage of this method is that the samples are not 

destroyed (i.e. the teeth are not loaded until fracture) and they can be used for multiple 

tests.341 Another advantage is that strain gauges can be applied in-vivo.504 In terms of 

sensitivity to vertical orientation of teeth in-vitro, Jantarat et al.343 showed that strain 

gauges were less sensitive than DCDTs and calculating the relative stiffness further 

reduced this effect. A number of studies have used strain gauges - with or without 

DCDTs - to evaluate the weakening effect of endodontic and/or restorative 

procedures.343, 345-347  

Strain gauges have also been used to measure root strains during root canal filling 

procedures and other restorative procedures such as post cementation.445, 447, 450, 451, 484 

However, since strain gauges cannot be applied to the inner canal wall, they can only 

measure outer root surface strains which have been shown to be minimal.396 

Furthermore, validation of this method with an FEA model showed that measurements 

of outer root strains does not reflect the real situation of the internal stresses in the root 

which compromises the ability to predict the fracture pattern of the root.396  

c. Optical-interferometry based methods  

Photoelasticity is an established experimental technique used to study whole-field stress 

distribution within structures subjected to load.121 For improved sensitivity, advanced 

digital photoelasticity has been carried out on anatomical scaled models to visualize and 

study the complex nature of the stress distribution in dento-alveolar                

structures.4, 121, 504, 505 Moreover, it was used to study the stress distribution patterns in 

isotropic tooth models (intact or rehabilitated).5, 60, 120  

Digital moiré interferometry has been used to study the whole-field strain gradients 

within natural teeth upon load application,63, 120 dehydration102 or thermal changes.506, 507 

Lang et al.340 have used digital interferometry to assess the deformation of tooth 

undergoing various stages of restorative and endodontic procedures under loading. 

However, as discussed previously, the experimental model lacked clinical relevance in 

terms of reproduction of supporting tissues and the absence of a coronal restoration.   
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As discussed earlier (in section 1.3.3.3), digital photoelasticity and digital moiré 

interferometry have been used to understand the microstructural adaption of bulk 

dentine structure to functional loading and the role of free water on the biomechanical 

response of dentine to mechanical or thermal stresses.60-63, 102, 506, 507 This knowledge has 

provided a fundamental understanding of the factors predisposing to fracture in teeth, 

particularly after loss of pulp tissue and significant amounts of inner cervical dentine, in 

addition to the changes in stress distribution in rehabilitated teeth (i.e. with post-retained 

restoration).5 These methods may be also useful for developing materials that would 

restore the mechanical integrity of root-filled teeth.  

Notwithstanding the above, the use of photoelasticity has been limited and commonly 

replaced by finite element analysis due to its limitations.2, 61 Of note, photoelastic 

models are based on isotropic material characteristics so they do not represent the ideal 

tool for modelling the various interactions between dental restorations and tooth 

substrate nor do they reproduce the complex structural characteristics of the dental 

tissues.  

d. Finite element analysis 

Finite element analysis has been widely used in dentistry as a computerised model-

based technique for the prediction of fracture patterns via the stress/strain response 

within a structure or instrument of interest under simulated conditions (e.g. rotary 

motion in case of Ni-Ti rotary files,508 applied stresses in roots during instrumentation 

with rotary or reciprocating files364, 365 or during root canal filling,234, 395-398 or applied 

load in teeth during mastication,234, 399 etc.).  

FEA techniques have been proven to be reliable in understanding the role of individual 

or combinations of variables - such as radicular dentine thickness, canal cross-sectional 

shape, external root cross-sectional shape, canal taper, canal curvature, etc. - for fracture 

prediction in root-filled teeth.395, 396, 488 This advantage is due to the ability of this 

approach to overcome the potential problems that result from the wide anatomical 

variations of extracted teeth since the models are developed on the basis of controllable 

parameters of the various tissues.405  
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Notwithstanding the advantages of the FEA approach, there are certain limitations that 

warrant discussion. It is well-documented that most FEA-based investigations have 

assumed that dentine is a homogeneous tissue and isotropic material.2, 405 In addition, 

these investigations have overlooked the effects of dentinal tubules, intra-pulp 

hydrostatic pressure, and the elastic modulus gradient on the mechanical properties of 

dentine.2 A few FEA studies, however, have taken into account the simulation of graded 

dentine properties.2, 61 Moreover, FEM studies seem to have ignored the contribution of 

flaws introduced during the endodontic and/or restorative procedures to the initiation 

and growth of cracks in root-filled teeth under mastication,9 and, at this stage, they are 

unable to simulate the dynamics and complexity of masticatory function. Hence, the 

findings of these investigations are not precise and should be interpreted with caution.  

(2) Destructive methods 

a. Compression test  

The most common in-vitro method is to use compressive loading via the Instron 

Universal test machine to test the force required to fracture the teeth following various 

endodontic or restorative procedures. However, the behaviour of the specimen under 

continuous vertical compression is dependent on the test parameters being used          

(i.e. dimensions of the tip, the orientation of the tip to the long axis of the tooth, and the 

cross-head speed), sample being tested (i.e. presence or absence of coronal tooth 

structure, coronal restoration, and root canal treatment) and the surrounding medium 

being applied (i.e. the presence of a mounting medium, the tooth’s orientation in the 

mounting medium, simulation of periodontal ligament and alveolar bone level).          

As previously addressed, the heterogeneity among the studies, plus the lack of 

standardisation in the test parameters used, may contribute to variations, or even 

inconsistency, among the findings. In addition, the clinical relevance of this approach 

may be questionable if one or more of the aforementioned variables are missing and/or 

not mimicking the clinical situation - which is commonly found in experimental studies. 

Of importance, this approach overlooks the behaviour of the specimen(s) under occlusal 

loading - which is not similar to continuous vertical compression.503 Such behaviour 

could be completely different from the clinical situation when the D11 spreader tip is 

used for testing the specimens. Some examples are shown in Tables 1.14, 1.17 and 1.18. 
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b. Cyclic loading and compression 

The use of cyclic loading has been implemented in several in-vitro studies that have 

compared the performance of root-filled teeth with various amounts of remaining 

coronal tooth structure, restorative procedures or post-core systems.474, 509-511 In regards 

to comparisons of endodontic procedures, a literature search revealed only one study by 

Santini et al.404 who evaluated the effect of two root canal preparation techniques (hand 

vs. rotary) and two root canal filling techniques (active vs. passive) on the fracture 

strength of restored and root-filled maxillary canines and considered the application of 

cyclic loading (refer to Table 1.17). In general, these studies attempted to simulate oral 

function by exposing the specimens to a certain number of cycles (ranging from 

100,000 - 1.5x106 cycles) with a force as low as 50 N and up to 250 N and at a 

frequency within 1.3-8 Hz range before compression testing with an Instron Universal 

Test machine.404, 474, 509-511 Despite the concept being clinically relevant, the use of a 

single-axis repetitive load that contacted the specimen at one only single point is the 

major limitation of their experimental model. This type of loading might be an over-

estimation of the applied forces and it does not mimic normal masticatory forces. 

With the introduction of Chewing Simulators, numerous in-vitro studies were able to 

replicate the masticatory forces more closely by exposing the specimens to ‘aging’ or 

multiple-axes load.512-517 Unfortunately, the use of Chewing Simulators was only 

considered when the root-filled teeth were assessed from a restorative         

prospective.473, 516-521 Therefore, it is important to highlight that in-vitro studies that 

have assessed the effects of various endodontic procedures on the forces required to 

fracture root-filled teeth have generally overlooked the effect of mastication. The 

importance of simulating mastication is further discussed below.  

c. Cyclic loading  

Numerous in-vitro studies have tested various post-core systems under cyclic loading 

alone by evaluating the number of cycles required until fracture or non-catastrophic 

failure.483, 522, 523 The use of single-axis repetitive loading, from an angle or along the 

long axis of the tooth, does not mimic the complex masticatory function scenario. In 

addition, this method might be difficult to apply in reality.   
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d. Other mechanical tests  

Mechanical tests - other than compression - have been utilized to test the effects of 

various endodontic procedures and/or materials on the mechanical properties of teeth. 

However, the major limitation of these nano- or micro- mechanical tests is that they 

were generally applied on dentine specimens. As previously discussed, the mechanical 

properties of dentine are dependent on location and orientation, and thus standardisation 

of the samples is not possible. Also, the micromechanical properties of dentine do not 

provide information about its bulk properties. Of note, the mechanical properties of the 

tooth as a whole unit is influenced by the constituent tissues that consist of dentine, 

enamel, etc. and its surrounding supporting tissues. Also, the effects of endodontic 

irrigants and/or medicaments are likely to be over-estimated when the dentine 

specimens have been exposed to the test material from every direction - which is not the 

case clinically where radicular dentine is only exposed to the material from the root 

canal side upon intracanal application. Hence, it is not feasible to extrapolate the 

findings that are based on such in-vitro experimental models to the clinical situation. 

Examples of some of these tests are shown in Tables 1.17 and 1.18.  

e. Assessment of dentinal defects in root canal walls 

As previously discussed, many in-vitro reports have assessed the quality of root canal 

wall and external apical root surface following various root canal preparation 

techniques, root canal filling techniques, post placement and/or root canal retreatment 

procedures (Tables 1.16 and 1.19). The majority of these studies have inspected 

horizontal root sections at various levels under a stereomicroscope or using a SEM. In 

contrast, the use of micro-CT has allowed assessment of the roots for the presence of 

dentinal cracks without the need for sample destruction.392, 393 Of those studies, only one 

study371 has considered exposing the samples to cyclic loading prior to root sectioning 

and stereomicroscope examination. Although the number of teeth exhibiting dentinal 

defects in the unprepared groups was statistically similar whether the teeth were 

exposed to cyclic loading or not, it can be noted that the percentage of teeth exhibiting 

‘other defects’ was higher in the Ni-Ti rotary files prepared group (53.3%) compared to 

the unprepared group (20%), whilst both groups were exposed to cyclic loading. 

Unfortunately, the study tested the effect of cyclic loading only in unprepared teeth. 

However, the higher percentage of dentinal defects in the prepared groups may not only 
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be attributed to the Ni-Ti root canal preparation techniques but also to the cyclic loading 

(i.e. cyclic loading may cause more profound defects in the root canal wall after 

preparation with Ni-Ti rotary files).  

Overall, these defects may be induced in the root canal wall during root canal 

preparation procedures, root canal filling techniques, post space preparation and 

placement. Of importance, they act as stress concentration sites facilitating crack 

propagation either during endodontic and/or restorative procedures that exert wedging 

forces on the root (e.g. root canal filling procedures or post placement) or when exposed 

to oral function. As pointed out in a review by Arola et al.,9 the presence of these 

dentinal defects or flaws in the root canal wall can facilitate fracture under fatigue and/ 

or as result of cyclic crack growth extension. Furthermore, a potential direct association 

between the high percentage of roots exhibiting dentinal defects and the reduction in the 

force required to fracture the roots may be noticed when the same procedures (root 

canal preparation using single Ni-Ti rotary or reciprocating files) were assessed using 

both methods in the same in-vitro study.376 Theoretically, the risk for fracture of root-

filled teeth under in-vivo function is potentially increased when these defects are present 

in the root canal. However, their clinical implications on endodontic outcome in-vivo 

have not been investigated yet. 
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1.6.2 		Simulation	of	in-vivo	conditions	

There are a many restrictions in performing long-term clinical studies in order to assess 

the effects of the various stages of root canal treatment on fracture susceptibility of 

teeth. It is impossible to establish standardised cases and to control the wide range of 

variables that exist amongst individuals, from bite forces, parafunction, eating habits, 

etc. An in-vitro experimental model that simulates in-vivo conditions may be a suitable, 

simple and practical method for testing the effects of various endodontic factors whilst 

other factors are controlled as much as possible. Of importance, simulation of 

masticatory function, thermocycling and supporting tissues will be discussed. Other 

parameters such as maintaining coronal tooth structure, performing complete root canal 

treatment and placing a coronal restoration have been discussed in previous sections of 

this review.  

1.6.2.1 Mastication.		

In-vitro studies that have considered simulation of masticatory function are assumed to 

be the most relevant source of information for the comparison of techniques and 

materials in dentistry. However, in the clinical situation, it is common practice to 

perform occlusal reduction on teeth undergoing endodontic treatment to reduce pain,524 

to remove occlusal interferences525 and to decrease the risk of tooth fracture.150 

Nevertheless, when a bolus of food is placed over the tooth in question, an occlusal 

load, although reduced, is still applied. Once definitive restorations are in place, the 

occlusal contacts are restored and the tooth is again exposed to normal occlusal loading. 

Therefore, it is important to study the performance of root-filled teeth under occlusal 

loading 

In-vitro replication of normal masticatory function is difficult because it is impossible to 

control all the variables that occur in the in-vivo oral environment. The masticatory unit 

is a complex functional system that is composed of teeth, periodontal ligaments, 

mandibular and maxillary bones, muscles of mastication, lips, cheeks, the 

temporomandibular joints, and the neuromuscular and vascular systems.526 In-vivo 

mastication involves forces applied in multiple axes that load the teeth in different 

places, rather than at one static point, depending on the stage of the masticatory cycle.209 

As a result, the tooth experiences compressive, tensile and shear stresses during 

function.  
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Notwithstanding the complexity of in-vivo mastication, researchers have attempted to 

simulate mastication in-vitro.521 The most common method was by subjecting the 

specimens to intermittent single-axis load from the occlusal or palatal direction as 

discussed earlier. As this type of loading contacts the specimen at a single spot, it does 

not replicate normal masticatory forces. For better simulation, the use of Chewing 

Simulators has been implemented in other experiments when testing the effect of the 

restorative aspects of root-filled teeth and not endodontic procedures.521 

 Minimal research has considered the effects of simulated mastication when testing the 

fracture strength of root-filled teeth.527-530 As shown in Table 1.21, the effect is 

controversial and that is mainly a result of the heterogeneity among the studies. All the 

studies were conducted on anterior teeth that were restored with post-core systems. In 

two of those studies, static loading was used before or after uniaxial cyclic loading of 

the specimens with different post/core systems.527, 528, 530 Of note, Sterzenbach et al.529 

compared the mean load at fracture of root-filled incisors that were reconstructed with 

similar posts/cores and all ceramic crowns before and after thermo-mechanical loading 

(TML) - i.e. TML was the only variable. They found that there was a significant 

decrease in fracture strength in the samples that were exposed to thermo-mechanical 

cycling prior to static testing. However, their results were erroneously significant 

because three samples that fractured during TML (30% of the group n=10) were given 

‘0’N load at fracture and were included in the statistical analysis. Hence, the effect of 

simulated mastication was not sufficiently demonstrated in the aforementioned studies 

and further research is needed to confirm the effects of occlusal loading on the 

performance of root-filled teeth and the need to include simulated chewing in any 

experimental model.  

In 1999, Kern et al.514 and the German company, Willytec, developed a computer 

controlled dual-axis Chewing simulator in order to better simulate the in-vivo oral 

environment (Figure 1.24). The major advantages of this machine are that it can apply 

the same load simultaneously to eight specimens and it applies the occlusal load to more 

than one point of the tooth, plus from different directions - i.e. it more closely simulate 

the chewing process. Since then, Willytec Chewing Simulator has been utilised in many 

areas in restorative and prosthetic dentistry,512-515, 531 including extensive restorative 

treatment in root-filled teeth.473, 516-520 
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Table	1.21.	Examples	of	in-vitro	studies	that	investigated	the	effect	of	cyclic	loading	on	force	required	to	fracture	
on	root-filled	teeth		

Author	(year)	 Samples		 Cyclic	
loading		
	

Relevant	findings		 Comments		

Nishimura	et	al.	
530	(2008)	

Bovine	
Mandibular	incisors		
RCT/post/core	
systems		

Uniaxial	
3.0	X	105		

Insignificant	effect		 Uniaxial	loading	

Aghdaee	et	
al.528	(2011)	

Human	
Maxillary	incisors		
RCT/post/core	
systems/crown		

Uniaxial	
2.4	X	105		
	

Insignificant	effect		 Small	sample	size	
Uniaxial	loading	
	

Sterzenbach	et	
al.529	(2012)	

Human	
Maxillary	incisors			
RCT/post/core/all	
ceramic	crown		

Chewing	
simulator	
1.2	X106	

Significant	
reduction	in	the	
force	required	to	
fracture	the	teeth.		

Three	fractured	
samples	included		

 

 

	
Figure	1.24.	Willytec	Chewing	Simulator	

Jensen and Abbott532 developed an experimental model to examine interim restorations 

for dye penetration after subjecting the specimens to 60,000 cycles with a 5 kg load at 

1.2 Hz using the Willytec Chewing Simulator, simultaneously with dye exposure. 

According to Table 1.22, these parameters were equivalent to three months of 

mastication clinically.512-514, 516, 531 This model was further modified by Heffer533 who 

substituted the natural tooth cusp antagonist in the Chewing Simulator with a 

standardised consistent antagonist (precision grade 6.35 mm diameter ceramic ball 
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bearings made of silicon nitride) and simultaneously exposed the specimens to dye and 

bacteria. This model was later utilized in other subsequent studies.209, 534 The 

aforementioned studies have highlighted that different temporary restorations used 

during root canal treatment behave differently in terms of dye and/or bacterial 

penetration when exposed to simulated mastication.  

Table	1.22.	Cyclic	loading	parameters	of	the	Chewing	Simulator.		

Vertical	movement		 6	mm	

Horizontal	movement	 0.3	mm	

Rising	velocity	 55	mm/s	

Descending	velocity	 30	mm/s	

Backward	velocity	 55	mm/s	

Forward	velocity		 30	mm/s	

Cycle	frequency		 1.2	Hz	

Dwell	time	 60	s	

Mass	per	sample	 5	kg	

Kinetic	energy		 2250X	10-6	J	

Number	of	cycles	(equivalent	to	3	months)	 60,000	

Number	of	cycles	(equivalent	to	3	years)	 720,000	

The use of the Willytec Chewing Simulator may be also implemented when the 

common in-vitro experimental method is used to test forces required to fracture root-

filled teeth. This modification in the experimental method could increase the clinical 

relevancy of the compression static testing, especially if other in-vivo conditions are 

also utilised. In accordance with the clinical studies,16, 17 most tooth fractures occur 

during the first three years after root canal treatment. Therefore, the survival of root-

filled teeth undergoing simulated chewing for a period that is equivalent to 3 years of 

intraoral function (as shown in Table 1.22), and the effect of this parameter on the 

forces required to fracture the teeth, warrants further investigation in-vitro.  
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1.6.2.2 Thermocycling	

Thermocycling has been implemented in some in-vitro experimental models in an 

attempt to simulate the thermal stresses that occur intraorally.474 The most common 

temperature range used is 5 ± 2oC to 55 ± 2oC with variations in the number of cycles 

and the length of each cycle (usually ≤60 seconds).474, 535, 536 This range corresponds to 

the extreme temperatures that could be reached in-vivo when extremely cold or hot 

drinks/foods are being consumed. In reality, consumption of extremely cold drink/food 

and then immediately followed by extremely hot drink/food is uncommon. Thus, these 

extreme temperature changes are unlikely to be reached in such a short period of time. 

Moreover, the effect of in-vitro thermocycling on mechanical properties of restorative 

materials is controversial.535, 536  

In conclusion, the application of in-vitro thermocycling does not reflect the real clinical 

situation. Until further evidence is available, implementation of thermocycling in in-

vitro experiments may not be necessary.  

1.6.2.3 Supporting	tissues	

The supporting tissues of the tooth consist of the cementum, periodontal ligament and 

alveolar bone. Together, they provide a flexible attachment to the tooth in order to 

withstand the forces of mastication. The importance of the dento-alveolar supporting 

tissues in stress dissipation and distribution during function has been demonstrated in 

the literature.121, 504  

Notwithstanding their role, many in-vitro experiments have ignored simulating the 

resiliency of the periodontal ligament by embedding the teeth directly in rigid, non-

resilient resin or stone. Others have overlooked simulating the supporting alveolar bone 

or the biological width in healthy periodontium (i.e. the level of alveolar bone). These 

parameters may influence the amount of force the specimen can withstand before 

fracture and this may alter the fracture pattern, which is then unlikely to mimic the 

clinical situation. Soares et al.537 revealed that the lack of simulation of the periodontal 

ligament increased the forces required to fracture teeth mounted in acrylic resin and 

resulted in a greater number of fractures at the interface between the acrylic resin and 

the coronal tooth structure. In contrast, when the periodontal ligament was simulated, 
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the fracture patterns were considerably modified, confirming that the stress distribution 

is altered in the presence of periodontal ligament simulation. Furthermore,       

Rosentritt et al.535, 538 demonstrated that simulation of the periodontal ligament during 

exposure to simulated thermo-mechanical chewing and static load testing was an 

important parameter.  

Kern et al.515 proposed the simulation of periodontal ligament by covering the roots 

with a gum resin in order to imitate physiological tooth movement.  This method was 

used in later studies512, 513 during cyclic loading with the Willytec Chewing Simulator 

and static testing. Other studies209, 533, 534 have proposed covering the roots with a double 

layer of vinyl polysiloxane impression tray adhesive prior to mounting in resin. Overall, 

many materials have been proposed to simulate the resiliency of the periodontal 

ligament but their efficiency in mimicking physiological tooth movement has not been 

extensively investigated.  

According to Soros et al.,539 the amount of load applied via a spreader during root canal 

filling of goat teeth was similar when the teeth were left in their sockets and when they 

were mounted in resin with artificial periodontium. They concluded that the use of 

elastomeric impression material and auto-cure resin was a reliable method to simulate 

the periodontal ligament. Using the Periotest device to measure tooth mobility, 

Sterzenbach et al.540 evaluated the efficiency of polyether, polyurethane and 

polysiloxane-based materials for simulating the periodontal ligament with or without 

reduced bone support. They found that polysiloxane was the most suitable material for 

simulating tooth mobility, whereas the level of bone support did not have an effect. So 

far, no studies have been reported that validate the materials used in-vitro to simulate 

the periodontium in imitating the in-vivo physiological tooth movement. 
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1.7 Thesis	Aims	and	Objectives	

Whilst the foregoing review of the literature suggests that there are many factors that 

affect the strength of teeth and their ability to withstand forces which may lead to 

fracture, the overall evidence suggests that the main contributing factor is the amount 

and quality of the remaining tooth structure. However, the general perception within the 

dental profession that the root canal treatment affects the tooth’s strength and ability to 

resist fracture remains strong. 

Hence, the overall aim of this research was to investigate whether root canal treatment, 

per se, affects the strength of teeth to resist fracture. In order to investigate this, a model 

utilizing mandibular molar teeth with minimal loss of coronal tooth structure (i.e. only 

the endodontic access cavity) was developed, thus ensuring that a ‘ring’ of enamel 

remained around the access opening by preserving both the mesial and distal marginal 

ridges.    

The specific aims of this research were to: 

(1) investigate whether the force required to fracture root-filled and restored 

mandibular molars is affected by implementing simulated chewing in the 

experimental model, 

(2) compare the effects of conservative and ‘straight-line’ access cavity designs on 

the force required to fracture root-filled and restored mandibular molars, 

(3) evaluate the influence of the degree of root canal enlargement on the force 

required to fracture root-filled and restored mandibular molars, and 

(4) investigate whether short-term exposure to calcium hydroxide influences the 

force required to fracture root-filled and restored mandibular molars.  

  



Chapter	1:	Literature	review		

 233 

1.8 Bibliography		

1. Kruzic	 JJ,	 Nalla	 RK,	 Kinney	 JH,	 Ritchie	 RO.	 Crack	 blunting,	 crack	 bridging	 and	
resistance-curve	fracture	mechanics	in	dentine:	Effect	of	hydration.	Biomaterials	
2003;24:5209-21.		

2. Kishen	A,	Vedantam	S.	Hydromechanics	 in	dentine:	Role	of	dentinal	tubules	and	
hydrostatic	 pressure	 on	 mechanical	 stress-strain	 distribution.	 Dent	 Mater	
2007;23:1296-306.		

3. Nalla	 RK,	 Kinney	 JH,	 Ritchie	 RO.	 Effect	 of	 orientation	 on	 the	 in	 vitro	 fracture	
toughness	 of	 dentine:	 The	 role	 of	 toughening	 mechanisms.	 Biomaterials	
2003;24:3955-68.		

4. Asundi	 A,	 Kishen	 A.	 Advanced	 digital	 photoelastic	 investigations	 on	 the	 tooth-
bone	interface.	J	Biomed	Opt	2001;6:224-30.		

5. Kishen	 A,	 Asundi	 A.	 Photomechanical	 investigations	 on	 post	 endodontically	
rehabilitated	teeth.	J	Biomed	Opt	2002;7:262-70.		

6. Ritchie	 RO.	 The	 conflicts	 between	 strength	 and	 toughness.	 Nat	 Mater	
2011;10:817-22.		

7. Kinney	 JH,	 Marshall	 SJ,	 Marshall	 GW.	 The	 mechanical	 properties	 of	 human	
dentine:	A	critical	review	and	re-evaluation	of	the	dental	literature.	Crit	Rev	Oral	
Biol	Med	2003;14:13-29.		

8. Kahler	B,	 Swain	MV,	Moule	A.	Fracture-toughening	mechanisms	 responsible	 for	
differences	 in	work	 to	 fracture	 of	 hydrated	 and	 dehydrated	 dentine.	 J	 Biomech	
2003;36:229-37.		

9. Arola	 D,	 Ivancik	 J,	 Majd	 H,	 Fouad	 A,	 Bajaj	 D,	 Zhang	 X-Y,	 et	 al.	 Microstructure							
and	 mechanical	 behavior	 of	 radicular	 and	 coronal	 dentine.	 Endod	 Topics		
2012;20:	30-51.		

10. Sjögren	U,	Figdor	D,	Persson	S,	Sundqvist	G.	Influence	of	 infection	at	the	time	of	
root	 filling	 on	 the	 outcome	 of	 endodontic	 treatment	 of	 teeth	 with	 apical	
periodontitis.	Int	Endod	J	1997;30:297-306.		

11. Sjögren	 U,	 Hägglund	 B,	 Sundqvist	 G,	 Wing	 K.	 Factors	 affecting	 the	 long-term	
results	of	endodontic	treatment.	J	Endod	1990;16:498-504.		

12. Sjögren	U,	Figdor	D,	Spångberg	L,	Sundqvist	G.	The	antimicrobial	effect	of	calcium	
hydroxide	as	a	short-term	intracanal	dressing.	Int	Endod	J	1991;24:119-25.		

13. Byström	 A,	 Sundqvist	 G.	 Bacteriologic	 evaluation	 of	 the	 efficacy	 of	 mechanical	
root	 canal	 instrumentation	 in	 endodontic	 therapy.	 Scand	 J	 Dent	 Res	 1981;89:	
321-8.		

14. Byström	 A,	 Sundqvist	 G.	 The	 antibacterial	 action	 of	 sodium	 hypochlorite	 and	
EDTA	in	60	cases	of	endodontic	therapy.	Int	Endod	J	1985;18:35-40.		



Chapter	1:	Literature	review		

 234 

15. Chugal	NM,	Clive	JM,	Spångberg	LS.	Endodontic	treatment	outcome:	Effect	of	the	
permanent	 restoration.	 Oral	 Surg	 Oral	 Med	 Oral	 Pathol	 Oral	 Radiol	 Endod	
2007;104:576-82.		

16. Vire	 DE.	 Failure	 of	 endodontically	 treated	 teeth:	 Classification	 and	 evaluation.							
J	Endod	1991;17:338-42.		

17. Ng	 YL,	 Mann	 V,	 Gulabivala	 K.	 A	 prospective	 study	 of	 the	 factors	 affecting	
outcomes	of	non-surgical	root	canal	treatment:	Part	2:	Tooth	survival.	Int	Endod	J	
2011;44:610-25.		

18. Kishen	A.	Mechanisms	and	risk	factors	for	fracture	predilection	in	endodontically	
treated	teeth.		Endod	Topics		2006;13:57-83.		

19. Tang	W,	Wu	Y,	Smales	RJ.	Identifying	and	reducing	risks	for	potential	fractures	in	
endodontically	treated	teeth.	J	Endod	2010;36:609-17.		

20. Pantvisai	P,	Messer	HH.	Cuspal	deflection	in	molars	in	relation	to	endodontic	and	
restorative	procedures.	J	Endod	1995;21:57-61.		

21. Nanci	 A.	 Enamel:	 Composition,	 formation	 and	 structure.	 In:	 Nanci	 A,	 editor.						
Ten	cate's	oral	histology:	Development,	structure	and	function.	6th	ed.	St.	Louis,	
Missouri:	Mosby;	2003,145-91.	

22. He	 L-H,	 Yin	 Z-H,	 Jansen	 van	 Vuuren	 L,	 Carter	 EA,	 Liang	 X-W.	 A	 natural	
functionally	 graded	 biocomposite	 coating	 -	 human	 enamel.	 Acta	 Biomater	
2013;9:6330-7.		

23. Setally	 Azevedo	Macena	M,	 de	 Alencar	 e	 Silva	 Leite	ML,	 de	 Lima	Gouveia	 C,	 de	
Lima	 TAS,	 Athayde	 PAA,	 de	 Sousa	 FB.	 A	 comparative	 study	 on	 component	
volumes	 from	 outer	 to	 inner	 dental	 enamel	 in	 relation	 to	 enamel	 tufts.															
Arch	Oral	Biol	2014;59:568-77.		

24. Sa	 Y,	 Liang	 S,	Ma	 X,	 Lu	 S,	Wang	 Z,	 Jiang	 T,	 et	 al.	 Compositional,	 structural	 and	
mechanical	 comparisons	 of	 normal	 enamel	 and	 hypomaturation	 enamel.											
Acta	Biomater	2014;10:5169-77.		

25. He	 LH,	 Swain	 MV.	 Enamel	 -	 a	 functionally	 graded	 natural	 coating.	 J	 Dent	
2009;37:596-603.		

26. Bajaj	D,	Arola	D.	Role	of	prism	decussation	on	fatigue	crack	growth	and	fracture	
of	human	enamel.	Acta	Biomater	2009;5:3045-56.		

27. Macho	GA,	 Jiang	Y,	 Spears	 IR.	 Enamel	microstructure-a	 truly	 three-dimensional	
structure.	J	Hum	Evol	2003;45:81-90.		

28. Bajaj	D,	Nazari	A,	Eidelman	N,	Arola	DD.	A	comparison	of	fatigue	crack	growth	in	
human	enamel	and	hydroxyapatite.	Biomaterials	2008;29:4847-54.		

29. He	 LH,	 Swain	 MV.	 Enamel-a	 "metallic-like"	 deformable	 biocomposite.	 J	 Dent	
2007;35:431-7.		

30. Baldassarri	 M,	 Margolis	 HC,	 Beniash	 E.	 Compositional	 determinants	 of	
mechanical	properties	of	enamel.	J	Dent	Res	2008;87:645-9.		



Chapter	1:	Literature	review		

 235 

31. He	 LH,	 Swain	 MV.	 Understanding	 the	 mechanical	 behaviour	 of	 human	 enamel	
from	its	structural	and	compositional	characteristics.	J	Mech	Behav	Biomed	Mater	
2008;1:18-29.		

32. Zheng	J,	Weng	LQ,	Shi	MY,	Zhou	J,	Hua	LC,	Qian	LM,	et	al.	Effect	of	water	content	
on	 the	 nanomechanical	 properties	 and	 microtribological	 behaviour	 of	 human	
tooth	enamel.	Wear	2013;301:316-23.		

33. Ge	J,	Cui	FZ,	Wang	XM,	Feng	HL.	Property	variations	in	the	prism	and	the	organic	
sheath	within	enamel	by	nanoindentation.	Biomaterials	2005;26:3333-9.		

34. Yahyazadehfar	M,	Bajaj	D,	Arola	DD.	Hidden	contributions	of	the	enamel	rods	on	
the	fracture	resistance	of	human	teeth.	Acta	Biomater	2013;9:4806-14.		

35. Padmanabhan	 SK,	 Balakrishnan	A,	 Chu	M-C,	 Kim	TN,	 Cho	 SJ.	Micro-indentation	
fracture	behavior	of	human	enamel.	Dent	Mater	2010;26:100-4.		

36. Bajaj	D,	Arola	DD.	On	the	R-curve	behavior	of	human	tooth	enamel.	Biomaterials	
2009;30:4037-46.		

37. An	B,	Wang	R,	Arola	D,	Zhang	D.	The	role	of	property	gradients	on	the	mechanical	
behavior	of	human	enamel.	J	Mech	Behav	Biomed	Mater	2012;9:63-72.		

38. Braly	 A,	 Darnell	 LA,	 Mann	 AB,	 Teaford	 MF,	 Weihs	 TP.	 The	 effect	 of	 prism	
orientation	 on	 the	 indentation	 testing	 of	 human	 molar	 enamel.	 Arch	 Oral	 Biol	
2007;52:856-60.		

39. Barani	A,	Keown	AJ,	Bush	MB,	Lee	JJ,	Chai	H,	Lawn	BR.	Mechanics	of	longitudinal	
cracks	in	tooth	enamel.	Acta	Biomater	2011;7:2285-92.		

40. Lawn	 BR,	 Bush	 MB,	 Barani	 A,	 Constantino	 PJ,	 Wroe	 S.	 Inferring	 biological	
evolution	from	fracture	patterns	in	teeth.	J	Theor	Biol	2013;338:59-65.		

41. Chai	H,	Lee	JJ,	Kwon	J-Y,	Lucas	PW,	Lawn	BR.	A	simple	model	for	enamel	fracture	
from	margin	cracks.	Acta	Biomater	2009;5:1663-7.		

42. Lawn	BR,	Lee	JJ.	Analysis	of	fracture	and	deformation	modes	in	teeth	subjected	to	
occlusal	loading.	Acta	Biomater	2009;5:2213-21.		

43. Lee	 JJ,	 Kwon	 JY,	 Chai	H,	 Lucas	PW,	Thompson	VP,	 Lawn	BR.	 Fracture	modes	 in	
human	teeth.	J	Dent	Res	2009;88:224-8.		

44. Keown	A,	Lee	 JJ,	Bush	M.	Fracture	behavior	of	human	molars.	 J	Mater	Sci	Mater	
Med	2012;23:2847-56.		

45. Chai	 H,	 Lee	 JJ,	 Lawn	 BR.	 On	 the	 chipping	 and	 splitting	 of	 teeth.	 J	 Mech	 Behav	
Biomed	Mater	2011;4:315-21.		

46. Lawn	 BR,	 Chai	 H,	 Barani	 A,	 Bush	 MB.	 Transverse	 fracture	 of	 canine	 teeth.																		
J	Biomech	2013;46:1561-7.		

47. Chai	H,	Lee	JJ,	Lawn	BR.	Fracture	of	tooth	enamel	from	incipient	microstructural	
defects.	J	Mech	Behav	Biomed	Mater	2010;3:116-20.		

48. Chai	 H.	 On	 crack	 growth	 in	 molar	 teeth	 from	 contact	 on	 the	 inclined	 occlusal	
surface.	J	Mech	Behav	Biomed	Mater	2015;44:76-84.		



Chapter	1:	Literature	review		

 236 

49. Barani	A,	Chai	H,	Lawn	BR,	Bush	MB.	Mechanics	analysis	of	molar	tooth	splitting.	
Acta	Biomater	2015;15:237-43.		

50. Barani	A,	Bush	MB,	Lawn	BR.	Effect	of	property	gradients	on	enamel	fracture	in	
human	molar	teeth.	J	Mech	Behav	Biomed	Mater	2012;15:121-30.		

51. Dong	 XD,	 Ruse	 ND.	 Fatigue	 crack	 propagation	 path	 across	 the	 dentinoenamel	
junction	complex	in	human	teeth.	J	Biomed	Mater	Res	2003;66A:103-9.		

52. Bechtle	S,	Fett	T,	Rizzi	G,	Habelitz	S,	Klocke	A,	Schneider	GA.	Crack	arrest	within	
teeth	 at	 the	 dentinoenamel	 junction	 caused	 by	 elastic	 modulus	 mismatch.	
Biomaterials	2010;31:4238-47.		

53. Marshall	GW,	Marshall	SJ,	Kinney	JH,	Balooch	M.	The	dentine	substrate:	Structure	
and	properties	related	to	bonding.	J	Dent	1997;25:441-58.		

54. Yan	 J,	Taskonak	B,	Platt	 JA,	Mecholsky	 Jr	 JJ.	 Evaluation	of	 fracture	 toughness	of	
human	 dentine	 using	 elastic-plastic	 fracture	 mechanics.	 J	 Biomech	 2008;41:	
1253-9.		

55. Nanci	 A.	 Dentine-pulp	 complex	 In:	 Nanci	 A,	 editor.	 Ten	 cate's	 oral	 histology:	
Development,	 structure	 and	 function.	 6th	 ed.	 St.	 Louis,	 Missouri:	 Mosby;	
2003,192-239.	

56. Shrestha	 A,	 Friedman	 S,	 Kishen	 A.	 Photodynamically	 crosslinked	 and	 chitosan-
incorporated	dentine	collagen.	J	Dent	Res	2011;90:1346-51.		

57. Kinney	JH,	Pople	JA,	Marshall	GW,	Marshall	SJ.	Collagen	orientation	and	crystallite	
size	 in	 human	 dentine:	 A	 small	 angle	 x-ray	 scattering	 study.	 Calcif	 Tissue	 Int	
2001;69:31-7.		

58. Hand	 AR,	 Ten	 Cate	 AR.	 Cytoskeleton,	 junctions	 and	 fibrobast.	 In:	 A.	 N,	 editor.				
Ten	cate's	oral	histology:	Development,	structure	and	function.	6th	ed.	St.	Louis,	
Missouri:	Mosby;	2003,70-1.	

59. Miguez	PA,	Pereira	PNR,	Atsawasuwan	P,	Yamauchi	M.	Collagen	cross-linking	and	
ultimate	tensile	strength	in	dentine.	J	Dent	Res	2004;83:807-10.		

60. Kishen	 A,	 Ramamurty	 U,	 Asundi	 A.	 Experimental	 studies	 on	 the	 nature	 of	
property	gradients	in	the	human	dentine.	J	Biomed	Mater	Res	2000;51:650-9.		

61. Kishen	 A,	 Kumar	 GV,	 Chen	 N-N.	 Stress-strain	 response	 in	 human	 dentine:	
Rethinking	 fracture	 predilection	 in	 postcore	 restored	 teeth.	 Dent	 Traumatol	
2004;20:90-100.		

62. Shrestha	 A,	 Messer	 HH,	 Asundi	 A,	 Kishen	 A.	 Effect	 of	 hydration	 on	 the	 strain	
gradients	 in	 dental	 hard	 tissues	 after	 heat	 and	 cold	 application.	 J	 Endod	
2010;36:1643-7.		

63. Kishen	 A,	 Asundi	 A.	 Experimental	 investigation	 on	 the	 role	 of	 water	 in	 the	
mechanical	 behavior	 of	 structural	 dentine.	 J	 Biomed	 Mater	 Res	 2005;73A:							
192-200.		

64. Gutmann	JL.	The	dentine-root	complex:	Anatomic	and	biologic	considerations	in	
restoring	endodontically	treated	teeth.	J	Prosthet	Dent	1992;67:458-67.		



Chapter	1:	Literature	review		

 237 

65. Pashley	DH,	Agee	KA,	Carvalho	RM,	Lee	KW,	Tay	FR,	Callison	TE.	Effects	of	water	
and	water-free	polar	solvents	on	the	tensile	properties	of	demineralized	dentine.	
Dent	Mater	2003;19:347-52.		

66. Brännström	 M,	 Garberoglio	 R.	 The	 dentinal	 tubules	 and	 the	 odontoblast	
processes	 a	 scanning	 electron	 microscopic	 study.	 Acta	 Odontol	 Scand	
1972;30:291-311.		

67. Garberoglio	 R,	 Brännström	 M.	 Scanning	 electron	 microscopic	 investigation	 of	
human	dentinal	tubules.	Arch	Oral	Biol	1976;21:355-62.		

68. Gale	MS,	Darvell	BW.	Dentine	permeability	and	tracer	tests.	J	Dent	1999;27:1-11.		

69. Fogel	 HM,	 Marshall	 FJ,	 Pashley	 DH.	 Effects	 of	 distance	 from	 the	 pulp	 and	
thickness	on	 the	hydraulic	 conductance	of	 human	 radicular	dentine.	 J	Dent	Res	
1988;67:1381-5.		

70. Pashley	 DH.	 Dentine:	 A	 dynamic	 substrate	 -	 a	 review.	 Scanning	 Microsc	 1989;	
3:161-74;	discussion	74-6.		

71. Schilke	 R,	 Lisson	 JA,	 Bauß	 O,	 Geurtsen	 W.	 Comparison	 of	 the	 number	 and	
diameter	of	dentinal	tubules	 in	human	and	bovine	dentine	by	scanning	electron	
microscopic	investigation.	Arch	Oral	Biol	2000;45:355-61.		

72. Camargo	 CHR,	 Siviero	M,	 Camargo	 SEA,	 de	 Oliveira	 SHG,	 Carvalho	 CAT,	 Valera	
MC.	Topographical,	diametral,	and	quantitative	analysis	of	dentine	tubules	in	the	
root	canals	of	human	and	bovine	teeth.	J	Endod	2007;33:422-6.		

73. Dourda	AO,	Moule	AJ,	Young	WG.	A	morphometric	analysis	of	the	cross-sectional	
area	 of	 dentine	 occupied	 by	 dentinal	 tubules	 in	 human	 third	 molar	 teeth.														
Int	Endod	J	1994;27:184-9.		

74. Mjör	IA,	Nordahl	I.	The	density	and	branching	of	dentinal	tubules	in	human	teeth.	
Arch	Oral	Biol	1996;41:401-12.		

75. Komabayashi	T,	Nonomura	G,	Watanabe	LG,	Marshall	Jr	GW,	Marshall	SJ.	Dentine	
tubule	numerical	density	variations	below	the	CEJ.	J	Dent	2008;36:953-8.		

76. Mannocci	 F,	 Pilecki	 P,	 Bertelli	 E,	Watson	TF.	Density	 of	 dentinal	 tubules	 affects	
the	tensile	strength	of	root	dentine.	Dent	Mater	2004;20:293-6.		

77. Carrigan	 PJ,	 Morse	 DR,	 Furst	 ML,	 Sinai	 IH.	 A	 scanning	 electron	 microscopic	
evaluation	 of	 human	 dentinal	 tubules	 according	 to	 age	 and	 location.	 J	 Endod	
1984;10:359-63.		

78. Schellenberg	U,	Krey	G,	Bosshardt	D,	Ramachandran	Nair	PN.	Numerical	density	
of	dentinal	 tubules	at	 the	pulpal	wall	of	human	permanent	premolars	and	third	
molars.	J	Endod	1992;18:104-9.		

79. Fosse	G,	Saele	PK,	Eide	R.	Numerical	density	and	distributional	pattern	of	dentine	
tubules.	Acta	Odontol	Scand	1992;50:201-10.		

80. Marshall	GW,	 Jr.	Dentine:	Microstructure	and	characterization.	Quintessence	 Int	
1993;24:606-17.		



Chapter	1:	Literature	review		

 238 

81. Kinney	 JH,	 Balooch	 M,	 Marshall	 SJ,	 Marshall	 Jr	 GW,	 Weihs	 TP.	 Hardness	 and	
young's	modulus	of	human	peritubular	and	 intertubular	dentine.	Arch	Oral	Biol	
1996;41:9-13.		

82. Kinney	JH,	Balooch	M,	Marshall	GW,	Marshall	SJ.	A	micromechanics	model	of	the	
elastic	properties	of	human	dentine.	Arch	Oral	Biol	1999;44:813-22.		

83. Lee	 BS,	 Hsieh	 TT,	 Chi	 DCH,	 Lan	WH,	 Lin	 CP.	 The	 role	 of	 organic	 tissue	 on	 the	
punch	shear	strength	of	human	dentine.	J	Dent	2004;32:101-7.		

84. Pashley	 DH,	 Agee	 KA,	 Wataha	 JC,	 Rueggeberg	 F,	 Ceballos	 L,	 Itou	 K,	 et	 al.	
Viscoelastic	 properties	 of	 demineralized	 dentine	 matrix.	 Dent	 Mater	 2003;	
19:700-6.		

85. Ryou	 H,	 Romberg	 E,	 Pashley	 DH,	 Tay	 FR,	 Arola	 D.	 Nanoscopic	 dynamic	
mechanical	 properties	 of	 intertubular	 and	 peritubular	 dentine.	 J	 Mech	 Behav	
Biomed	Mater	2012;7:3-16.		

86. Kinney	 JH,	 Gladden	 JR,	Marshall	 GW,	Marshall	 SJ,	 So	 JH,	Maynard	 JD.	 Resonant	
ultrasound	 spectroscopy	 measurements	 of	 the	 elastic	 constants	 of	 human	
dentine.	J	Biomech	2004;37:437-41.		

87. Carvalho	RM,	Fernandes	CA,	Villanueva	R,	Wang	L,	Pashley	DH.	Tensile	strength	
of	human	dentine	as	 a	 function	of	 tubule	orientation	and	density.	 J	Adhes	Dent	
2001;3:309-14.		

88. Inoue	 S,	 Pereira	 PNR,	 Kawamoto	 C,	 Nakajima	 M,	 Koshiro	 K,	 Tagami	 J,	 et	 al.					
Effect	 of	 depth	 and	 tubule	 direction	 on	 ultimate	 tensile	 strength	 of	 human	
coronal	dentine.	Dent	Mater	J	2003;22:39-47.		

89. Lertchirakarn	V,	Palamara	 JE,	Messer	HH.	Anisotropy	of	 tensile	strength	of	 root	
dentine.	J	Dent	Res	2001;80:453-6.		

90. Watanabe	 LG,	 Marshall	 Jr	 GW,	 Marshall	 SJ.	 Dentine	 shear	 strength:	 Effects	 of	
tubule	orientation	and	intratooth	location.	Dent	Mater	1996;12:109-15.		

91. Arola	 DD,	 Reprogel	 RK.	 Tubule	 orientation	 and	 the	 fatigue	 strength	 of	 human	
dentine.	Biomaterials	2006;27:2131-40.		

92. Staninec	 M,	 Marshall	 GW,	 Hilton	 JF,	 Pashley	 DH,	 Gansky	 SA,	 Marshall	 SJ,	 et	 al.	
Ultimate	tensile	strength	of	dentine:	Evidence	for	a	damage	mechanics	approach	
to	dentine	failure.	J	Biomed	Mater	Res	2002;63:342-5.		

93. Ryou	H,	Amin	N,	Ross	A,	Eidelman	N,	Wang	DH,	Romberg	E,	et	al.	Contributions		
of	 microstructure	 and	 chemical	 composition	 to	 the	 mechanical	 properties	 of	
dentine.	J	Mater	Sci	Mater	Med	2011;22:1127-35.		

94. Liu	 J,	 Hattori	 M,	 Hasegawa	 K,	 Yoshinari	 M,	 Kawada	 E,	 Oda	 Y.	 Effect	 of	 tubule	
orientation	 and	 dentine	 location	 on	 the	 microtensile	 strength	 of	 bovine	 root	
dentine.	Dent	Mater	J	2002;21:73-82.		

95. Pashley	D,	Okabe	A,	Parham	P.	The	relationship	between	dentine	microhardness	
and	tubule	density.	Endod	Dent	Traumatol	1985;1:176-9.		



Chapter	1:	Literature	review		

 239 

96. Brauer	 DS,	 Hilton	 JF,	 Marshall	 GW,	 Marshall	 SJ.	 Nano-	 and	 micromechanical	
properties	 of	 dentine:	 Investigation	 of	 differences	 with	 tooth	 side.	 J	 Biomech	
2011;44:1626-9.		

97. Jantarat	 J,	 Palamara	 JE,	 Lindner	 C,	 Messer	 HH.	 Time-dependent	 properties	 of	
human	root	dentine.	Dent	Mater	2002;18:486-93.		

98. Huang	TJ,	 Schilder	H,	Nathanson	D.	Effects	 of	moisture	 content	 and	 endodontic	
treatment	 on	 some	 mechanical	 properties	 of	 human	 dentine	 J	 Endod	 1992;	
18:209-15.		

99. Jameson	 MW,	 Hood	 JAA,	 Tidmarsh	 BG.	 The	 effects	 of	 dehydration	 and	
rehydration	 on	 some	 mechanical	 properties	 of	 human	 dentine.	 J	 Biomech	
1993;26:1055-65.		

100. Jameson	 MW,	 Tidmarsh	 BG,	 Hood	 JAA.	 Effect	 of	 storage	 media	 on	 subsequent	
water	 loss	 and	 regain	 by	 human	 and	 bovine	 dentine	 and	 on	 mechanical	
properties	of	human	dentine	in	vitro.	Arch	Oral	Biol	1994;39:759-67.		

101. Kahler	B,	Kotousov	A.	 Fracture	 in	hydrated	 and	dehydrated	dentine.	 Int	 J	 Fract	
2004;127:L155-L9.		

102. Kishen	 A,	 Rafique	 A.	 Investigations	 on	 the	 dynamics	 of	 water	 in	 the	
macrostructural	dentine.	J	Biomed	Opt	2006;11:054018.		

103. Yahyazadehfar	M,	Ivancik	J,	Majd	H,	An	B,	Zhang	D,	Arola	D.	On	the	mechanics	of	
fatigue	and	fracture	in	teeth.	Appl	Mech	Rev	2014;66:0308031-3080319.		

104. Rasmussen	 ST,	 Patchin	 RE,	 Scott	 DB,	 Heuer	 AH.	 Fracture	 properties	 of	 human	
enamel	and	dentine.	J	Dent	Res	1976;55:154-64.		

105. Rasmussen	ST,	Patchin	RE.	Fracture	properties	of	human	enamel	and	dentine	in	
an	aqueous	environment.	J	Dent	Res	1984;63:1362-68.		

106. Rasmussen	 ST.	 Fracture	 properties	 of	 human	 teeth	 in	 proximity	 to	 the	
dentinoenamel	junction.	J	Dent	Res	1984;63:1279-83.		

107. El	 Mowafy	 OM,	 Watts	 DC.	 Fracture	 toughness	 of	 human	 dentine.	 J	 Dent	 Res	
1986;65:677-81.		

108. Imbeni	V,	Nalla	RK,	Bosi	C,	Kinney	 JH,	Ritchie	RO.	 In	vitro	 fracture	 toughness	of	
human	dentine.	J	Biomed	Mater	Res	2003;66A:1-9.		

109. Wang	 R.	 Anisotropic	 fracture	 in	 bovine	 root	 and	 coronal	 dentine.	 Dent	 Mater	
2005;21:429-36.		

110. Ivancik	J,	Arola	DD.	The	importance	of	microstructural	variations	on	the	fracture	
toughness	of	human	dentine.	Biomaterials	2013;34:864-74.		

111. Nalla	RK,	Kinney	 JH,	Marshall	 SJ,	Ritchie	RO.	On	 the	 in	 vitro	 fatigue	behavior	of	
human	dentine:	Effect	of	mean	stress.	J	Dent	Res	2004;83:211-5.		

112. Arola	DD,	Rouland	JA.	The	effects	of	tubule	orientation	on	fatigue	crack	growth	in	
dentine.	J	Biomed	Mater	Res	2003;67A:78-86.		



Chapter	1:	Literature	review		

 240 

113. Bajaj	 D,	 Sundaram	 N,	 Nazari	 A,	 Arola	 D.	 Age,	 dehydration	 and	 fatigue	 crack	
growth	in	dentine.	Biomaterials	2006;27:2507-17.		

114. Ivancik	J,	Neerchal	NK,	Romberg	E,	Arola	D.	The	reduction	in	fatigue	crack	growth	
resistance	of	dentine	with	depth.	J	Dent	Res	2011;90:1031-6.		

115. Kruzic	JJ,	Ritchie	RO.	Fatigue	of	mineralized	tissues:	Cortical	bone	and	dentine.	J	
Mech	Behav	Biomed	Mater	2008;1:3-17.		

116. Arola	D,	Zheng	W.	Hydration	and	dynamic	fatigue	of	dentine.	J	Biomed	Mater	Res	
2006;77A:148-59.		

117. Arola	D,	Huang	MP,	Sultan	MB.	The	failure	of	amalgam	dental	restorations	due	to	
cyclic	fatigue	crack	growth.	J	Mater	Sci	Mater	Med	1999;10:319-27.		

118. Arola	 D,	 Reprogel	 RK.	 Effects	 of	 aging	 on	 the	 mechanical	 behavior	 of	 human	
dentine.	Biomaterials	2005;26:4051-61.		

119. Koester	KJ,	Ager	III	JW,	Ritchie	RO.	The	effect	of	aging	on	crack-growth	resistance	
and	toughening	mechanisms	in	human	dentine.	Biomaterials	2008;29:1318-28.		

120. Kishen	 A,	 Asundi	 A.	 Photomechanical	 investigations	 on	 the	 stress-strain	
relationship	in	dentine	macrostructure.	J	Biomed	Opt	2005;10:034010.		

121. Asundi	A,	Kishen	A.	Stress	distribution	in	the	dento-alveolar	system	using	digital	
photoelasticity.	Proc	Inst	Mech	Eng	Part	H		2000;214:659-67.		

122. Abbott	 P,	 Leow	 N.	 Predictable	 management	 of	 cracked	 teeth	 with	 reversible	
pulpitis.	Aust	Dent	J	2009;54:306-15.		

123. Talim	 ST,	 Gohil	 KS.	 Management	 of	 coronal	 fractures	 of	 permanent	 posterior	
teeth.	J	Prosthet	Dent	1974;31:172-8.		

124. Abou-Rass	M.	Crack	lines:	The	precursors	of	tooth	fractures	-	their	diagnosis	and	
treatment.	Quintessence	Int	1983;14:437-47.		

125. Moule	A,	editor.Orofacial	pain:	What	the	patient	is	telling	you.	Vol	2.	Queensland,	
Australia:	Dentil;	2004.		

126. Cracking	the	cracked	tooth	code:	Detection	and	treatment	of	various	longitudinal	
tooth	fractures.	 In:	ENDODONTICS	Colleagues	for	Excellence.	Chicago:	American	
Association	of	Endodontists;	2008.			

127. Loomba	 K,	 Loomba	 A,	 Bains	 R,	 Bains	 VK.	 A	 proposal	 for	 classification	 of	 tooth	
fractures	based	on	treatment	need.	J	Oral	Sci	2010;52:517-29.		

128. Seo	DG,	Yi	YA,	Shin	SJ,	Park	JW.	Analysis	of	factors	associated	with	cracked	teeth.		
J	Endod	2012;38:288-92.		

129. Sugaya	 T,	 Nakatsuka	 M,	 Inoue	 K,	 Tanaka	 S,	 Miyaji	 H,	 Sakagami	 R,	 et	 al.	
Comparison	 of	 fracture	 sites	 and	 post	 lengths	 in	longitudinal	 root	 fractures.												
J	Endod	2015;41:159-63.		

130. Ricucci	D,	Siqueira	Jr	JF,	Loghin	S,	Berman	LH.	The	cracked	tooth:	Histopathologic	
and	histobacteriologic	aspects.	J	Endod	2015;41:343-52.		



Chapter	1:	Literature	review		

 241 

131. Cameron	CE.	The	cracked	tooth	syndrome:	Additional	findings.	J	Am	Dent	Assoc	
1976;93:971-5.		

132. Pashley	DH.	Clinical	considerations	of	microleakage.	J	Endod	1990;16:70-7.		

133. Walton	 RE,	 Michelich	 RJ,	 Smith	 GN.	 The	 histopathogenesis	 of	 vertical	 root	
fractures.	J	Endod	1984;10:48-56.		

134. Lustig	 JP,	 Tamse	 A,	 Fuss	 Z.	 Pattern	 of	 bone	 resorption	 in	 vertically	 fractured,	
endodontically	 treated	 teeth.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	
2000;90:224-7.		

135. Kahler	W.	The	cracked	 tooth	conundrum:	Terminology,	 classification,	diagnosis,	
and	management.	Am	J	Dent	2008;21:275-82.		

136. Tsesis	I,	Rosen	E,	Tamse	A,	Taschieri	S,	Kfir	A.	Diagnosis	of	vertical	root	fractures	
in	 endodontically	 treated	 teeth	 based	 on	 clinical	 and	 radiographic	 indices:														
A	systematic	review.	J	Endod	2010;36:1455-8.		

137. Tamse	 A,	 Fuss	 Z,	 Lustig	 J,	 Kaplavi	 J.	 An	 evaluation	 of	 endodontically	 treated	
vertically	fractured	teeth.	J	Endod	1999;25:506-8.		

138. Cohen	 S,	 Blanco	 L,	 Berman	 L.	 Vertical	 root	 fractures:	 Clinical	 and	 radiographic	
diagnosis.	J	Am	Dent	Assoc	2003;134:434-41.		

139. Jang	AY-H.	A	comparsion	of	the	reliability	and	accuracy	of	transillumination	and	a	
dental	operating	microscope	to	detect	cracks	in	the	enamel	of	teeth.	[Australia]:	
The	University	of	Western	Australia;	2014.			

140. Abbott	 PV.	 Assessing	 restored	 teeth	 with	 pulp	 and	 periapical	 diseases	 for	 the	
presence	of	cracks,	caries	and	marginal	breakdown.	Aust	Dent	J	2004;49:33-9	

141. Krell	 KV,	 Rivera	 EM.	 A	 six-year	 evaluation	 of	 cracked	 teeth	 diagnosed	 with	
reversible	pulpitis:	Treatment	and	prognosis.	J	Endod	2007;33:1405-7.		

142. Ehrmann	 EH,	 Tyas	 MJ.	 Cracked	 tooth	 syndrome:	 Diagnosis,	 treatment	 and	
correlation	 between	 symptoms	 and	 post-extraction	 findings.	 Aust	 Dent	 J	
1990;35:105-12.		

143. Tan	 L,	 Chen	 NN,	 Poon	 CY,	 Wong	 HB.	 Survival	 of	 root-filled	 cracked	 teeth	 in	 a	
tertiary	institution.	Int	Endod	J	2006;39:886-9.		

144. Kim	 SY,	 Kim	 SH,	 Cho	 SB,	 Lee	 GO,	 Yang	 SE.	 Different	 treatment	 protocols	 for	
different	 pulpal	 and	periapical	 diagnoses	 of	 72	 cracked	 teeth.	 J	 Endod	 2013;	
39:449-52.		

145. Bader	 JD,	 Martin	 JA,	 Shugars	 DA.	 Incidence	 rates	 for	 complete	 cusp	 fracture.	
Community	Dent	Oral	Epidemiol	2001;29:346.		

146. Bader	 JD,	 Martin	 JA,	 Shugars	 DA.	 Preliminary	 estimates	 of	 the	 incidence	 and	
consequences	of	tooth	fracture.	J	Am	Dent	Assoc	1995;126:1650-4.		

147. Chan	CP,	Lin	CP,	Tseng	SC,	Jeng	JH.	Vertical	root	fracture	in	endodontically		versus	
non-endodontically	 treated	 teeth:	 A	 survey	 of	 315	 cases	 in	 chinese	 patients.							
Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	1999;87:504-7.		



Chapter	1:	Literature	review		

 242 

148. Cohen	 S,	 Berman	 LH,	 Blanco	 L,	 Bakland	 L,	 Kim	 JS.	 A	 demographic	 analysis	 of	
vertical	root	fractures.	J	Endod	2006;32:1160-3.		

149. Lagouvardos	 P,	 Sourai	 P,	 Douvitsas	 G.	 Coronal	 fractures	 in	 posterior	 teeth.							
Oper	Dent	1989;14:28-32.		

150. Bader	 JD,	 Shugars	 DA,	 Martin	 JA.	 Risk	 indicators	 for	 posterior	 tooth	 fracture.											
J	Am	Dent	Assoc	2004;135:883-92.		

151. Gher	 M,	 Dunlap	 R,	 Anderson	 M,	 Kuhl	 L.	 Clinical	 survey	 of	 fractured	 teeth.																		
J	Am	Dent	Assoc	1987;114:174-7.		

152. Roh	 BD,	 Lee	 YE.	 Analysis	 of	 154	 cases	 of	 teeth	 with	 cracks.	 Dent	 Traumatol	
2006;22:118-23.		

153. Burke	FJT.	Tooth	fracture	in	vivo	and	in	vitro.	J	Dent	1992;20:131-9.		

154. Eakle	W,	Maxwell	 E,	 Braly	 B.	 Fractures	 of	 posterior	 teeth	 in	 adults.	 J	 Am	Dent	
Assoc	1986;112:215-8.		

155. Hansen	 EK.	 In	 vivo	 cusp	 fracture	 of	 endodontically	 treated	 premolars	 restored	
with	MOD	amalgam	or	MOD	resin	fillings.	Dent	Mater	1988;4:169-73.		

156. Hansen	 EK,	 Asmussen	 E,	 Christiansen	 NC.	 In	 vivo	 fractures	 of	 endodontically	
treated	posterior	teeth	restored	with	amalgam.	Dent	Traumatol	1990;6:49-55.		

157. Fuss	 Z,	 Lustig	 J,	 Tamse	 A.	 Prevalence	 of	 vertical	 root	 fractures	 in	 extracted	
endodontically	treated	teeth.	Int	Endod	J	1999;32:283-6.		

158. Zadik	Y,	Sandler	V,	Bechor	R,	Salehrabi	R.	Analysis	of	factors	related	to	extraction	
of	endodontically	treated	teeth.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	
2008;106:e31-e5.		

159. Touré	B,	 Faye	B,	 Kane	AW,	 Lo	 CM,	Niang	B,	 Boucher	 Y.	 Analysis	 of	 reasons	 for	
extraction	 of	 endodontically	 treated	 teeth:	 A	 prospective	 study.	 J	 Endod	
2011;37:1512-5.		

160. Chen	S-C,	Chueh	L-H,	Hsiao	CK,	Wu	H-P,	Chiang	C-P.	First	untoward	events	and	
reasons	 for	 tooth	 extraction	 after	 nonsurgical	 endodontic	 treatment	 in	 Taiwan.								
J	Endod	2008;34:671-4.		

161. Yoshino	K,	Ito	K,	Kuroda	M,	Sugihara	N.	Prevalence	of	vertical	root	fracture	as	the	
reason	for	tooth	extraction	in	dental	clinics.	Clin	Oral	Investig	2015;19:1405-9.		

162. Ferrari	M,	Vichi	A,	Fadda	GM,	Cagidiaco	MC,	Tay	FR,	Breschi	L,	et	al.	A	randomized	
controlled	 trial	 of	 endodontically	 treated	 and	 restored	 premolars.	 J	 Dent	 Res	
2012;91:72S-8S.		

163. Helfer	AR,	Melnick	S,	Schilder	H.	Determination	of	 the	moisture	content	of	vital	
and	pulpless	teeth.	Oral	Surg	Oral	Med	Oral	Pathol	1972;34:661-70.		

164. Papa	 J,	 Cain	 C,	Messer	 HH.	Moisture	 content	 of	 vital	 vs.	 endodontically	 treated	
teeth.	Endod	Dent	Traumatol	1994;10:91-3.		



Chapter	1:	Literature	review		

 243 

165. Stanford	 JW,	Weigel	KV,	Paffenbarger	GC,	Sweeney	WT.	Compressive	properties	
of	 hard	 tooth	 tissues	 and	 some	 restorative	 materials	 J	 Am	 Dent	 Assoc	 1960;	
60:746-56.		

166. Sedgley	 C,	 Messer	 H.	 Are	 endodontically	 treated	 teeth	 more	 brittle?	 J	 Endod	
1992;18:332-5.		

167. Lewinstein	I,	Grajower	R.	Root	dentine	hardness	of	endodontically	treated	teeth.			
J	Endod	1981;7:421-2.		

168. Cheron	 RA,	 Marshall	 SJ,	 Goodis	 HE,	 Peters	 OA.	 Nanomechanical	 properties	 of	
endodontically	treated	teeth.	J	Endod	2011;37:1562-5.		

169. Carter	 JM,	 Sorensen	 SE,	 Johnson	 RR,	 Teitelbaum	 RL,	 Levine	 MS.	 Punch	 shear	
testing	 of	 extracted	 vital	 and	 endodontically	 treated	 teeth.	 J	 Biomech	 1983;	
16:841-8.		

170. Soares	CJ,	Santana	FR,	Silva	NR,	Preira	JC,	Pereira	CA.	Influence	of	the	endodontic	
treatment	on	mechanical	properties	of	root	dentine.	J	Endod	2007;33:603-6.		

171. Kakehashi	 GH,	 Stanley	 HR,	 Fitzgerald	 RL.	 The	 effects	 of	 surgical	 exposure	 of	
dental	pulps	 in	germ-free	and	conventional	 laboratory	 rats.	Oral	Surg	Oral	Med	
Oral	Pathol	1965;20:340-9.		

172. Kakehashi	GH,	Stanley	HR,	Fitzgerald	RL.	The	exposed	germ-free	pulp:	Effects	of	
topical	corticosteriod	medication	and	restoration	Oral	Surg	Oral	Med	Oral	Pathol	
1969;27:60-7.		

173. Korzen	 BH,	 Krakow	 AA,	 Green	 DB.	 Pulp	 and	 periapical	 tissue	 responses	 in	
conventional	and	monoinfected	gnotobiotic	rats.	Oral	Surg	Oral	Med	Oral	Pathol	
1974;37:783-802.		

174. Sundqvist	 G.	 Bacteriological	 studies	 of	 necrotic	 dental	 pulps.	 Umae	 Univ	
Odontological	Dissertations	1976:94.		

175. Möller	 AJ,	 Fabricius	 L,	 Dahlèn	 G,	 Öhman	 AE,	 Heyden	 G.	 Influence	 on	 periapical	
tissues	 of	 indigenous	 oral	 bacteria	 and	 necrotic	 pulp	 tissue	 in	 monkeys.										
Scand	J	Dent	Res	1981;89:475-84.		

176. Fabricius	 L,	 Dahlèn	 G,	 Öhman	 AE,	 Möller	 AJ.	 Predominant	 indigenous	 oral	
bacteria	 isolated	 from	 infected	 root	 canals	 after	 varied	 times	 of	 closure.										
Scand	J	Dent	Res	1982;90:134-44.		

177. Delivanis	 PD,	 Snowden	 RB,	 Doyle	 RJ.	 Localization	 of	 blood-borne	 bacteria	 in	
instrumented	unfilled	root	canals.	Oral	Surg	Oral	Med	Oral	Pathol	1981;52:430-2.		

178. Brännström	 M,	 Lind	 PO.	 Pulpal	 response	 to	 early	 dental	 caries.	 J	 Dent	 Res	
1965;44:1045-50.		

179. Abbott	PV,	Salgado	 JC.	Strategies	 for	 the	endodontic	management	of	 concurrent	
endodontic	and	periodontal	diseases.	Aust	Dent	J	2009;54:S70-S85.		

180. Abbott	 PV,	 Yu	 C.	 A	 clinical	 classification	 of	 the	 status	 of	 the	 pulp	 and	 the	 root	
canal	system.	Aust	Dent	J	2007;52:S17-31.		



Chapter	1:	Literature	review		

 244 

181. Sundqvist	G,	Figdor	D,	Persson	S,	Sjögren		U.	Microbiologic	analysis	of	teeth	with	
failed	endodontic	treatment	and	the	outcome	of	conservative	re-treatment.	Oral	
Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	1998;85:86-93.		

182. Chugal	 NM,	 Clive	 JM,	 Spångberg	 LS.	 Endodontic	 infection:	 Some	 biologic	 and	
treatment	factors	associated	with	outcome.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	
Radiol	Endod	2003;96:81-90.		

183. Jensen	 AL,	 Abbott	 PV,	 Castro	 Salgado	 J.	 Interim	 and	 temporary	 restoration	 of	
teeth	during	endodontic	treatment.	Aust	Dent	J	2007;52:S83-99.		

184. Siqueira	 Jr	 JF,	 Rôças	 IN,	 Santos	 SRLD,	 Lima	 KC,	 Magalhães	 FAC,	 de	 Uzeda	 M.	
Efficacy	 of	 instrumentation	 techniques	 and	 irrigation	 regimens	 in	 reducing	 the	
bacterial	population	within	root	canals.	J	Endod	2002;28:181-4.		

185. Siqueira	 Jr	 JF,	 Lima	 KC,	 Magalhães	 FAC,	 Lopes	 HP,	 de	 Uzeda	 M.	 Mechanical	
reduction	of	 the	bacterial	population	 in	the	root	canal	by	three	 instrumentation	
techniques.	J	Endod	1999;25:332-5.		

186. Siqueira	 Jr	 JF,	 de	 Uzeda	 M.	 Intracanal	 medicaments:	 Evaluation	 of	 the	
antibacterial	 effects	 of	 chlorhexidine,	 metronidazole,	 and	 calcium	 hydroxide	
associated	with	three	vehicles.	J	Endod	1997;23:167-9.		

187. Siqueira	 Jr	 JF,	de	Uzeda	M.	Disinfection	by	calcium	hydroxide	pastes	of	dentinal	
tubules	infected	with	two	obligate	and	one	facultative	anaerobic	bacteria.	J	Endod	
1996;22:674-6.		

188. Shuping	GB,	Ørstavik	D,	Sigurdsson	A,	Trope	M.	Reduction	of	intracanal	bacteria	
using	 nickel-titanium	 rotary	 instrumentation	 and	 various	medications.	 J	 Endod	
2000;26:751-5.		

189. Byström	 A,	 Sundqvist	 G.	 Bacteriologic	 evaluation	 of	 the	 effect	 of	 0.5	 percent	
sodium	 hypochlorite	 in	 endodontic	 therapy.	 Oral	 Surg	 Oral	 Med	 Oral	 Pathol	
1983;55:307-12.		

190. Byström	 A,	 Claesson	 R,	 Sundqvist	 G.	 The	 antibacterial	 effect	 of	 camphorated	
paramonochlorophenol,	 camphorated	 phenol	 and	 calcium	 hydroxide	 in	 the	
treatment	of	infected	root	canals.	Dent	Traumatol	1985;1:170-5.		

191. Ricucci	 D,	 Grondahl	 K,	 Bergenholtz	 G.	 Periapical	 status	 of	 root-filled	 teeth	
exposed	to	 the	oral	environment	by	 loss	of	restoration	or	caries.	Oral	Surg	Oral	
Med	Oral	Pathol	Oral	Radiol	Endod	2000;90:354-9.		

192. Ricucci	D,	Bergenholtz	G.	Bacterial	status	in	root-filled	teeth	exposed	to	the	oral	
environment	by	loss	of	restoration	and	fracture	or	caries	-	A	histobacteriological	
study	of	treated	cases.	Int	Endod	J	2003;36:787-802.		

193. Fabricius	L,	Dahlèn	G,	Sundqvist	G,	Happonen	RP,	Möller	AJ.	Influence	of	residual	
bacteria	on	periapical	 tissue	healing	after	chemomechanical	 treatment	and	root	
filling	of	experimentally	infected	monkey	teeth.	Eur	J	Oral	Sci	2006;114:278-85.		



Chapter	1:	Literature	review		

 245 

194. Abbott	 P.	 Endodontics	 and	 dental	 traumatology-	 an	 overview	 of	 modern	
endodontics.	Teaching	manual	Melbourne,	Australia:	The	University	of	Western	
Australia;	1999		

195. Melton	D,	Cobb	S,	Krell	KV.	A	comparison	of	 two	temporary	restorations:	Light-
cured	resin	versus	a	self-polymerizing	temporary	restoration.	Oral	Surg	Oral	Med	
Oral	Pathol	1990;70:221-5.		

196. Pai	SF,	Yang	SF,	Sue	WL,	Chueh	LH,	Rivera	EM.	Microleakage	between	endodontic	
temporary	 restorative	 materials	 placed	 at	 different	 times.	 J	 Endod	 1999;25:						
453-6.		

197. Orahood	 JP,	 Cochran	 MA,	 Swartz	 M,	 Newton	 CW.	 In	 vitro	 study	 of	 marginal	
leakage	 between	 temporary	 sealing	 materials	 and	 recently	 placed	 restorative	
materials.	J	Endod	1986;12:523-7.		

198. Peters	OA.	Accessing	root	canal	systems:	Knowledge	base	and	clinical	techniques.	
Endod	Prac	Today	2008;2:87-104.		

199. Patel	 S,	 Rhodes	 J.	 A	 practical	 guide	 to	 endodontic	 access	 cavity	 preparation	 in	
molar	teeth.	Br	Dent	J	2007;203:133-40.		

200. Peters	 OA,	 Koka	 RS.	 Preparation	 of	 coronal	 and	 radicular	 spaces.	 In:	 Ingle	 JI,	
Bakland	 L,	 Baumgartner	 JC,	 editors.	 Ingle's	 endodontics.	 6th	 ed.	 Hamilton,	
Ontario:	BC	Decker;	2008,877-80.	

201. Clark	 D,	 Khademi	 J.	 Modern	 molar	 endodontic	 access	 and	 directed	 dentine	
conservation.	Dent	Clin	North	Am	2010;54:249-73.		

202. Clark	 D,	 Khademi	 JA.	 Case	 studies	 in	 modern	 molar	 endodontic	 access	 and	
directed	dentine	conservation.	Dent	Clin	North	Am	2010;54:249-73.		

203. Mannan	 G,	 Smallwood	 ER,	 Gulabivala	 K.	 Effect	 of	 access	 cavity	 location	 and	
design	on	degree	and	distribution	of	instrumented	root	canal	surface	in	maxillary	
anterior	teeth.	Int	Endod	J	2001;34:176-83.		

204. Madjar	 D,	 Kusner	 W,	 Shifman	 A.	 The	 labial	 endodontic	 access:	 A	 rational	
treatment	approach	in	anterior	teeth.	J	Prosthet	Dent1989;61:317-20.		

205. Nissan	 J,	 Zukerman	O,	Rosenfelder	S,	Barnea	E,	 Shifman	A.	Effect	of	 endodontic	
access	 type	on	 the	 resistance	 to	 fracture	of	maxillary	 incisors.	Quintessence	 Int	
2007;38:e364-e7.		

206. Wolcott	S,	Wolcott	J,	Ishley	D,	Kennedy	W,	Johnson	S,	Minnich	S,	et	al.	Separation	
incidence	 of	 ProTaper	 rotary	 instruments:	 A	 large	 cohort	 clinical	 evaluation.											
J	Endod	2006;32:1139-41.		

207. Di	Fiore	PM,	Genov	KA,	Komaroff	E,	Li	Y,	Lin	L.	Nickel-titanium	rotary	instrument	
fracture:	A	clinical	practice	assessment.	Int	Endod	J	2006;39:700-8.		

208. Krishan	 R,	 Paque	 F,	 Ossareh	 A,	 Kishen	 A,	 Dao	 T,	 Friedman	 S.	 Impacts	 of	
conservative	 endodontic	 cavity	 on	 root	 canal	 instrumentation	 efficacy	 and	
resistance	 to	 fracture	 assessed	 in	 incisors,	 premolars,	 and	 molars.	 J	 Endod	
2014;40:1160-6.		



Chapter	1:	Literature	review		

 246 

209. Haddadin	R.	Bacterial	and	dye	penetration	of	temporary	endodontic	restorations.	
[Australia]:	The	University	of	Western	Australia;	2010.			

210. Aydin	 C,	 Tunca	 YM,	 Senses	 Z,	 Baysallar	 M,	 Kayaoglu	 G,	 Ørstavik	 D.	 Bacterial	
reduction	 by	 extensive	 versus	 conservative	 root	 canal	 instrumentation	 in	 vitro.	
Acta	Odontol	Scand	2007;65:167-70.		

211. Dalton	BC,	Ørstavik	D,	Phillips	C,	Pettiette	M,	Trope	M.	Bacterial	 reduction	with	
nickel-titanium	rotary	instrumentation.	J	Endod	1998;24:763-7.		

212. Chuste-Guillot	 M-P,	 Badet	 C,	 Peli	 J-F,	 Perez	 F.	 Effect	 of	 three	 nickel-titanium	
rotary	file	techniques	on	infected	root	dentine	reduction.	Oral	Surg	Oral	Med	Oral	
Pathol	Oral	Radiol	Endod	2006;102:254-8.		

213. Lin	 J,	 Shen	Y,	Haapasalo	M.	A	 comparative	 study	 of	 biofilm	 removal	with	 hand,	
rotary	 nickel-titanium,	 and	 self-adjusting	 file	 instrumentation	 using	 a	 novel	
in	vitro	biofilm	model.	J	Endod	2013;39:658-63.		

214. Machado	 MEL,	 Nabeshima	 CK,	 Leonardo	 MFP,	 Reis	 FAS,	 Britto	 MLB,	 Cai	 S.	
Influence	 of	 reciprocating	 single-file	 and	 rotary	 instrumentation	 on	 bacterial	
reduction	on	infected	root	canals.	Int	Endod	J	2013;46:1083-7.		

215. Nabeshima	CK,	Caballero-Flores	H,	Cai	S,	Aranguren	J,	Borges	Britto	ML,	de	Lima	
Machado	ME.	Bacterial	removal	promoted	by	2	single-file	systems:	WaveOne	and	
OneShape.	J	Endod	2014;40:1995-8.		

216. Nakamura	 VC,	 Cai	 S,	 Candeiro	 GTM,	 Ferrari	 PH,	 Caldeira	 CL,	 Gavini	 G.	 Ex	 vivo	
evaluation	 of	 the	 effects	 of	 several	 root	 canal	 preparation	 techniques	 and	
irrigation	regimens	on	a	mixed	microbial	infection.	Int	Endod	J	2013;46:217-24.		

217. De	 Rossi	 A,	 Silva	 LAB,	 Leonardo	 MR,	 Rocha	 LB,	 Rossi	 MA.	 Effect	 of	 rotary	 or	
manual	instrumentation,	with	or	without	a	calcium	hydroxide/1%	chlorhexidine	
intracanal	dressing,	on	the	healing	of	experimentally	 induced	chronic	periapical	
lesions.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	2005;99:628-36.		

218. Siqueira	 Jr	 JF,	 Araújo	 MCP,	 Garcia	 PF,	 Fraga	 RC,	 Dantas	 CJS.	 Histological	
evaluation	of	the	effectiveness	of	five	instrumentation	techniques	for	cleaning	the	
apical	third	of	root	canals.	J	Endod	1997;23:499-502.		

219. Tucker	 DM,	 Wenckus	 CS,	 Bentkover	 SK.	 Canal	 wall	 planning	 by																							
engine-driven	 nickel-titanium	 instruments,	 compared	 with	 stainless-steel	 hand	
instrumentation.	J	Endod	1997;23:170-3.		

220. Pérez-Heredia	M,	Ferrer-Luque	CM,	González-Rodríguez	MP.	The	effectiveness	of	
different	 acid	 irrigating	 solutions	 in	 root	 canal	 cleaning	 after	 hand	 and	 rotary	
instrumentation.	J	Endod	2006;32:993-7.		

221. Ahlquist	M,	Henningsson	O,	Hultenby	K,	Ohlin	J.	The	effectiveness	of	manual	and	
rotary	techniques	in	the	cleaning	of	root	canals:	A	scanning	electron	microscopy	
study.	Int	Endod	J	2001;34:533-7.		

222. Taha	 NA,	 Ozawa	 T,	 Messer	 HH.	 Comparison	 of	 three	 techniques	 for	 preparing	
oval-shaped	root	canals.	J	Endod	2010;36:532-5.		



Chapter	1:	Literature	review		

 247 

223. Barbizam	 JVB,	 Fariniuk	 LF,	 Marchesan	 MA,	 Pecora	 JD,	 Sousa-Neto	 MD.	
Effectiveness	 of	 manual	 and	 rotary	 instrumentation	 techniques	 for	 cleaning	
flattened	root	canals.	J	Endod	2002;28:365-6.		

224. Schäfer	 E,	 Lohmann	 D.	 Efficiency	 of	 rotary	 nickel-titanium	 flexmaster	
instruments	 compared	 with	 stainless	 steel	 hand	 K-Flexofile.	 Part	 2.	 Cleaning	
effectiveness	 and	 instrumentation	 results	 in	 severely	 curved	 root	 canals	 of	
extracted	teeth.	Int	Endod	J	2002;35:514-21.		

225. Schäfer	 E,	 Schlingemann	 R.	 Efficiency	 of	 rotary	 nickel-titanium	K3	 instruments	
compared	with	stainless	steel	hand	K-Flexofile.	Part	2.	Cleaning	effectiveness	and	
shaping	 ability	 in	 severely	 curved	 root	 canals	 of	 extracted	 teeth.	 Int	 Endod	 J	
2003;36:208-17.		

226. Nagaraja	 S,	 Sreenivasa	 Murthy	 BV.	 CT	 evaluation	 of	 canal	 preparation	 using	
rotary	 and	 hand	 ni-ti	 instruments:	 An	 in	 vitro	 study.	 Journal	 of	 Conservative	
Dentistry	2010;13:16-22.		

227. Mahran	AH,	 AboEl-Fotouh	MM.	 Comparison	 of	 effects	 of	 ProTaper,	 heroshaper,	
and	 gates	 glidden	burs	 on	 cervical	 dentine	 thickness	 and	 root	 canal	 volume	by	
using	multislice	computed	tomography.	J	Endod	2008;34:1219-22.		

228. Gergi	 R,	 Rjeily	 JA,	 Sader	 J,	 Naaman	 A.	 Comparison	 of	 canal	 transportation	 and	
centering	 ability	 of	 Twisted	 files,	 PathFile-ProTaper	 system,	 and	 stainless	 steel	
hand	K-files	by	using	computed	tomography.	J	Endod	2010;36:904-7.		

229. ElAyouti	 ADmd,	 lowast,	 lowast,	 Dima	 EDDS,	 lowast,	 Judenhofer	 MSDDI,	 et	 al.	
Increased	 apical	 enlargement	 contributes	 to	 excessive	 dentine	 removal	 in				
curved	 root	 canals:	 A	 stepwise	 microcomputed	 tomography	 study.	 J	 Endod	
2011;37:1580-4.		

230. Yin	 X,	 Cheung	 GS-p,	 Zhang	 C,	 Masuda	 YM,	 Kimura	 Y,	 Matsumoto	 K.																						
Micro-computed	 tomographic	 comparison	 of	 nickel-titanium	 rotary	 versus	
traditional	instruments	in	c-shaped	root	canal	system.	J	Endod	2010;36:708-12.		

231. Huang	TY,	Gulabivala	K,	Ng	YL.	A	bio-molecular	film	ex-vivo	model	to	evaluate	the	
influence	of	canal	dimensions	and	irrigation	variables	on	the	efficacy	of	irrigation.	
Int	Endod	J	2008;41:60-71.		

232. Arvaniti	 IS,	 Khabbaz	 MG.	 Influence	 of	 root	 canal	 taper	 on	 its	 cleanliness:																	
A	scanning	electron	microscopic	study.	J	Endod	2011;37:871-4.		

233. Khademi	 A,	 Yazdizadeh	 M,	 Feizianfard	 M.	 Determination	 of	 the	 minimum	
instrumentation	size	for	penetration	of	irrigants	to	the	apical	third	of	root	canal	
systems.	J	Endod	2006;32:417-20.		

234. Rundquist	BD,	Versluis	A.	How	does	canal	taper	affect	root	stresses?	Int	Endod	J	
2006;39:226-37.		

235. Çelik	D,	Taşdemir	T,	Er	K.	Comparative	study	of	6	rotary	nickel-titanium	systems	
and	 hand	 instrumentation	 for	 root	 canal	 preparation	 in	severely	 curved	 root	
canals	of	extracted	teeth.	J	Endod	2013;39:278-82.		



Chapter	1:	Literature	review		

 248 

236. Schäfer	 E,	 Schulz-Bongert	 U,	 Tulus	 G.	 Comparison	 of	 hand	 stainless	 steel	 and	
nickel-titanium	rotary	instrumentation:	A	clinical	study.	J	Endod	2004;30:432-5.		

237. Esposito	 PT,	 Cunningham	 CJ.	 A	 comparison	 of	 canal	 preparation	 with	 nickel-
titanium	and	stainless	steel	instruments.	J	Endod	1995;21:173-6.		

238. Tan	BT,	Messer	HH.	The	quality	of	apical	canal	preparation	using	hand	and	rotary	
instruments	with	specific	criteria	for	enlargement	based	on	initial	apical	file	size.	
J	Endod	2002;28:658-64.		

239. Wu	M-K,	 R'Oris	 A,	 Barkis	 D,	Wesselink	 PR.	 Prevalence	 and	 extent	 of	 long	 oval	
canals	 in	 the	 apical	 third.	 Oral	 Surg	 Oral	 Med	 Oral	 Pathol	 Oral	 Radiol	 Endod	
2000;89:739-43.		

240. Weiger	R,	ElAyouti	A,	Löst	C.	Efficiency	of	hand	and	rotary	instruments	in	shaping	
oval	root	canals.	J	Endod	2002;28:580-3.		

241. Peters	 OA.	 Current	 challenges	 and	 concepts	 in	 the	 preparation	 of	 root	 canal	
systems:	A	review.	J	Endod	2004;30:559-67.		

242. Abbott	 P,	Heijkoop	 P,	 Cardaci	 S,	 Hume	W,	 GS	H.	 An	 sem	 study	 of	 the	 effects	 of	
different	irrigation	sequences	and	ultrasonics.	Int	Endod	J	1991;24:308-16.		

243. Siqueira	 Jr	 JF,	 Rôças	 IN,	 Favieri	 A,	 Lima	KC.	 Chemomechanical	 reduction	 of	 the	
bacterial	 population	 in	 the	 root	 canal	 after	 instrumentation	 and	 irrigation	with	
1%,	2.5%,	and	5.25%	sodium	hypochlorite.	J	Endod	2000;26:331-4.		

244. Stojicic	S,	Zivkovic	S,	Qian	W,	Zhang	H,	Haapasalo	M.	Tissue	dissolution	by	sodium	
hypochlorite:	 Effect	 of	 concentration,	 temperature,	 agitation,	 and	 surfactant.											
J	Endod	2010;36:1558-62.		

245. Baumgartner	 JC,	 Cuenin	 PR.	 Efficacy	 of	 several	 concentrations	 of	 sodium	
hypochlorite	for	root	canal	irrigation.	J	Endod	1992;18:605-12.		

246. Hasselgren	 G,	 Olsson	 B,	 Cvek	 M.	 Effects	 of	 calcium	 hydroxide	 and	 sodium	
hypochlorite	 on	 the	 dissolution	 of	 necrotic	 porcine	 muscle	 tissue.	 J	 Endod	
1988;14:125-7.		

247. Türkün	M,	Cengiz	T.	The	effects	of	sodium	hypochlorite	and	calcium	hydroxide	on	
tissue	dissolution	and	root	canal	cleanliness.	Int	Endod	J	1997;30:335-42.		

248. Andersen	M,	Lund	A,	Andreasen	 JO,	Andreasen	FM.	 In	 vitro	 solubility	of	human	
pulp	 tissue	 in	 calcium	 hydroxide	 and	 sodium	 hypochlorite.	 Dent	 Traumatol	
1992;8:104-8.		

249. Zhang	 K,	 Kim	 YK,	 Cadenaro	 M,	 Bryan	 TE,	 Sidow	 SJ,	 Loushine	 RJ,	 et	 al.															
Effects	 of	 different	 exposure	 times	 and	 concentrations	 of	 sodium	
hypochlorite/ethylenediaminetetraacetic	 acid	 on	 the	 structural	 integrity	 of	
mineralized	dentine.	J	Endod	2010;36:105-9.		

250. Dumitriu	 D,	 Dobre	 T.	 Effects	 of	 temperature	 and	 hypochlorite	 concentration	
on	the	rate	of	collagen	dissolution.	J	Endod	2015;41:903-6.		

251. Gernhardt	 CR,	 Eppendorf	 K,	 Kozlowski	 A,	 Brandt	 M.	 Toxicity	 of	 concentrated	
sodium	hypochlorite	used	as	an	endodontic	irrigant.	Int	Endod	J	2004;37:272-80.		



Chapter	1:	Literature	review		

 249 

252. Ghisi	AC,	Kopper	PMP,	Baldasso	FER,	Stürmer	CP,	Rossi-Fedele	G,	Steier	L,	et	al.	
Effect	 of	 superoxidized	water	 and	 sodium	 hypochlorite,	 associated	 or	 not	with	
EDTA,	 on	 organic	 and	 inorganic	 components	 of	 bovine	 root	 dentine.	 J	 Endod	
2015;41:925-30.		

253. Sayin	 TC,	 Serper	 A,	 Cehreli	 ZC,	 Kalayci	 S.	 Calcium	 loss	 from	 root	 canal	 dentine	
following	EDTA,	EGTA,	EDTAC,	and	 tetracycline-HCL	 treatment	with	or	without	
subsequent	NaOCl	irrigation.	J	Endod	2007;33:581-4.		

254. Tay	FR,	Gutmann	 JL,	Pashley	DH.	Microporous,	demineralized	collagen	matrices	
in	 intact	 radicular	 dentine	 created	 by	 commonly	 used	 calcium-depleting	
endodontic	irrigants.	J	Endod	2007;33:1086-90.		

255. Goldberg	F,	Spielberg	C.	The	effect	of	EDTAC	and	the	variation	of	its	working	time	
analyzed	 with	 scanning	 electron	 microscopy.	 Oral	 Surg	 Oral	 Med	 Oral	 Pathol	
1982;53:74-7.		

256. Mai	 S,	 Kim	 YK,	 Arola	 DD,	 Gu	 L-s,	 Kim	 JR,	 Pashley	 DH,	 et	 al.	 Differential	
aggressiveness	of	ethylenediamine	tetraacetic	acid	in	causing	canal	wall	erosion	
in	the	presence	of	sodium	hypochlorite.	J	Dent	2010;38:201-6.		

257. Sen	 BH,	 Ertürk	 Ö,	 Piskin	 B.	 The	 effect	 of	 different	 concentrations	 of	 EDTA	 on	
instrumented	root	canal	walls.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	
2009;108:622-7.		

258. Torabinejad	 M,	 Khademi	 AA,	 Babagoli	 J,	 Cho	 Y,	 Johnson	WB,	 Bozhilov	 K,	 et	 al.								
A	new	solution	for	the	removal	of	the	smear	layer.	J	Endod	2003;29:170-5.		

259. D'Arcangelo	 C,	 Varvara	 G,	 De	 Fazio	 P.	 An	 evaluation	 of	 the	 action	 of	 different				
root	 canal	 irrigants	 on	 facultative	 aerobic-anaerobic,	 obligate	 anaerobic,	 and	
microaerophilic	bacteria.	J	Endod	1999;25:351-3.		

260. Nair	PN,	Henry	S,	Cano	V,	Vera	 J.	Microbial	status	of	apical	root	canal	system	of	
human	mandibular	first	molars	with	primary	apical	periodontitis	after	"one-visit"	
endodontic	 treatment.	 Oral	 Surg	 Oral	 Med	 Oral	 Pathol	 Oral	 Radiol	 Endod	
2005;99:231-52.		

261. Love	 RM,	 Jenkinson	 HF.	 Invasion	 of	 dentinal	 tubules	 by	 oral	 bacteria.																						
Crit	Rev	Oral	Biol	Med	2002;13:171-83.		

262. Siqueira	 Jr	 JF,	 Lopes	 HP.	 Mechanisms	 of	 antimicrobial	 activity	 of	 calcium	
hydroxide:	A	critical	review.	Int	Endod	J	1999;32:361-9.		

263. Vera	 J,	 Siqueira	 Jr	 JF,	 Ricucci	 D,	 Loghin	 S,	 Fernández	 N,	 Flores	 B,	 et	 al.																						
One-	versus	two-visit	endodontic	 treatment	of	 teeth	with	apical	periodontitis:	A	
histobacteriologic	study.	J	Endod	2012;38:1040-52.		

264. Vieira	AR,	 Siqueira	 Jr	 JF,	Ricucci	D,	 Lopes	WSP.	Dentinal	 tubule	 infection	as	 the	
cause	of	recurrent	disease	and	 late	endodontic	 treatment	 failure:	A	case	report.					
J	Endod	2012;38:250-4.		

265. Abbott	PV.	Medicaments:	Aids	to	success	in	endodontics.	Part	1.	A	review	of	the	
literature.	Aust	Dent	J	1990;35:438-48.		



Chapter	1:	Literature	review		

 250 

266. Abbott	 PV.	 Medicaments:	 Aids	 to	 success	 in	 endodontics.	 Part	 2.	 Clinical	
recommendations.	Aust	Dent	J	1990;35:491-6.		

267. Athanassiadis	B,	Abbott	PV,	Walsh	LJ.	The	use	of	 calcium	hydroxide,	 antibiotics	
and	 biocides	 as	 antimicrobial	 medicaments	 in	 endodontics.	 Aust	 Dent	 J	
2007;52:S64-S82.		

268. Heithersay	 GS.	 Calcium	 hydroxide	 in	 the	 treatment	 of	 pulpless	 teeth	 with	
associated	pathology.	J	Br	Endod	Soc	1975;8:74-93.		

269. Farhad	 A,	 Mohammadi	 Z.	 Calcium	 hydroxide:	 A	 review.	 Int	 Dent	 J	 2005;55:						
293-301.		

270. Rehman	 K,	 Saunders	 WP,	 Eoye	 RH,	 Sharkey	 SW.	 Calcium	 ion	 diffusion	 from	
calcium	 hydroxide-containing	 materials	 in	 endodontically-treated	 teeth:	 An	 in	
vitro	study.	Int	Endod	J	1996;29:271-9.		

271. Fava	 LRG,	 Saunders	 WP.	 Calcium	 hydroxide	 pastes:	 Classification	 and	 clinical	
indications.	Int	Endod	J	1999;32:257-82.		

272. Siqueira	 Jr	 JF,	 de	 Uzeda	 M.	 Influence	 of	 different	 vehicles	 on	 the	 antibacterial	
effects	of	calcium	hydroxide.	J	Endod	1998;24:663-5.		

273. Safavi	 K,	 Nakayama	 TA.	 Influence	 of	 mixing	 vehicle	 on	 dissociation	 of	 calcium	
hydroxide	in	solution.	J	Endod	2000;26:649-51.		

274. Mohammadi	Z,	Dummer	PMH.	Properties	and	applications	of	calcium	hydroxide	
in	endodontics	and	dental	traumatology.	Int	Endod	J	2011;44:697-730.		

275. Law	A,	Messer	H.	An	evidence-based	analysis	of	the	antibacterial	effectiveness	of	
intracanal	medicaments.	J	Endod	2004;30:689-94.		

276. Estrela	 C,	 Sydney	 GB,	 Bammann	 LL,	 Felippe	 Júnior	 O.	 Mechanism	 of																					
action	of	calcium	and	hydroxyl	ions	of	calcium	hydroxide	on	tissue	and	bacteria.														
Braz	Dent	J	1995;6:85-90.		

277. Jiang	 J,	 Zuo	 J,	 Chen	 SH,	 Holliday	 LS.	 Calcium	 hydroxide	 reduces	
lipopolysaccharide-stimulated	 osteoclast	 formation.	 Oral	 Surg	 Oral	 Med	 Oral	
Pathol	Oral	Radiol	Endod	2003;95:348-54.		

278. Safavi	KE,	Nichols	FC.	Effect	of	calcium	hydroxide	on	bacterial	lipopolysaccharide.	
J	Endod	1993;19:76-8.		

279. Buck	 RA,	 Cai	 J,	 Eleazer	 PD,	 Staat	 RH,	 Hurst	 HE.	 Detoxification	 of	 endotoxin	 by	
endodontic	irrigants	and	calcium	hydroxide.	J	Endod	2001;27:325-7.		

280. Safavi	 KE,	 Nichols	 FC.	 Alteration	 of	 biological	 properties	 of	 bacterial	
lipopolysaccharide	by	calcium	hydroxide	treatment.	J	Endod	1994;20:127-9.		

281. Yang	WK,	 Kim	MR,	 Lee	 Y,	 Son	 HH,	 Lee	W.	 Effect	 of	 calcium	 hydroxide-treated	
Prevotella	nigrescens	on	the	gene	expression	of	matrix	metalloproteinase	and	its	
inhibitor	in	MG63	cells.	J	Endod	2006;32:1142-5.		

282. Oliveira	 LD,	 Leao	 MV,	 Carvalho	 CA,	 Camargo	 CH,	 Valera	 MC,	 Jorge	 AO,	 et	 al.											
In	 vitro	 effects	 of	 calcium	 hydroxide	 and	 polymyxin	 B	 on	 endotoxins	 in	 root	
canals.	J	Dent	2005;33:107-14.		



Chapter	1:	Literature	review		

 251 

283. da	 Silva	 LA,	 da	 Silva	 RA,	 Branco	 LG,	 Navarro	 VP,	 Nelson-Filho	 P.	 Quantitative	
radiographic	 evaluation	 of	 periapical	 bone	 resorption	 in	 dog's	 teeth	
contaminated	 with	 bacterial	 endotoxin	 (LPS)	 associated	 or	 not	 with	 calcium	
hydroxide.	Braz	Dent	J	2008;19:296-300.		

284. Nelson-Filho	P,	 Leonardo	MR,	 Silva	 LA,	Assed	 S.	Radiographic	 evaluation	of	 the	
effect	of	endotoxin	(LPS)	plus	calcium	hydroxide	on	apical	and	periapical	tissues	
of	dogs.	J	Endod	2002;28:694-6.		

285. Silva	 L,	 Nelson-Filho	 P,	 Leonardo	 MR,	 Rossi	 MA,	 Pansani	 CA.	 Effect	 of	 calcium	
hydroxide	on	bacterial	endotoxin	in	vivo.	J	Endod	2002;28:94-8.		

286. Tanomaru	JM,	Leonardo	MR,	Tanomaru	Filho	M,	Bonetti	Filho	I,	Silva	LA.	Effect	of	
different	irrigation	solutions	and	calcium	hydroxide	on	bacterial	LPS.	Int	Endod	J	
2003;36:733-9.		

287. Baik	 JE,	 Kum	 KY,	 Yun	 CH,	 Lee	 JK,	 Lee	 K,	 Kim	 KK,	 et	 al.	 Calcium	 hydroxide	
inactivates	lipoteichoic	acid	from	Enterococcus	faecalis.	J	Endod	2008;34:1355-9.		

288. Baik	 JE,	 Jang	 KS,	 Kang	 SS,	 Yun	 CH,	 Lee	 K,	 Kim	 BG,	 et	 al.	 Calcium	 hydroxide	
inactivates	lipoteichoic	acid	from	Enterococcus	faecalis	through	deacylation	of	the	
lipid	moiety.	J	Endod	2011;37:191-6.		

289. Zehnder	M,	Grawehr	M,	Hasselgren	G,	Waltimo	T.	Tissue-dissolution	capacity	and	
dentine-disinfecting	 potential	 of	 calcium	 hydroxide	 mixed	 with	 irrigating	
solutions.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	2003;96:608-13.		

290. Wakabayashi	H,	Morita	S,	Koba	K,	Tachibana	H,	Matsumoto	K.	Effect	of	 calcium	
hydroxide	 paste	 dressing	 on	 uninstrumented	 root	 canal	 wall.	 J	 Endod	
1995;21:543-5.		

291. Holland	 R,	 de	 Souza	 V,	 Nery	 MJ,	 Estrada	 Bernabé	 PF,	 Otoboni	 Filho	 JA,	 Dezan	
Junior	 E,	 et	 al.	 Calcium	 salts	 deposition	 in	 rat	 connective	 tissue	 after	 the	
implantation	of	calcium	hydroxide-containing	sealers.	J	Endod	2002;28:173-6.		

292. Holland	 R,	 de	 Souza	 V,	 Nery	 MJ,	 Otoboni	 Filho	 JA,	 Bernabé	 PFE,	 Dezan	 Jr	 E.	
Reaction	of	 rat	connective	 tissue	 to	 implanted	dentine	 tubes	 filled	with	mineral	
trioxide	aggregate	or	calcium	hydroxide.	J	Endod	1999;25:161-6.		

293. Holland	 R,	 de	Mello	W,	 Nery	MJ,	 Bernabe	 PFE,	 de	 Souza	 V.	 Reaction	 of	 human	
periapical	tissue	to	pulp	extirpation	and	immediate	root	canal	filling	with	calcium	
hydroxide.	J	Endod	1977;3:63-7.		

294. Sangwan	P,	Sangwan	A,	Duhan	J,	Rohilla	A.	Tertiary	dentinogenesis	with	calcium	
hydroxide:	A	review	of	proposed	mechanisms.	Int	Endod	J	2013;46:3-19.		

295. Javelet	 J,	 Torabinejad	 M,	 Bakland	 LK.	 Comparison	 of	 two	 pH	 levels	 for	 the	
induction	 of	 apical	 barriers	 in	 immature	 teeth	 of	 monkeys.	 J	 Endod	 1985;11:		
375-8.		

296. Tronstad	L,	Andreasen	JO,	Hasselgren	G,	Kristerson	L,	Riis	I.	PH	changes	in	dental	
tissues	after	root	canal	filling	with	calcium	hydroxide.	J	Endod	1981;7:17-21.		



Chapter	1:	Literature	review		

 252 

297. Leonardo	MR,	Hernandez	MEFT,	Silva	LAB,	Tanomaru-Filho	M.	Effect	of	a	calcium	
hydroxide-based	root	canal	dressing	on	periapical	 repair	 in	dogs:	A	histological	
study.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	2006;102:680-5.		

298. Panzarini	SR,	Gulinelli	JL,	Saito	CTMH,	Poi	WR,	Sonoda	CK,	Américo	de	Oliveira	J,	
et	al.	Short-term	vs	 long-term	calcium	hydroxide	therapy	after	 immediate	 tooth	
replantation:	 A	 histomorphometric	 study	 in	 monkey's	 teeth.	 Dent	 Traumatol	
2012;28:226-32.		

299. Segura	JJ,	Llamas	R,	Rubio-Manzanares	AJ,	 Jimenez-Planas	A,	Guerrero	JM,	Calvo	
JR.	 Calcium	 hydroxide	 inhibits	 substrate	 adherence	 capacity	 of	 macrophages.									
J	Endod	1997;23:444-7.		

300. Hammarström	 L,	 Blomlöf	 L,	 Feiglin	 B,	 Lindskog	 S.	 Effect	 of	 calcium	 hydroxide	
treatment	 on	 periodontal	 repair	 and	 root	 resorption.	 Dent	 Traumatol	
1986;2:184-9.		

301. Wang	 JD,	 Hume	WR.	 Diffusion	 of	 hydrogen	 ion	 and	 hydroxyl	 ion	 from	 various	
sources	through	dentine.	Int	Endod	J	1988;21:17-26.		

302. Nerwich	 A,	 Figdor	 D,	 Messer	 HH.	 PH	 changes	 in	 root	 dentine	 over	 a	 4-week	
period	 following	 root	 canal	 dressing	 with	 calcium	 hydroxide.	 J	 Endod	 1993;	
19:302-6.		

303. Teixeira	 FB,	 Levin	 LG,	 Trope	 M.	 Investigation	 of	 pH	 at	 different	 dentinal	 sites	
after	 placement	 of	 calcium	hydroxide	 dressing	 by	 two	methods.	 Oral	 Surg	Oral	
Med	Oral	Pathol	Oral	Radiol	Endod	2005;99:511-6.		

304. Esberard	RM,	Carnes	 Jr	DL,	del	Rio	CE.	Changes	 in	pH	at	 the	dentine	 surface	 in	
roots	obturated	with	calcium	hydroxide	pastes.	J	Endod	1996;22:402-5.		

305. Miñana	M,	Carnes	DL,	Walker	 III	WA.	PH	changes	at	 the	surface	of	root	dentine	
after	 intracanal	 dressing	 with	 calcium	 oxide	 and	 calcium	 hydroxide.	 J	 Endod	
2001;27:43-5.		

306. Chamberlain	 TM,	 Kirkpatrick	 TC,	 Rutledge	 RE.	 PH	 changes	 in	 external	 root	
surface	cavities	after	calcium	hydroxide	 is	placed	at	1,	3	and	5	mm	short	of	 the	
radiographic	apex.	Dent	Traumatol	2009;25:470-4.		

307. Pérez	 F,	 Franchi	M,	 Péli	 JF.	 Effect	 of	 calcium	hydroxide	 form	 and	placement	 on	
root	dentine	pH.	Int	Endod	J	2001;34:417-23.		

308. Fuss	 Z,	 Rafaeloff	 R,	 Tagger	 M,	 Szajkis	 S.	 Intracanal	 pH	 changes	 of	 calcium	
hydroxide	pastes	exposed	to	carbon	dioxide	in	vitro.	J	Endod	1996;22:362-4.		

309. Fuss	 Z,	 Szajkis	 S,	 Tagger	M.	 Tubular	 permeability	 to	 calcium	 hydroxide	 and	 to	
bleaching	agents.	J	Endod	1989;15:362-4.		

310. Foster	KH,	Kulild	JC,	Weller	RN.	Effect	of	smear	layer	removal	on	the	diffusion	of	
calcium	hydroxide	through	radicular	dentine.	J	Endod	1993;19:136-40.		

311. Saif	 S,	 Carey	 CM,	 Tordik	 PA,	McClanahan	 SB.	 Effect	 of	 irrigants	 and	 cementum	
injury	on	diffusion	of	hydroxyl	ions	through	the	dentinal	tubules.	J	Endod	2008;	
34:50-2.		



Chapter	1:	Literature	review		

 253 

312. Heward	 S,	 Sedgley	 CM.	 Effects	 of	 intracanal	 mineral	 trioxide	 aggregate	 and	
calcium	 hydroxide	 during	 four	weeks	 on	 pH	 changes	 in	 simulated	 root	 surface	
resorption	defects:	An	in	vitro	study	using	matched	pairs	of	human	teeth.	J	Endod	
2011;37:40-4.		

313. Simon	 ST,	 Bhat	 KS,	 Francis	 R.	 Effect	 of	 four	 vehicles	 on	 the	 ph	 of	 calcium	
hydroxide	 and	 the	 release	 of	 calcium	 ion.	 Oral	 Surg	 Oral	Med	 Oral	 Pathol	 Oral	
Radiol	Endod	1995;80:459-64.		

314. Guerreiro-Tanomaru	JM,	Chula	DG,	de	Pontes	Lima	RK,	Berbert	FLVC,	Tanomaru-
Filho	 M.	 Release	 and	 diffusion	 of	 hydroxyl	 ion	 from	 calcium	 hydroxide-based	
medicaments.	Dent	Traumatol	2012;28:320-3.		

315. Kazemipoor	 M,	 Tabrizizadeh	 M,	 Dastani	 M,	 Hakimian	 R.	 The	 effect	 of																						
re-treatment	procedure	on	 the	pH	 changes	 at	 the	 surface	 of	 root	 dentine	using	
two	different	calcium	hydroxide	pastes.	J	Conserv	Dent	2012;15:346-50.		

316. Zmener	O,	Pameijer	CH,	Banegas	G.	An	 in	vitro	 study	of	 the	pH	of	 three	calcium	
hydroxide	dressing	materials.	Dent	Traumatol	2007;23:21-5.		

317. Vianna	 ME,	 Zilio	 DM,	 Ferraz	 CCR,	 Zaia	 AA,	 de	 Souza-Filho	 FJ,	 Gomes	 BPFA.	
Concentration	 of	 hydrogen	 ions	 in	 several	 calcium	 hydroxide	 pastes	 over	
different	periods	of	time.	Braz	Dent	J	2009;20:382-8.		

318. Húngaro	 Duarte	 MA,	 Midena	 RZ,	 Zeferino	 MA,	 Vivan	 RR,	 Weckwerth	 PH,	 dos	
Santos	 F,	 et	 al.	 Evaluation	 of	 pH	 and	 calcium	 ion	 release	 of	 calcium	 hydroxide	
pastes	containing	different	substances.	J	Endod	2009;35:1274-7.		

319. Hosoya	N,	Takahashi	G,	Arai	T,	Nakamura	J.	Calcium	concentration	and	pH	of	the	
periapical	environment	after	applying	calcium	hydroxide	into	root	canals	in	vitro.	
J	Endod	2001;27:343-6.		

320. Camps	 J,	 Pashley	 DH.	 Buffering	 action	 of	 human	 dentine	 in	 vitro.	 J	 Adhes	 Dent	
2000;2:39-50.		

321. Portenier	I,	Haapasalo	H,	Rye	A,	Waltimo	T,	Ørstavik	D,	Haapasalo	M.	Inactivation	
of	 root	 canal	 medicaments	 by	 dentine,	 hydroxylapatite	 and	 bovine	 serum	
albumin.	Int	Endod	J	2001;34:184-8.		

322. Haapasalo	 M,	 Qian	 W,	 Portenier	 I,	 Waltimo	 T.	 Effects	 of	 dentine	 on	 the	
antimicrobial	properties	of	endodontic	medicaments.	J	Endod	2007;33:917-25.		

323. Haapasalo	 HK,	 Sirén	 EK,	 Waltimo	 TMT,	 Ørstavik	 D,	 Haapasalo	 MPP.														
Inactivation	 of	 local	 root	 canal	 medicaments	 by	 dentine:	 An	 in	 vitro	 study.																			
Int	Endod	J	2000;33:126-31.		

324. Freire	LG,	Carvalho	CN,	Ferrari	PHP,	Siqueira	EL,	Gavini	G.	Influence	of	dentine	on	
pH	 of	 2%	 chlorhexidine	 gel	 and	 calcium	 hydroxide	 alone	 or	 in	 combination.															
Dent	Traumatol	2010;26:276-80.		

325. Agrafioti	 A,	 Tzimpoulas	 NE,	 Kontakiotis	 EG.	 Influence	 of	 dentine	 from	 the	 root	
canal	 walls	 and	 the	 pulp	 chamber	 floor	 on	 the	 pH	 of	 intracanal	 medicaments.									
J	Endod	2013;39:701-3.		



Chapter	1:	Literature	review		

 254 

326. Safavi	 K,	 Dowden	 W,	 Langeland	 K.	 Influence	 of	 delayed	 coronal	 permanent	
restoration	on	endodontic	prognosis.	Endod	Dent	Traumatol	1987;3:187-91.		

327. Khayat	A,	Lee	S,	Torabinejad	M.	Human	saliva	penetration	of	coronally	unsealed	
obturated	root	canals.		J	Endod	1993;19:458-61.		

328. Torabinejad	 M,	 Ung	 B,	 Kettering	 J.	 In	 vitro	 bacterial	 penetration	 of	 coronally	
unsealed	endodontically	treated	teeth	J	Endod	1990;16:566-9.		

329. Williamson	 AE,	 Marker	 KL,	 Drake	 DR,	 Dawson	 DV,	 Walton	 RE.																												
Resin-based	 versus	 gutta-percha-based	 root	 canal	 obturation:	 Influence	 on	
bacterial	leakage	in	an	in	vitro	model	system.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	
Radiol	Endod	2009;108:292-6.		

330. Salehrabi	 R,	 Rotstein	 I.	 Endodontic	 treatment	 outcomes	 in	 a	 large	 patient	
population	in	the	USA:	An	epidemiological	study.	J	Endod	2004;30:846-50.		

331. Aquilino	SA,	Caplan	DJ.	Relationship	between	crown	placement	and	the	survival	
of	endodontically	treated	teeth.	J	Prosthet	Dent2002;87:256-63.		

332. Klineberg	 I,	 Murray	 G.	 Osseoperception:	 Sensory	 function	 and	 proprioception.	
Adv	Dent	Res	1999;13:120-9.		

333. Dong	 WK,	 Chudler	 EH,	 Martin	 RF.	 Physiological	 properties	 of	 intradental	
mechanoreceptors.	Brain	Res	1985;334:389-95.		

334. Grieznis	 L,	 Apse	 P,	 Blumfelds	 L.	 Passive	 tactile	 sensibility	 of	 teeth	 and	
osseointegrated	dental	implants	in	the	maxilla.	Stomatologija	2010;12:80-6.		

335. Schneider	 BJ,	 Freitag-Wolf	 S,	 Kern	 M.	 Tactile	 sensitivity	 of	 vital	 and	
endodontically	treated	teeth.	J	Dent	2014;42:1422-7.		

336. Ferrari	 M,	 Mason	 PN,	 Goracci	 C,	 Pashley	 DH,	 Tay	 FR.	 Collagen	 degradation	 in	
endodontically	treated	teeth	after	clinical	function.	J	Dent	Res	2004;83:414-9.		

337. Rivera	 EM,	 Yamauchi	M.	 Dentine	 collagen	 cross-links	 of	 root-filled	 and	 normal	
teeth.	J	Endod	1990;16:190.		

338. Pashley	 DH,	 Tay	 FR,	 Yiu	 C,	 Hashimoto	 M,	 Breschi	 L,	 Carvalho	 RM,	 et	 al.												
Collagen	 degradation	 by	 host-derived	 enzymes	 during	 aging.	 J	 Dent	 Res	
2004;83:216-21.		

339. Hussain	 SKF,	 McDonald	 A,	 Moles	 DR.	 In	 vitro	 study	 investigating	 the	 mass	 of		
tooth	 structure	 removed	 following	 endodontic	 and	 restorative	 procedures.																					
J	Prosthet	Dent	2007;98:260-9.		

340. Lang	H,	Korkmaz	Y,	Schneider	K,	Raab	WHM.	Impact	of	endodontic	treatments	on	
the	rigidity	of	the	root.	J	Dent	Res	2006;85:364-8.		

341. Hood	JA.	Biomechanics	of	 the	 intact,	prepared	and	restored	tooth:	Some	clinical	
implications	Int	Dent	J	1991;41:25-32.		

342. Blaser	 PK,	 Lund	 MR,	 Cochran	 MA,	 Potter	 RH.	 Effect	 of	 designs	 of	 class	 II	
preparations	on	resistance	of	teeth	to	fracture.	Oper	Dent	1983;8:6-10.		



Chapter	1:	Literature	review		

 255 

343. Jantarat	 J,	 Panitvisai	 P,	 Palamara	 JEA,	 Messer	 HH.	 Comparison	 of	 methods	 for	
measuring	cuspal	deformation	in	teeth.	J	Dent	2001;29:75-82.		

344. González-López	 S,	 De	 Haro-Gasquet	 F,	 Vílchez-Díaz	 M,	 Ceballos	 L,	 Bravo	 M.										
Effect	 of	 restorative	 procedures	 and	 occlusal	 loading	 on	 cuspal	 deflection.											
Oper	Dent	2006;31:33-8.		

345. Taha	NA,	Palamara	JEA,	Messer	HH.	Cuspal	deflection,	strain	and	microleakage	of	
endodontically	 treated	 premolar	 teeth	 restored	 with	 direct	 resin	 composites.													
J	Dent	2009;37:724-30.		

346. Reeh	 ES,	 Messer	 HH,	 Douglas	 WH.	 Reduction	 in	 tooth	 stiffness	 as	 a	 result	 of	
endodontic	and	restorative	procedures.	J	Endod	1989;15:512-6.		

347. Reeh	 ES,	 Douglas	 WH,	 Messer	 HH.	 Stiffness	 of	 endodontically-treated	 teeth	
related	to	restoration	technique.	J	Dent	Res	1989;68:1540-4.		

348. Linn	 J,	 Messer	 HH.	 Effect	 of	 restorative	 procedures	 on	 the	 strength	 of	
endodontically	treated	molars.	J	Endod	1994;20:479-85.		

349. Soares	PV,	Santos-Filho	PCF,	Queiroz	EC,	Araújo	TC,	Campos	RE,	Araújo	CA,	et	al.	
Fracture	 resistance	 and	 stress	 distribution	 in	 endodontically	 treated	 maxillary	
premolars	restored	with	composite	resin.	J	Prosthodont	2008;17:114-9.		

350. Wu	 Y,	 Cathro	 P,	 Marino	 V.	 Fracture	 resistance	 and	 pattern	 of	 the	 upper		
premolars	 with	 obturated	 canals	 and	 restored	 endodontic	 occlusal	 access	
cavities.	J	Biomed	Res	2010;24:474-8.		

351. Steele	 A,	 Johnson	 BR.	 In	 vitro	 fracture	 strength	 of	 endodontically	 treated	
premolars.	J	Endod	1999;25:6-8.		

352. Pradeep	 PR,	 Sunil	 Kumar	 VC,	 Bantwal	 SR,	 Gulati	 GS.	 Fracture	 strength	 of	
endodontically	treated	premolars:	An	in-vitro	evaluation.	J	Int	Oral	Health	2013;	
5:9-17.		

353. Howe	CA,	McKendry	DJ.	Effect	of	endodontic	access	preparation	on	resistance	to	
crown-root	fracture.	J	Am	Dent	Assoc	1990;121:712-5.		

354. Taha	NA,	Palamara	JE,	Messer	HH.	Fracture	strength	and	fracture	patterns	of	root	
filled	teeth	restored	with	direct	resin	restorations.	J	Dent	2011;39:527-35.		

355. Siso	 SH,	 Hurmuzlu	 F,	 Turgut	 M,	 Altundasar	 E,	 Serper	 A,	 Er	 K.	 Fracture												
resistance	 of	 the	 buccal	 cusps	 of	 root	 filled	 maxillary	 premolar	 teeth	 restored	
with	various	techniques.	Int	Endod	J	2007;40:161-8.		

356. Nam	S-H,	Chang	H-S,	Min	K-S,	Lee	Y,	Cho	H-W,	Bae	 J-M.	Effect	of	 the	number	of	
residual	 walls	 on	 fracture	 resistances,	 failure	 patterns,	 and	 photoelasticity	 of	
simulated	premolars	restored	with	or	without	 fibre-reinforced	composite	posts.					
J	Endod	2010;36:297-301.		

357. Salameh	 Z,	 Sorrentino	 R,	 Papacchini	 F,	 Ounsi	HF,	 Tashkandi	 E,	 Goracci	 C,	 et	 al.	
Fracture	 resistance	 and	 failure	 patterns	 of	 endodontically	 treated	 mandibular	
molars	 restored	 using	 resin	 composite	 with	 or	 without	 translucent	 glass	 fibre	
posts.	J	Endod	2006;32:752-5.		



Chapter	1:	Literature	review		

 256 

358. Dammaschke	 T,	 Nykiel	 K,	 Sagheri	 D,	 Schafer	 E.	 Influence	 of	 coronal												
restorations	on	the	fracture	resistance	of	root	canal-treated	premolar	and	molar	
teeth:	A	retrospective	study.	Aust	Endod	J	2013;39:48-56.		

359. Soares	 PV,	 Santos-Filho	 PCF,	 Gomide	 HA,	 Araujo	 CA,	 Martins	 LRM,	 Soares	 CJ.	
Influence	 of	 restorative	 technique	 on	 the	 biomechanical	 behavior	 of	
endodontically	 treated	 maxillary	 premolars.	 Part	 II:	 Strain	 measurement	 and	
stress	distribution.	J	Prosthet	Dent2008;99:114-22.		

360. Laustsen	 MH,	 Munksgaard	 EC,	 Reit	 C,	 Bjorndal	 L.	 A	 temporary	 filling	 material	
may	 cause	 cusp	 deflection,	 infractions	 and	 fractures	 in	 endodontically	 treated	
teeth.	Int	Endod	J	2005;38:653-7.		

361. Madarati	A,	Rekab	MS,	Watts	DC,	Qualtrough	A.	Time-dependence	of	coronal	seal	
of	temporary	materials	used	in	endodontics.	Aust	Endod	J	2008;34:89-93.		

362. Widerman	 FH,	 Eames	WB,	 Serene	TP.	 Physical	 and	 biologic	 properties	 of	 cavit.								
J	Am	Dent	Assoc	1971;82:378-&.		

363. Pane	ES,	Palamara	JEA,	Messer	HH.	Stainless	steel	bands	 in	endodontics:	Effects	
on	cuspal	flexure	and	fracture	resistance.	Int	Endod	J	2002;35:467-71.		

364. Kim	 HC,	 Lee	 MH,	 Yum	 J,	 Versluis	 A,	 Lee	 CJ,	 Kim	 BM.	 Potential	 relationship	
between	design	of	nickel-titanium	rotary	instruments	and	vertical	root	fracture.			
J	Endod	2010;36:1195-9.		

365. Kim	HC,	 Sung	 SY,	 Ha	 JH,	 Solomonov	M,	 Lee	 JM,	 Lee	 CJ,	 et	 al.	 Stress	 generation	
during	 Self-Adjusting	 file	 movement:	 Minimally	 invasive	 instrumentation.	 J	
Endod	2013;39:1572-5.		

366. Bier	CAS,	 Shemesh	H,	Tanomaru-Filho	M,	Wesselink	PR,	Wu	M-K.	The	ability	of	
different	 nickel-titanium	 rotary	 instruments	 to	 induce	 dentinal	 damage	 during	
canal	preparation.	J	Endod	2009;35:236-8.		

367. Pasqualini	 D,	 Scotti	 N,	 Tamagnone	 L,	 Ellena	 F,	 Berutti	 E.	 Hand-operated	 and	
rotary	 ProTaper	 instruments:	 A	 comparison	 of	 working	 time	 and	 number	 of	
rotations	in	simulated	root	canals.	J	Endod	2008;34:314-7.		

368. Shemesh	H,	Bier	C,	Wu	MK,	Tanomaru-Filho	M,	Wesselink	P.	The	effects	of	canal	
preparation	 and	 filling	 on	 the	 incidence	 of	 dentinal	 defects.	 Int	 Endod	 J	
2009;42:208-13.		

369. Shemesh	H,	Wesselink	PR,	Wu	MK.	Incidence	of	dentinal	defects	after	root	canal	
filling	procedures.	Int	Endod	J	2010;43:995-1000.		

370. Vats	A,	Punja	A,	Hegde	P,	Hegde	MN,	Bains	R,	Loomba	K.	Evaluation	of	effect	of	
root	 canal	preparation	 techniques	on	 inducing	 root	 fractures:	An	 in	 vitro	 study.	
Asian	J	Oral	Health	Allied	Sci	2011;1:17.		

371. Barreto	 MS,	 Moraes	 RdA,	 da	 Rosa	 RA,	 Moreira	 CHC,	 Só	 MVR,	 Bier	 CAS.										
Vertical	 root	 fractures	 and	 dentine	 defects:	 Effects	 of	 root	 canal	 preparation,	
filling,	and	mechanical	cycling.	J	Endod	2012;38:1135-9.		



Chapter	1:	Literature	review		

 257 

372. Yoldaş	O,	Yilmaz	S,	Atakan	G,	Kuden	C,	Kasan	Z.	Dentinal	microcrack	 formation	
during	root	canal	preparations	by	different	Ni-Ti	rotary	instruments	and	the	Self-
Adjusting	file.	J	Endod	2012;38:232-5.		

373. Burklein	SD,	Tsotsis	PC,	Schafer	EPD,	 lowast.	 Incidence	of	dentinal	defects	after	
root	 canal	 preparation:	 Reciprocating	 versus	 rotary	 instrumentation.	 J	 Endod	
2013;39:501-4.		

374. Hin	ES,	Wu	M-KP,	Wesselink	PRP,	Shemesh	HP,	 lowast.	Effects	of	Self-Adjusting	
file,	Mtwo,	and	ProTaper	on	the	root	canal	wall.	J	Endod	2013;39:262-4.		

375. Liu	 R,	 Hou	 BX,	 Wesselink	 PR,	 Wu	 MK,	 Shemesh	 H.	 The	 incidence	 of	 root	
microcracks	 caused	 by	 3	 different	 single-file	 systems	 versus	 the	 ProTaper	
system.	J	Endod	2013;39:1054-6.		

376. Abou	El	Nasr	HM,	Abd	El	Kader	KG.	Dentinal	damage	and	 fracture	resistance	of	
oval	 roots	prepared	with	single-file	systems	using	different	kinematics.	 J	Endod	
2014;40:849-51.		

377. Arias	 A,	 Lee	 YH,	 Peters	 CI,	 Gluskin	 AH,	 Peters	 OA.	 Comparison	 of	 2	 canal	
preparation	 techniques	 in	 the	 induction	 of	 microcracks:	 A	 pilot	 study	 with	
cadaver	mandibles.	J	Endod	2014;40:982-5.		

378. Arslan	H,	Karataş	E,	Capar	 ID,	Özsu	D,	Doğanay	E.	Effect	of	ProTaper	Universal,	
Endoflare,	 Revo-S,	 Hyflex	 coronal	 flaring	 instruments,	 and	 Gates	 Glidden	 drills	
on	crack	formation.	J	Endod	2014;40:1681-3.		

379. Çapar	 ID,	 Arslan	 H,	 Akcay	M,	 Uysal	 B.	 Effects	 of	 ProTaper	 Universal,	 ProTaper	
Next,	 and	 Hyflex	 instruments	 on	 crack	 formation	 in	 dentine.	 J	 Endod	 2014;	
40:1482-4.		

380. Kansal	 R,	 Rajput	 A,	 Talwar	 S,	 Roongta	 R,	 Verma	 M.	 Assessment	 of	 dentinal	
damage	 during	 canal	 preparation	 using	 reciprocating	 and	 rotary	 files.	 J	 Endod	
2014;40:1443-6.		

381. Adl	 A,	 Sedigh-Shams	M,	Majd	M.	 The	 effect	 of	 using	 RC	 prep	 during	 root	 canal	
preparation	on	the	incidence	of	dentinal	defects.	J	Endod	2015;41:376-9.		

382. Çapar	İD,	Uysal	B,	Ok	E,	Arslan	H.	Effect	of	the	size	of	the	apical	enlargement	with	
rotary	 instruments,	 single-cone	 filling,	 post	 space	 preparation	 with	drills,	 fibre	
post	 removal,	 and	 root	 canal	 filling	 removal	 on	 apical	 crack	 initiation	 and	
propagation.	J	Endod	2015;41:253-6.		

383. Karataş	E,	 Gündüz	HA,	Kırıcı	DÖ,	Arslan	H,	 Topçu	MÇ,	 Yeter	KY.	Dentinal	 crack	
formation	during	root	canal	preparations	by	the	Twisted	File	Adaptive,	ProTaper	
Next,	ProTaper	Universal,	and	WaveOne	instruments.	J	Endod	2015;41:261-4.		

384. Adorno	 C,	 Yoshioka	 T,	 Jindan	 P,	 Kobayashi	 C,	 Suda	H.	 The	 effect	 of	 endodontic	
procedures	 on	 apical	 crack	 initiation	 and	 propagation	 ex	 vivo.	 Int	 Endod	 J	
2013;46:763-8.		



Chapter	1:	Literature	review		

 258 

385. Karataş	E,	Arslan	H,	Alsancak	M,	Kırıcı	DÖ,	Ersoy	 İ.	 Incidence	of	dentinal	cracks	
after	 root	 canal	 preparation	 with	 Twisted	 File	 Adaptive	 instruments	 using	
different	kinematics.	J	Endod	2015;41:1130-3.		

386. Ashwinkumar	 V,	 Krithikadatta	 J,	 Surendran	 S,	 Velmurugan	 N.	 Effect	 of	
reciprocating	file	motion	on	microcrack	formation	in	root	canals:	An	SEM	study.	
Int	Endod	J	2014;47:622-7.		

387. Çiçek	 E,	 Koçak	MM,	 Saʇlam	BC,	 Koçak	 S.	 Evaluation	 of	microcrack	 formation	 in	
root	 canals	 after	 instrumentation	 with	 different	 Ni-Ti	 rotary	 file	 systems:																
A	scanning	electron	microscopy	study.	Scanning	2015;37:49-53.		

388. Adorno	 CG,	 Yoshioka	 T,	 Suda	 H.	 The	 effect	 of	 root	 preparation	 technique	 and	
instrumentation	 length	 on	 the	 development	 of	 apical	 root	 cracks.	 J	 Endod	
2009;35:389-92.		

389. Adorno	 CG,	 Yoshioka	 T,	 Suda	 H.	 The	 effect	 of	 working	 length	 and	 root	 canal	
preparation	 technique	 on	 crack	 development	 in	 the	 apical	 root	 canal	 wall.												
Int	Endod	J	2010;43:321-7.		

390. Adorno	CG,	Yoshioka	T,	Suda	H.	Crack	initiation	on	the	apical	root	surface	caused	
by	 three	 different	 nickel-titanium	 rotary	 files	 at	 different	 working	 lengths.															
J	Endod	2011;37:522-5.		

391. Liu	R,	Kaiwar	A,	 Shemesh	H,	Wesselink	PR,	Hou	B,	Wu	M-K.	 Incidence	of	 apical	
root	 cracks	 and	 apical	 dentinal	 detachments	 after	 canal	 preparation	with	 hand	
and	rotary	files	at	different	instrumentation	lengths.	J	Endod	2013;39:129-32.		

392. De-Deus	 G,	 Silva	 EJNL,	 Marins	 J,	 Souza	 E,	 Neves	 AdA,	 Gonçalves																											
Belladonna	F,	et	al.	Lack	of	causal	relationship	between	dentinal	microcracks	and	
root	canal	preparation	with	reciprocation	systems.	J	Endod	2014;40:1447-50.		

393. De-Deus	 G,	 Belladonna	 FG,	 Souza	 EM,	 Silva	 EJNL,	 Neves	 AdA,	 Alves	 H,	 et	 al.			
Micro–computed	 tomographic	 assessment	 on	 the	 effect	 of	ProTaper	 Next	 and	
Twisted	File	Adaptive	systems	on	dentinal	cracks.	J	Endod	2015;41:1116-9.		

394. Wilcox	LR,	Roskelley	C,	 Sutton	T.	The	 relationship	of	 root	 canal	 enlargement	 to	
finger-spreader	induced	vertical	root	fracture.	J	Endod	1997;23:533-4.		

395. Lertchirakarn	 V,	 Palamara	 JEA,	 Messer	 HH.	 Patterns	 of	 vertical	 root	 fracture:	
Factors	affecting	stress	distribution	in	the	root	canal.	J	Endod	2003;29:523-8.		

396. Lertchirakarn	 V,	 Palamara	 JEA,	 Messer	 HH.	 Finite	 element	 analysis	 and	 strain-
gauge	studies	of	vertical	root	fracture.	J	Endod	2003;29:529-34.		

397. Sathorn	 C,	 Palamara	 JEA,	 Palamara	D,	Messer	HH.	 Effect	 of	 root	 canal	 size	 and	
external	root	surface	morphology	on	fracture	susceptibility	and	pattern:	A	finite	
element	analysis.	J	Endod	2005;31:288-92.		

398. Versluis	A,	Messer	HH,	Pintado	MR.	Changes	in	compaction	stress	distributions	in	
roots	resulting	from	canal	preparation.	Int	Endod	J	2006;39:931-9.		



Chapter	1:	Literature	review		

 259 

399. Cheng	R,	 Zhou	 XD,	 Liu	 Z,	 Yang	H,	 Gao	QH,	Hu	 T.	 Finite	 element	 analysis	 of	 the	
effects	 of	 three	 preparation	 techniques	 on	 stresses	within	 roots	 having	 curved	
canals.	Int	Endod	J	2009;42:220-6.		

400. Nur	 BG,	 Ok	 E,	 Altunsoy	 M,	 Tanriver	 M,	 Capar	 ID.	 Fracture	 strength	 of	 roots	
instrumented	 with	 three	 different	 single	 file	 systems	 in	 curved	 root	 canals.							
Eur	J	Dent	2015;9:189-93.		

401. Çapar	 ID,	 Altunsoy	 M,	 Arslan	 H,	 Ertas	 H,	 Aydinbelge	 HA.	 Fracture	 strength	 of	
roots	 instrumented	 with	 Self-Adjusting	 file	 and	 the	 ProTaper	 rotary	 systems.										
J	Endod	2014;40:551-4.		

402. Hegde	 MN,	 Shetty	 S,	 Godara	 N.	 “Evaluation	 of	 fracture	 strength	 of	 tooth	 roots	
following	 canal	 preparation	 by	 hand	 and	 rotary	 instrumentation”	 -	 An	 in	 vitro	
study.		Endod	2008;20:22-9.		

403. Lam	 PPS,	 Palamara	 JEA,	Messer	 HH.	 Fracture	 strength	 of	 tooth	 roots	 following	
canal	preparation	by	hand	and	rotary	instrumentation.	J	Endod	2005;31:529-32.		

404. Santini	MF,	 Rippe	MP,	 Franciscatto	GJ,	 da	Rosa	RA,	 Valandro	 LF,	 Só	MVR,	 et	 al.	
Canal	preparation	and	filling	techniques	do	not	influence	the	fracture	resistance	
of	extensively	damaged	teeth.	Braz	Dent	J	2014;25:129-35.		

405. Sathorn	 C,	 Palamara	 JEA,	Messer	 HH.	 A	 comparison	 of	 the	 effects	 of	 two	 canal	
preparation	 techniques	 on	 root	 fracture	 susceptibility	 and	 fracture	 pattern.													
J	Endod	2005;31:283-7.		

406. Singla	 M,	 Aggarwal	 V,	 Logani	 A,	 Shah	 N.	 Comparative	 evaluation	 of	 rotary	
ProTaper,	 Profile,	 and	 conventional	 stepback	 technique	 on	 reduction	 in	
Enterococcus	faecalis	colony-forming	units	and	vertical	root	fracture	resistance	of	
root	 canals.	 Oral	 Surg	 Oral	 Med	 Oral	 Pathol	 Oral	 Radiol	 Endod	 2010;109:									
e105-e10.		

407. Wu	MK,	van	der	Sluis	LWM,	Wesselink	PR.	Comparison	of	mandibular	premolars	
and	 canines	 with	 respect	 to	 their	 resistance	 to	 vertical	 root	 fracture.	 J	 Dent	
2004;32:265-8.		

408. Zandbiglari	 T,	 Davids	 H,	 Schäfer	 E.	 Influence	 of	 instrument	 taper	 on	 the	
resistance	 to	 fracture	 of	 endodontically	 treated	 roots.	 Oral	 Surg	 Oral	Med	 Oral	
Pathol	Oral	Radiol	Endod	2006;101:126-31.		

409. Slutzky-Goldberg	I,	Liberman	R,	Heling	I.	The	effect	of	instrumentation	with	two	
different	file	types,	each	with	2.5%	NaOCl	irrigation	on	the	microhardness	of	root	
dentine.	J	Endod	2002;28:311-2.		

410. Trope	 M,	 Ray	 HL,	 Jr.	 Resistance	 to	 fracture	 of	 endodontically	 treated	 roots.								
Oral	Surg	Oral	Med	Oral	Pathol	1992;73:99-102.		

411. Oliveira	 LD,	 Carvalho	 CAT,	 Nunes	 W,	 Valera	 MC,	 Camargo	 CHR,	 Jorge	 AOC.											
Effects	 of	 chlorhexidine	 and	 sodium	hypochlorite	 on	 the	microhardness	of	 root	
canal	 dentine.	 Oral	 Surg	 Oral	 Med	 Oral	 Pathol	 Oral	 Radiol	 Endod	 2007;104:							
e125-e8.		



Chapter	1:	Literature	review		

 260 

412. Pascon	FM,	Kantovitz	KR,	 Sacramento	PA,	Nobre-dos-Santos	M,	Puppin-Rontani	
RM.	 Effect	 of	 sodium	hypochlorite	 on	 dentine	mechanical	 properties.	 A	 review.											
J	Dent	2009;37:903-8.		

413. Saleh	AA,	Ettman	WM.	Effect	of	endodontic	irrigation	solutions	on	microhardness	
of	root	canal	dentine.	J	Dent	1999;27:43-6.		

414. Slutzky-Goldberg	I,	Maree	M,	Liberman	R,	Heling	I.	Effect	of	sodium	hypochlorite	
on	dentine	microhardness.	J	Endod	2004;30:880-2.		

415. White	 JD,	 Lacefield	WR,	 Chavers	 LS,	 Eleazer	 PD.	 The	 effect	 of	 three	 commonly	
used	endodontic	materials	on	the	strength	and	hardness	of	root	dentine.	J	Endod	
2002;28:828-30.		

416. Grigoratos	D,	Knowles	J,	Ng	YL,	Gulabivala	K.	Effect	of	exposing	dentine	to	sodium	
hypochlorite	and	calcium	hydroxide	on	its	flexural	strength	and	elastic	modulus.	
Int	Endod	J	2001;34:113-9.		

417. Sim	TPC,	Knowles	JC,	Ng	YL,	Shelton	J,	Gulabivala	K.	Effect	of	sodium	hypochlorite	
on	 mechanical	 properties	 of	 dentine	 and	 tooth	 surface	 strain.	 Int	 Endod	 J	
2001;34:120.		

418. Poggio	 C,	 Dagna	 A,	 Colombo	 M,	 Rizzardi	 F,	 Chiesa	 M,	 Scribante	 A,	 et	 al.	
Decalcifying	 effect	 of	 different	 ethylenediaminetetraacetic	 acid	 irrigating	
solutions	and	tetraclean	on	root	canal	dentine.	J	Endod	2012;38:1239-43.		

419. Poggio	C,	Dagna	A,	Vinci	A,	Beltrami	R,	Cucca	L,	Giardino	L.	Decalcifying	capability	
of	irrigating	solutions	on	root	canal	dentine	mineral	content.	Contemp	Clin	Dent	
2015;6:201-5.		

420. Ballal	 NV,	 Mala	 K,	 Bhat	 KS.	 Evaluation	 of	 the	 effect	 of	 maleic	 acid	 and	
ethylenediaminetetraacetic	acid	on	the	microhardness	and	surface	roughness	of	
human	root	canal	dentine.	J	Endod	2010;36:1385-8.		

421. Cruz-Filho	AM,	Sousa-Neto	MD,	César	Saquy	P,	Djalma	Pécora	J.	Evaluation	of	the	
effect	 of	 EDTAC,	EDTA,	 and	EGTA	on	 radicular	dentine	microhardness.	 J	 Endod	
2001;27:183-4.		

422. Eldeniz	 AU,	 Erdemir	 A,	 Belli	 S.	 Effect	 of	 EDTA	 and	 citric	 acid	 solutions	 on	 the	
microhardness	 and	 the	 roughness	 of	 human	 root	 canal	 dentine.	 J	 Endod	
2005;31:107-10.		

423. Sayin	TC,	 Serper	A,	 Cehreli	 ZC,	Otlu	HG.	The	 effect	 of	 EDTA,	EGTA,	EDTAC,	 and	
tetracycline-HCL	 with	 and	 without	 subsequent	 NaOCl	 treatment	 on	 the	
microhardness	of	root	canal	dentine.	Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	
Endod	2007;104:418-24.		

424. Cruz-Filho	 AM,	 Sousa-Neto	 MD,	 Savioli	 RN,	 Silva	 RG,	 Vansan	 LP,	 Pécora	 JD.											
Effect	 of	 chelating	 solutions	on	 the	microhardness	of	 root	 canal	 lumen	dentine.														
J	Endod	2011;37:358-62.		

425. De-Deus	G,	Paciornik	S,	Mauricio	MHP.	Evaluation	of	 the	effect	of	EDTA,	EDTAC	
and	citric	acid	on	the	microhardness	of	root	dentine.	Int	Endod	J	2006;39:401-7.		



Chapter	1:	Literature	review		

 261 

426. Aslantas	 EE,	 Buzoglu	 HD,	 Altundasar	 E,	 Serper	 A.	 Effect	 of	 EDTA,	 sodium	
hypochlorite,	and	chlorhexidine	gluconate	with	or	without	surface	modifiers	on	
dentine	microhardness.	J	Endod	2014;40:876-9.		

427. Marending	 M,	 Paqué	 F,	 Fischer	 J,	 Zehnder	 M.	 Impact	 of	 irrigant	 sequence	 on	
mechanical	properties	of	human	root	dentine.	J	Endod	2007;33:1325-8.		

428. Saghiri	MA,	Delvarani	A,	Mehrvarzfar	P,	Malganji	G,	Lotfi	M,	Dadresanfar	B,	et	al.	
A	study	of	the	relation	between	erosion	and	microhardness	of	root	canal	dentine.	
Oral	Surg	Oral	Med	Oral	Pathol	Oral	Radiol	Endod	2009;108:e29-e34.		

429. Abbott	 PV.	 Apexification	with	 calcium	 hydroxide--when	 should	 the	 dressing	 be	
changed?	The	case	for	regular	dressing	changes.	Aust	Endod	J	1998;24:27-32.		

430. Yassen	GH,	Platt	JA.	The	effect	of	non-setting	calcium	hydroxide	on	root	fracture	
and	mechanical	properties	of	radicular	dentine:	A	systematic	review.	Int	Endod	J	
2013;46:112-8.		

431. Cvek	M.	 Prognosis	 of	 luxated	 non-vital	 maxillary	 incisors	 treated	 with	 calcium	
hydroxide	and	filled	with	gutta-percha.	A	retrospective	clinical	study.	Endod	Dent	
Traumatol	1992;8:45-55.		

432. Batur	 YB,	 Erdemir	 U,	 Sancakli	 HS.	 The	 long-term	 effect	 of	 calcium	 hydroxide	
application	 on	 dentine	 fracture	 strength	 of	 endodontically	 treated	 teeth.																		
Dent	Traumatol	2013;29:461-4.		

433. Doyon	 GE,	 Dumsha	 T,	 von	 Fraunhofer	 JA.	 Fracture	 resistance	 of	 human	 root	
dentine	exposed	to	intracanal	calcium	hydroxide.	J	Endod	2005;31:895-7.		

434. Marending	 M,	 Stark	 WJ,	 Brunner	 TJ,	 Fischer	 J,	 Zehnder	 M.	 Comparative	
assessment	 of	 time-related	 bioactive	 glass	 and	 calcium	 hydroxide	 effects	 on	
mechanical	properties	of	human	root	dentine.	Dent	Traumatol	2009;25:126-9.		

435. Rosenberg	B,	Murray	PE,	Namerow	K.	The	effect	of	calcium	hydroxide	root	filling	
on	dentine	fracture	strength.	Dent	Traumatol	2007;23:26-9.		

436. Sahebi	 S,	 Moazami	 F,	 Abbott	 P.	 The	 effects	 of	 short-term	 calcium	 hydroxide	
application	on	the	strength	of	dentine.	Dent	Traumatol	2010;26:43-6.		

437. Twati	WA,	Wood	DJ,	Liskiewicz	TW,	Willmott	NS,	Duggal	MS.	An	evaluation	of	the	
effect	 of	 non-setting	 calcium	 hydroxide	 on	 human	 dentine:	 A	 pilot	 study.																		
Eur	Arch	Paediatr	Dent	2009;10:104-9.		

438. Whitbeck	 ER,	 Quinn	 GD,	 Quinn	 JB.	 Effect	 of	 calcium	 hydroxide	 on	 the	 fracture	
resistance	of	dentine.	J	Res	Natl	Inst	Stand	Technol	2011;116:743-9.		

439. Yoldaş	 O,	 Doğan	 C,	 Seydaoğlu	 G.	 The	 effect	 of	 two	 different	 calcium	 hydroxide	
combinations	on	root	dentine	microhardness.	Int	Endod	J	2004;37:828-31.		

440. Zarei	 M,	 Afkhami	 F,	 Malek	 Poor	 Z.	 Fracture	 resistance	 of	 human	 root	 dentine	
exposed	to	calcium	hydroxide	intervisit	medication	at	various	time	periods:	An	in	
vitro	study.	Dent	Traumatol	2013;29:156-60.		



Chapter	1:	Literature	review		

 262 

441. Andreasen	JO,	Munksgaard	EC,	Bakland	LK.	Comparison	of	fracture	resistance	in	
root	canals	of	immature	sheep	teeth	after	filling	with	calcium	hydroxide	or	MTA.	
Dent	Traumatol	2006;22:154-6.		

442. Andreason	J,	Farik	B,	Munksgaard	E.	Long-term	calcuim	hydroxide	as	a	root	canal	
dressing	may	increase	the	risk	of	root	fracture.	Dent	Traumatol	2002;18:134-7.		

443. Hatibović-Kofman	 Š,	 Raimundo	 L,	 Lei	 Z,	 Chong	 L,	 Friedman	 M,	 Andreasen	 JO.	
Fracture	 resistance	 and	 histological	 findings	 of	 immature	 teeth	 treated	 with	
mineral	trioxide	aggregate.	Dent	Traumatol	2008;24:272-6.		

444. Kawamoto	 R,	 Kurokawa	 H,	 Takubo	 C,	 Shimamura	 Y,	 Yoshida	 T,	 Miyazaki	 M.	
Change	 in	 elastic	 modulus	 of	 bovine	 dentine	 with	 exposure	 to	 a	 calcium	
hydroxide	paste.	J	Dent	2008;36:959-64.		

445. Lertchirakarn	 V,	 Palamara	 JEA,	 Messer	 HH.	 Load	 and	 strain	 during	 lateral	
condensation	and	vertical	root	fracture.	J	Endod	1999;25:99-104.		

446. Lindauer	PA,	Campbell	AD,	Hicks	ML,	Pelleu	GB.	Vertical	root	fractures	in	curved	
roots	under	simulated	clinical	conditions.	J	Endod	1989;15:345-9.		

447. Saw	 L-H,	 Messer	 HH.	 Root	 strains	 associated	 with	 different	 obturation	
techniques.	J	Endod	1995;21:314-20.		

448. Pitts	 DL,	Matheny	 HE,	 Nicholls	 JI.	 An	 in	 vitro	 study	 of	 spreader	 loads	 required	
tocause	 vertical	 root	 fracture	during	 lateral	 condensation.	 J	 Endod	1983;9:544-
50.		

449. Holcomb	JQ,	Pitts	DL,	Nicholls	JI.	Further	investigation	of	spreader	loads	required	
to	 cause	 vertical	 root	 fracture	 during	 lateral	 condensation.	 J	 Endod	 1987;13:			
277-84.		

450. Dang	DA,	Walton	RE.	Vertical	root	fracture	and	root	distortion:	Effect	of	spreader	
design.	J	Endod	1989;15:294-301.		

451. Murgel	CA,	Walton	RE.	Vertical	root	fracture	and	dentine	deformation	in	curved	
roots:	The	influence	of	spreader	design.	Endod	Dent	Traumatol	1990;6:273-8.		

452. Onnink	 PA,	 Davis	 RD,	 Wayman	 BE.	 An	 in	 vitro	 comparison	 of	 incomplete	 root	
fractures	associated	with	three	obturation	techniques.	J	Endod	1994;20:32-7.		

453. Çapar	 ID,	 Saygili	 G,	 Ergun	 H,	 Gok	 T,	 Arslan	 H,	 Ertas	 H.	 Effects	 of	 root	 canal	
preparation,	 various	 filling	 techniques	 and	 retreatment	 after	 filling	 on	 vertical	
root	fracture	and	crack	formation.	Dent	Traumatol	2015;31:302-7.		

454. Jainaen	A,	 Palamara	 JEA,	Messer	HH.	Effect	 of	 dentinal	 tubules	 and	 resin-based	
endodontic	 sealers	 on	 fracture	 properties	 of	 root	 dentine.	 Dent	 Mater	
2009;25:e73-e81.		

455. Saǧsen	B,	Üstün	Y,	Pala	K,	Demirbuǧa	S.	Resistance	to	fracture	of	roots	filled	with	
different	sealers.	Dent	Mater	J	2012;31:528-32.		

456. Tay	FR,	Pashley	DH,	Loushine	RJ,	Weller	RN,	Monticelli	F,	Osorio	R.	Self-etching	
adhesives	 increase	 collagenolytic	 activity	 in	 radicular	 dentine.	 J	 Endod	
2006;32:862-8.		



Chapter	1:	Literature	review		

 263 

457. Ribeiro	FC,	Souza-Gabriel	AE,	Marchesan	MA,	Alfredo	E,	Silva-Sousa	YTC,	Sousa-
Neto	 MD.	 Influence	 of	 different	 endodontic	 filling	 materials	 on	 root	 fracture	
susceptibility.	J	Dent	2008;36:69-73.		

458. Grande	 NM,	 Plotino	 G,	 Lavorgna	 L,	 Ioppolo	 P,	 Bedini	 R,	 Pameijer	 CH,	 et	 al.	
Influence	of	different	root	canal-filling	materials	on	the	mechanical	properties	of	
root	canal	dentine.	J	Endod	2007;33:859-63.		

459. McDonald	 A,	 Setchell	 D.	 Developing	 a	 tooth	 restorability	 index.	 .	 Dent	 Update	
2005;32:343-4,	6-8.		

460. Ferrari	 M,	 Cagidiaco	 MC,	 Grandini	 S,	 De	 Sanctis	 M,	 Goracci	 C.	 Post	 placement	
affects	survival	of	endodontically	treated	premolars.	J	Dent	Res	2007;86:729-34.		

461. Cagidiaco	 MC,	 García-Godoy	 F,	 Vichi	 A,	 Grandini	 S,	 Goracci	 C,	 Ferrari	 M.		
Placement	of	fiber	prefabricated	or	custom	made	posts	affects	the	3-year	survival	
of	endodontically	treated	premolars.	Am	J	Dent	2008;21:179-84.		

462. Soares	 CJ,	 Soares	 PV,	 de	 Freitas	 Santos-Filho	 PC,	 Castro	 CG,	 Magalhaes	 D,											
Versluis	A.	The	influence	of	cavity	design	and	glass	fiber	posts	on	biomechanical	
behaviour	of	endodontically	treated	premolars.	J	Endod	2008;34:1015-9.		

463. Assif	D,	Nissan	 J,	Gafni	Y,	Gordon	M.	Assessment	of	 the	resistance	 to	 fracture	of	
endodontically	 treated	 molars	 restored	 with	 amalgam.	 J	 Prosthet	 Dent	 2003;	
89:462-5.		

464. Ng	 CCH,	 Dumbrigue	 HB,	 Al-Bayat	 MI,	 Griggs	 JA,	 Wakefield	 CW.	 Influence	 of	
remaining	coronal	tooth	structure	location	on	the	fracture	resistance	of	restored	
endodontically	treated	anterior	teeth.	J	Prosthet	Dent	2006;95:290-6.		

465. Arunpraditkul	 S,	 Saengsanon	 S,	 Pakviwat	 W.	 Fracture	 resistance	 of	
endodontically	treated	teeth:	Three	walls	versus	four	walls	of	remaining	coronal	
tooth	structure.	J	Prosthodont	2009;18:49-53.		

466. Dietschi	 D,	 Duo	 O,	 Krejci	 I,	 Sadan	 A.	 Biomechanical	 considerations	 for	 the	
restoration	of	endodontically	treated	teeth:	A	systematic	review	of	the	literature	-
Part	1.	Composition	and	micro	and	macrostructure	alterations.	Quintessence	Int	
2007;38:733-43.		

467. Dietschi	 D,	 Duc	 O,	 Krejci	 I,	 Sadan	 A.	 	 In:	 Biomechanical	 considerations	 for	 the	
restoration	of	endodontically	treated	teeth:	A	systematic	review	of	the	literature,	
Part	II.	2008;39:117-129.	

468. Juloski	J,	Radovic	I,	Goracci	C,	Vulicevic	ZR,	Ferrari	M.	Ferrule	effect:	A	literature	
review.	J	Endod	2012;38:11-9.		

469. Sorensen	 JA,	 Engelman	 MJ.	 Ferrule	 design	 and	 fracture	 resistance	 of	
endodontically	treated	teeth.	J	Prosthet	Dent	1990;63:529-36.		

470. Santos-Filho	 PCF,	 Veríssimo	 C,	 Raposo	 LHA,	Noritomi	MPY,	Marcondes	Martins	
LR.	 Influence	 of	 ferrule,	 post	 system,	 and	 length	 on	 stress	 distribution	 of	
weakened	root-filled	teeth.	J	Endod	2014;40:1874-8.		



Chapter	1:	Literature	review		

 264 

471. Veríssimo	 C,	 Simamoto	 Júnior	 PC,	 Soares	 CJ,	 Noritomi	 PY,	 Santos-Filho	 PCF.		
Effect	 of	 the	 crown,	 post,	 and	 remaining	 coronal	 dentine	 on	 the	 biomechanical	
behaviour	 of	 endodontically	 treated	maxillary	 central	 incisors.	 J	 Prosthet	 Dent	
2014;111:234-46.		

472. Mannocci	 F,	 Bertelli	 E,	 Sherriff	 M,	 Watson	 TF,	 Ford	 TRP.	 Three-year	 clinical	
comparison	of	 survival	 of	 endodontically	 treated	 teeth	 restored	with	 either	 full	
cast	 coverage	 or	 with	 direct	 composite	 restoration.	 J	 Prosthet	 Dent2002;88:				
297-301.		

473. ElAyouti	A,	Serry	MI,	Geis-Gerstorfer	J,	Löst	C.	Influence	of	cusp	coverage	on	the	
fracture	 resistance	 of	 premolars	 with	 endodontic	 access	 cavities.	 Int	 Endod	 J	
2011;44:543-9.		

474. Scotti	N,	Scansetti	M,	Rota	R,	Pera	F,	Pasqualini	D,	Berutti	E.	The	effect	of	the	post	
length	and	cusp	coverage	on	the	cycling	and	static	load	of	endodontically	treated	
maxillary	premolars.	Clin	Oral	Investig	2011;15:923-9.		

475. Mannocci	 F,	 Qualtrough	 AJE,	 Worthington	 HV,	 Watson	 TF,	 Pitt	 Ford	 TR.	
Randomized	 clinical	 comparison	 of	 endodontically	 treated	 teeth	 restored	 with	
amalgam	or	with	 fibre	 posts	 and	 resin	 composite:	 Five-year	 results.	 Oper	Dent	
2005;30:9-15.		

476. Mannocci	 F,	 Bertelli	 E,	 Sherriff	M,	Watson	 TF,	 Pitt	 Ford	 TR.	 Three-year	 clinical	
comparison	of	 survival	 of	 endodontically	 treated	 teeth	 restored	with	 either	 full	
cast	coverage	or	with	direct	composite	restoration.	Int	Endod	J	2009;42:401-5.		

477. Akman	S,	Akman	M,	Eskitascioglu	G,	Belli	S.	Influence	of	several	fibre-reinforced	
composite	 restoration	 techniques	 on	 cusp	 movement	 and	 fracture	 strength	 of	
molar	teeth.	Int	Endod	J	2011;44:407-15.		

478. Figueiredo	 FED,	 Martins-Filho	 PRS,	 Faria-e-Silva	 AL.	 Do	 metal	 post–retained	
restorations	result	in	more	root	fractures	than	fiber	post–retained	restorations?	
A	systematic	review	and	meta-analysis.	J	Endod	2015;41:309-16.		

479. Santos-Filho	 PCF,	 Castro	 CG,	 Silva	 GR,	 Campos	 RE,	 Soares	 CJ.	 Effects	 of	 post	
system	and	length	on	the	strain	and	fracture	resistance	of	root	filled	bovine	teeth.	
Int	Endod	J	2008;41:493-501.		

480. Tay	FR,	Pashley	DH.	Monoblocks	in	root	canals:	A	hypothetical	or	a	tangible	goal.	
J	Endod	2007;33:391-8.		

481. Mortazavi	 V,	 Fathi	 M,	 Katiraei	 N,	 Shahnaseri	 S,	 Badrian	 H,	 Khalighinejad	 N.	
Fracture	 resistance	 of	 structurally	 compromised	 and	 normal	 endodontically	
treated	teeth	restored	with	different	post	systems:	An	 in	vitro	 study.	Dent	Res	 J	
2012;9:185-91.		

482. Sorrentino	 R,	 Salameh	 Z,	 Zarone	 F,	 Tay	 FR,	 Ferrari	 M.	 Effect	 of	 post-retained	
composite	 restoration	 of	 MOD	 preparations	 on	 the	 fracture	 resistance	 of	
endodontically	treated	teeth.	J	Adhes	Dent	2007;9:49-56.		

483. Abdul	Salam	SN,	Banerjee	A,	Mannocci	F,	Pilecki	P,	Watson	TF.	Cyclic	 loading	of	
endodontically	 treated	 teeth	 restored	with	 glass	 fibre	 and	 titanium	alloy	 posts:	



Chapter	1:	Literature	review		

 265 

Fracture	 resistance	 and	 failure	 modes.	 Eur	 J	 Prosthodont	 Restor	 Dent	 2006;	
14:98-104.		

484. Obermayr	 G,	Walton	 RE,	 Leary	 JM,	 Krell	 KV.	 Vertical	 root	 fracture	 and	 relative	
deformation	 during	 obturation	 and	 post	 cementation.	 J	 Prosthet	 Dent	 1991;	
66:181-7.		

485. Khera	SC,	Carpenter	CW,	Vetter	JD,	Staley	RN.	Anatomy	of	cusps	of	posterior	teeth	
and	their	fracture	potential.	J	Prosthet	Dent	1990;64:139-47.		

486. Lubisich	 EB,	 Hilton	 TJ,	 Ferracane	 J.	 Cracked	 teeth:	 A	 review	 of	 the	 literature.												
J	Esthet	Restor	Dent	2010;22:158-67.		

487. Dwivedi	S,	Dwivedi	CD,	Mittal	N.	Correlation	of	root	dentine	thickness	and	length	
of	roots	in	mesial	roots	of	mandibular	molars.	J	Endod	2014;40:1435-8.		

488. Chatvanitkul	C,	Lertchirakarn	V.	Stress	distribution	with	different	restorations	in	
teeth	with	curved	roots:	A	finite	element	analysis	study.	J	Endod	2010;36:115-8.		

489. Thomas	GJ,	Whittaker	DK,	Embery	G.	A	 comparative	 study	of	 translucent	apical	
dentine	in	vital	and	non-vital	human	teeth.	Arch	Oral	Biol	1994;39:29-34.		

490. Vasiliadis	 L,	 Darling	 AI,	 Levers	 BGH.	 The	 amount	 and	 distribution	 of	 sclerotic	
human	root	dentine.	Arch	Oral	Biol	1983;28:645-9.		

491. Kinney	 JH,	Nalla	RK,	 Pople	 JA,	 Breunig	TM,	Ritchie	RO.	Age-related	 transparent	
root	dentine:	Mineral	 concentration,	 crystallite	 size,	 and	mechanical	properties.	
Biomaterials	2005;26:3363-76.		

492. Nazari	 A,	 Bajaj	 D,	 Zhang	 D,	 Romberg	 E,	 Arola	 D.	 On	 the	 reduction	 in	 fracture	
toughness	of	human	dentine	with	age.	J	Mech	Behav	Biomed	Mater	2009;2:550-9.		

493. Arnold	M.	Bruxism	and	the	occlusion.	Dent	Clin	North	Am	1981;25:395-407.		

494. Tortopidis	D,	Lyons	MF,	Baxendale	RH,	Gilmour	WH.	The	variability	of	bite	force	
measurement	 between	 sessions,	 in	 different	 positions	 within	 the	 dental	 arch.										
J	Oral	Rehabil	1998;25:681-6.		

495. Slavicek	G.	Human	mastication.	Int	J	Stomatol	Occlusion	Med	2010;3:29-41.		

496. Wroe	 S,	 Ferrara	 TL,	 McHenry	 CR,	 Curnoe	 D,	 Chamoli	 U.	 The	 craniomandibular	
mechanics	of	being	human.	Proc	Biol	Sci	2010;277:3579-86.		

497. Takaki	 P,	 Vieira	M,	 Bommarito	 S.	Maximum	 bite	 force	 analysis	 in	 different	 age	
groups.	Int	Arch	Otorhinolaryngol	2014;18:272-6.		

498. Varga	S,	Spalj	S,	Lapter	Varga	M,	Anic	Milosevic	S,	Mestrovic	S,	Slaj	M.	Maximum	
voluntary	 molar	 bite	 force	 in	 subjects	 with	 normal	 occlusion.	 Eur	 J	 Orthod	
2011;33:427-33.		

499. Yeh	CJ.	Fatigue	root	fracture:	A	spontaneous	root	fracture	in	non-endodontically	
treated	teeth.	Br	Dent	J	1997;182:261-6.		

500. Yang	 S-F,	 Rivera	 EM,	 Walton	 RE.	 Vertical	 root	 fracture	 in	 non-endodontically	
treated	teeth.	J	Endod	1995;21:337-9.		



Chapter	1:	Literature	review		

 266 

501. Hennequin-Hoenderdos	NL,	Slot	DE,	Van	der	Weijden	GA.	Complications	of	oral	
and	peri-oral	piercings:	A	summary	of	case	reports.	Int	J	Dent	Hyg	2011;9:101-9.		

502. Hennequin-Hoenderdos	 NL,	 Slot	 DE,	 Van	 der	 Weijden	 GA.	 The	 incidence	 of	
complications	associated	with	 lip	and/or	tongue	piercings:	A	systematic	review.	
Int	J	Dent	Hyg	2015.		

503. Jantarat	J,	Palamara	JEA,	Messer	HH.	An	investigation	of	cuspal	deformation	and	
delayed	recovery	after	occlusal	loading.	J	Dent	2001;29:363-70.		

504. Asundi	A,	Kishen	A.	A	strain	gauge	and	photoelastic	analysis	of	in	vivo	strain	and	
in	vitro	stress	distribution	in	human	dental	supporting	structures.	Arch	Oral	Biol	
2000;45:543-50.		

505. Kishen	 A.	 Periapical	 biomechanics	 and	 the	 role	 of	 cyclic	 biting	 force	 in	 apical	
retrograde	fluid	movement.	Int	Endod	J	2005;38:597-603.		

506. Kishen	A,	 Asundi	 A.	 Investigations	 of	 thermal	 property	 gradients	 in	 the	 human	
dentine.	J	Biomed	Mater	Res	2001;55:121-30.		

507. Kishen	A,	Murukeshan	VM,	Krishnakumar	V,	Asundi	A.	Analysis	on	the	nature	of	
thermally	 induced	deformation	 in	 human	dentine	 by	 electronic	 speckle	 pattern	
interferometry.	J	Dent	2001;29:531-7.		

508. Kim	 HC,	 Cheung	 GSP,	 Lee	 CJ,	 Kim	 BM,	 Park	 JK,	 Kang	 SI.	 Comparison	 of	 forces	
generated	 during	 root	 canal	 shaping	 and	 residual	 stresses	 of	 three	 nickel-
titanium	 rotary	 files	 by	 using	 a	 three-dimensional	 finite-element	 analysis.																
J	Endod	2008;34:743-7.		

509. Marchi	GM,	Mitsui	FHO,	Cavalcanti	AN.	Effect	of	remaining	dentine	structure	and	
thermal-mechanical	 aging	 on	 the	 fracture	 resistance	 of	 bovine	 roots	 with	
different	post	and	core	systems.	Int	Endod	J	2008;41:969-76.		

510. Xible	 AA,	 de	 Jesus	 Tavarez	 RR,	 de	 Araujo	 Cdos	 R,	 Conti	 PC,	 Bonachella	 WC.						
Effect	 of	 cyclic	 loading	 on	 fracture	 strength	 of	 endodontically	 treated	 teeth	
restored	with	conventional	and	esthetic	posts.	J	Appl	Oral	Sci	2006;14:297-303.		

511. Wandscher	 VF,	 Bergoli	 CD,	 Limberger	 IF,	 Ardenghi	 TM,	 Valandro	 LF.					
Preliminary	 results	 of	 the	 survival	 and	 fracture	 load	 of	 roots	 restored	 with	
intracanal	posts:	Weakened	vs	non-weakened	roots.	Oper	Dent	2014;39:541-55.		

512. Koutayas	SO,	Kern	M,	Ferraresso	F,	Strub	JrR.	Influence	of	framework	design	on	
fracture	 strength	of	mandibular	anterior	all-ceramic	 resin-	bonded	 fixed	partial	
dentures.	Int	J	Prosthodont	2002;15:223-9.		

513. Koutayas	S,	Kern	M,	Ferraresso	F,	Strub	J.	Influence	of	design	and	mode	of	loading	
on	 the	 fracture	 strength	 of	 all-ceramic	 resin-bonded	 fixed	 partial	 dentures:										
An	in	vitro	study	in	a	dual-axis	chewing	simulator.	J	Prosthet	Dent	2000;84:540-7.		

514. Kern	M,	Strub	JR,	Lu	XY.	Wear	of	composite	resin	veneering	materials	in	a	dual-
axis	chewing	simulator.	J	Oral	Rehabil	1999;26:372-8.		



Chapter	1:	Literature	review		

 267 

515. Kern	 M,	 Douglas	 WH,	 Fechtig	 T,	 Strub	 JR,	 DeLong	 R.	 Fracture	 strength	 of	 all-
porcelain,	 resinbonded	 bridges	 after	 testing	 in	 an	 artificial	 oral	 environment.										
J	Dent	1993;21:117-21.		

516. Heydecke	G,	Butz	F,	Hussein	A,	Strub	JR.	Fracture	strength	after	dynamic	loading	
of	 endodontically	 treated	 teeth	 restored	 with	 different	 post-and-core	 systems.							
J	Prosthet	Dent	2002;87:438-45.		

517. Pontius	O,	Hutter	JW.	Survival	rate	and	fracture	strength	of	incisors	restored	with	
different	 post	 and	 core	 systems	 and	 endodontically	 treated	 incisors	 without	
coronoradicular	reinforcement.	J	Endod	2002;28:710-5.		

518. Heydecke	 G,	 Butz	 F,	 Strub	 JR.	 Fracture	 strength	 and	 survival	 rate	 of	
endodontically	 treated	 maxillary	 incisors	 with	 approximal	 cavities	 after	
restoration	 with	 different	 post	 and	 core	 systems:	 An	 in-vitro	 study.	 J	 Dent	
2001;29:427-33.		

519. Cobankara	 FK,	 Unlu	 N,	 Cetin	 AR,	 Ozkan	 HB.	 The	 effect	 of	 different	 restoration	
techniques	 on	 the	 fracture	 resistance	 of	 endodontically-treated	 molars.												
Oper	Dent	2008;33:526-33.		

520. Samran	A,	El	Bahra	S,	Kern	M.	The	influence	of	substance	loss	and	ferrule	height	
on	the	fracture	resistance	of	endodontically	treated	premolars.	An	in	vitro	study.	
Dent	Mater	2013;29:1280-6.		

521. Naumann	M,	Metzdorf	 G,	 Fokkinga	W,	Watzke	R,	 Sterzenbach	G,	 Bayne	 S,	 et	 al.	
Influence	 of	 test	 parameters	 on	 in	 vitro	 fracture	 resistance	 of	 post-endodontic	
restorations:	A	structured	review.	J	Oral	Rehabil	2009;36:299-312.		

522. Reagan	SE,	Fruits	TJ,	Van	Brunt	CL,	Ward	CK.	Effects	of	cyclic	loading	on	selected	
post-and-core	systems.	Quintessence	Int	1999;30:61-7.		

523. Jung	 S-H,	 Min	 K-S,	 Chang	 H-S,	 Park	 S-D,	 Kwon	 S-N,	 Bae	 J-M.	 Microleakage	 and	
fracture	 patterns	 of	 teeth	 restored	with	 different	 posts	 under	 dynamic	 loading.							
J	Prosthet	Dent2007;98:270-6.		

524. Rosenberg	PA,	Babick	PJ,	Schertzer	L,	Leung	A.	The	effect	of	occlusal	reduction	on	
pain	after	endodontic	instrumentation.	J	Endod	1998;24:492-6.		

525. Yu	 CY.	 Role	 of	 occlusion	 in	 endodontic	 management:	 Report	 of	 two	 cases.											
Aust	Endod	J	2004;30:110-5.		

526. Jose	dos	Santos	 J,	Michigan	AA.	Masticatory	apparatus.	 In:	Occlusion:	Principles	
and	concepts.	first	ed.	Tokoyo:	Ishiyaku	EuroAmerica;	1985:2.	

527. Asadzadeh	N,	Ghanbarzadeh	 J,	Mohajeri	AR.	Fracture	 strength	 in	 teeth	 restored	
with	 three	 dowel	 core	 systems	before	 and	 after	 load	 cycling:	 An	 in	 vitro	 study.							
J	Med	Sci	2009;9:140-5.		

528. Aghdaee	NA,	Darban	 JG,	Mohajeri	 A.	 Fracture	 strength	 in	 restored	 teeth	 before	
and	after	load	cycling:	An	in	vitro	study.	J	Calif	Dent	Assoc	2011;39:300-7.		



Chapter	1:	Literature	review		

 268 

529. Sterzenbach	 G,	 Rosentritt	 M,	 Frankenberger	 R,	 Paris	 S,	 Naumann	 M.	 Loading	
standardization	 of	 postendodontic	 restorations	 in	 vitro:	 Impact	 of	 restorative	
stage,	static	loading,	and	dynamic	loading.	Oper	Dent	2012;37:71-9.		

530. Nishimura	Y,	Tsubota	Y,	Fukushima	S.	Influence	of	cyclic	loading	on	fiber	post	and	
composite	resin	core.	Dent	Mater	J	2008;27:356-61.		

531. Attia	A,	Kern	M.	Influence	of	cyclic	loading	and	luting	agents	on	the	fracture	load	
of	two	all-ceramic	crown	systems.	J	Prosthet	Dent	2004;92:551-6.		

532. Jensen	AL,	Abbott	PV.	Experimental	model:	Dye	penetration	of	extensive	interim	
restorations	 used	 during	 endodontic	 treatment	while	 under	 load	 in	 a	multiple-
axis	chewing	simulator.	J	Endod	2007;33:1243-6.		

533. Heffer	R.	Orthodontic	band	reinforced	interim	endodontic	restorations,	structural	
integrity	 and	 microbial	 penetration.	 [Australia]:	 The	 University	 of	 Western	
Australia;	2007.			

534. Chailertvanitkul	P,	Abbott	PV,	Riley	TV,	Sooksuntisakoonchai	N.	Bacterial	and	dye	
penetration	 through	 interim	 restorations	 used	 during	 endodontic	 treatment	 of	
molar	teeth.	J	Endod	2009;35:1017-22.		

535. Rosentritt	 M,	 Behr	 M,	 Gebhard	 R,	 Handel	 G.	 Influence	 of	 stress	 simulation	
parameters	 on	 the	 fracture	 strength	 of	 all-ceramic	 fixed-partial	 dentures.																	
Dent	Mater	2006;22:176-82.		

536. Stewardson	 DA,	 Shortall	 AC,	 Marquis	 PM.	 The	 effect	 of	 clinically	 relevant	
thermocycling	 on	 the	 flexural	 properties	 of	 endodontic	 post	 materials.	 J	 Dent	
2010;38:437-42.		

537. Soares	 CJ,	 Pizi	 ECG,	 Fonseca	 RB,	 Martins	 LRM.	 Influence	 of	 root	 embedment	
material	 and	 periodontal	 ligament	 simulation	 on	 fracture	 resistance	 tests.								
Braz	Oral	Res	2005;19:11-6.		

538. Rosentritt	 M,	 Behr	 M,	 Scharnagl	 P,	 Handel	 G,	 Kolbeck	 C.	 Influence	 of	 resilient	
support	 of	 abutment	 teeth	 on	 fracture	 resistance	 of	 all-ceramic	 fixed	 partial	
dentures:	An	in	vitro	study.	Int	J	Prosthodont	2011;24:465-8.		

539. Soros	C,	Zinelis	S,	Lambrianidis	T,	Palaghias	G.	Spreader	load	required	for	vertical	
root	 fracture	 during	 lateral	 compaction	 ex	 vivo:	 Evaluation	 of	 periodontal	
simulation	 and	 fracture	 load	 information.	 Oral	 Surg	 Oral	Med	 Oral	 Pathol	 Oral	
Radiol	Endod	2008;106:e64-e70.		

540. Sterzenbach	 G,	 Kalberlah	 S,	 Beuer	 F,	 Frankenberger	 R,	 Naumann	 M.																																
In-vitro	 simulation	 of	 tooth	 mobility	 for	 static	 and	 dynamic	 load	 tests:	 A	 pilot	
study.	Acta	Odontol	Scand	2011;69:316-8.		

	

	

	

	

 



	

	
 

 

	

Chapter	2	

The	effect	of	chewing	simulation	on	
the	force	required	to	fracture								

root-filled	teeth		

 	



Chapter	2:	Effect	of	simulated	chewing		

 270 

2. Effect	 of	 simulated	 chewing	 on	 the	 force	 required	 to	 fracture	

root-filled	teeth  

2.1 Abstract	

Aim: The purpose of this study was to investigate the effect of simulated chewing on 

the force required to fracture root-filled teeth in the experimental model that is used in 

the subsequent experiments..  

Method: Thirty-one extracted human mandibular molars with no or minimal caries or 

restorations had root canal treatment and amalgam restorations. Teeth were mounted in 

acrylic with a simulated periodontal ligament and randomly assigned into two groups. 

Group A was subjected to 720,000 cycles with a 5 kg load at 1.2 Hz (the equivalent of 

three years mastication) using a Willytec Chewing Simulator. Group B had no 

simulated chewing. Forces required to fracture the teeth were determined with an 

Instron Universal Machine. Data were analysed using a Student t-test.  

Results: Mean forces were 2708 ± 711N (Group A) and 2757 ± 783N (Group B) with 

no significant difference (p = 0.86).  

Conclusion: Simulated chewing had no effect on the force required to fracture root-

filled mandibular molars with intact marginal ridges. 

Keywords: Endodontics, Fracture, Simulated chewing, Root-filled, Willytec simulator. 
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2.2 Introduction	

Root-filled teeth are considered to have increased susceptibility for fracture which often 

leads to extraction.1, 2 This increased risk has been attributed to the effect of pulp tissue 

loss, endodontic and restorative treatment on proprioception,3 dentine hydration,4 

structural integrity,5, 6 dentine properties and tooth demands.7, 8 Under normal function, 

the interaction of these factors can predispose to fracture in root-filled teeth. 

Clinical performance of various materials and techniques is best predicted when 

simulated mastication is implemented in in-vitro models. The survival rate and the force 

required to fracture root-filled teeth restored with different techniques and materials has 

been investigated after subjecting samples to the equivalent of five years of mastication 

using a Willytec chewing simulator.9-11 These studies are considered to be clinically 

relevant because mastication was simulated before testing the teeth. However, in-vitro 

studies that investigated the influence of different endodontic procedures and techniques 

on the force required to fracture teeth have generally overlooked the effect of simulated 

mastication. Barreto et al.12 showed that repeated mechanical loading by itself does not 

induce dentinal defects in unprepared teeth but when combined with Ni-Ti rotary canal 

preparation and root canal filling, more profound dentinal defects were detected. These 

defects can influence the load required to fracture the teeth since they act as stress 

concentrators. In addition, the variations in the occlusal load orientation and magnitude 

have substantial effect on the stress distribution in molars. Increasing the horizontal 

component of load will increase the tensile stress distribution and subsequently the 

propensity to fracture. Thus, it may be essential to incorporate simulated mastication in 

in-vitro experimental models in order to replicate in-vivo conditions and to obtain 

accurate information on how different endodontic procedures influence the force 

required to fracture teeth. 

Masticatory forces have horizontal and vertical components that may be hard to 

replicate in-vitro. Some in-vitro studies have used continuous or repeated vertical forces 

to simulate normal function.13-15 Such loading does not replicate masticatory forces 

applied to teeth and can give misleading information on the performance of root-filled 

teeth in the oral cavity. In-vivo mastication involves forces applied in multiple axes that 

load the teeth in different places rather than at one static point, depending on the stage 

of the masticatory cycle. The use of chewing simulators can mimic oral function to 
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some extent and they can be incorporated into experimental models to achieve closer 

replication of in-vivo conditions. 

The aim of this study was to evaluate the effect of simulated mastication on the force 

required to fracture root-filled mandibular molars in order to assess the need to include 

simulated chewing in future experiments. 

2.3 Material	and	Methods	

The study was approved by the Human Research Ethics Committee of the institution. 

Extracted human mandibular molars were used. Adherent periodontal ligament was 

removed by gauze after immersion in 1% sodium hypochlorite (Endosure; Dental Life, 

Ringwood, Victoria, Australia) for 5 minutes. Teeth with gross carious lesions, 

extensive restorations, severe root curvature and/or open apices were excluded. Whilst 

being viewed under an operating microscope (HS Möller-Wedel International), teeth 

were transilluminated from different directions using a fibre optic light source 

(Microlux Transilluminator; AdDent Inc., Danbury, CT, USA) to exclude teeth with 

cracks. Thirty-one teeth with no or minimal occlusal restorations and/or caries were 

selected and bucco-lingual radiographs were taken. Teeth were distributed into groups 

so each group contained similar overall tooth morphology. They were then stored in 

0.02% thymol in normal saline solution (Sigma-Aldrich Co, St. Louis, MO, USA).  

The teeth received standardised root canal treatment. Access cavities were prepared 

using a tungsten carbide pear-shaped bur (Jet#331; Komet, Schaumburg, IL, USA) in an 

air-turbine high speed handpiece (Synea TA-96, W&H, Australia) under air-water 

coolant. A low speed steel long shank round bur (#010, 28 mm) (Dentsply Maillefer, 

Ballaigues, Switzerland) was used to refine the access cavities. Working length was 

determined by passing a size 10 Hedstrӧm file (Maillefer, Ballaigues, Switzerland) 

beyond the apical foramen and then reducing 1mm from the level of the apical foramen. 

Canals were prepared using Hedstrӧm files up to size 25 in the mesial roots and size 30 

in the distal roots. A Gates Glidden size 2 bur was used to mid-root level for coronal 

flaring. A total of 5 mL of 15% EDTAC (Endosure; Dental Life Pty. Ltd., Ringwood, 

Victoria, Australia) was used as the main irrigant for 15-20 minutes. Then the canals 

were irrigated with 5 mL of 1% NaOCl for 5 minutes, with the solution being 

replenished every minute. A final flush with 1 mL of 15% EDTAC was performed for 1 

minute. This irrigation regime was used to ensure effective removal of the smear 
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layer.16 The canals were dried using paper points and filled with AH 26 (Dentsply 

DeTrey GmbH, Konstanz, Germany) and gutta percha (Progress; Precise Dental 

International, S.A. de C.V., Zapopan, Jalisco, Mexico) using the lateral compaction 

technique. The access cavities were restored with amalgam (SDI Limited, Victoria, 

Australia) and the teeth were kept in a moist environment for 72 hours to allow 

complete setting of the materials.  

The apices of the roots were slightly flattened to facilitate upright mounting of the teeth. 

Two layers of vinyl polysiloxane impression tray adhesive (VECTORVP; Australian 

Dental Manufacturing, Queensland, Australia) were applied to the root surfaces to 

simulate the periodontal ligament and each layer was left to dry for 20 minutes. 

Polymethyl methacrylate resin (Orthoplast; Vertex-Dental B.V., Zeist, Netherlands) was 

used in two different consistencies. First, a dough-like consistency with 1mL:2.1g 

monomer to polymer ratio, mixed according to the manufacturer’s instructions, was 

adapted around the apices of the teeth so they could stand unsupported in an upright 

position in the centre of the sample holders for the Willytec Chewing Simulator 

(Version 4.2.0, Willytec, München, Germany). Then a pourable consistency with 

1mL:1.5g monomer to polymer ratio was poured until the teeth were immersed to 2 mm 

below the level of the CEJ to mimic alveolar bone. The filled sample holders were 

submerged in a pressure pot (Palamat Pratic ELT; Heraeus Kulzer, Germany) for 20 

minutes at 45oC and 2.5 bar to facilitate curing of the resin, in accordance with the 

manufacturer’s instructions. After the samples were removed from the holders, the 

bases of the mounts were trimmed using a model trimmer (MT plus; Renfert GmbH, 

Hilzingen, Germany) until the tip of the roots could be seen to ensure no acrylic resin 

was present between the base and the root tips. The occlusal surfaces of the teeth were 

checked and adjusted to allow seating of the Chewing Simulator antagonist and the 

Instron tip. 

The teeth were randomly assigned to two groups. Group A comprised 16 teeth which 

were exposed to simulated chewing. These teeth were re-mounted in the lower sample 

holders for the Willytec Chewing Simulator. Vinyl polysiloxane impression material 

(Imprint 3 Light body; 3M ESPE, St. Paul, MN, USA) was injected into the sample 

holders to fill any gaps between the resin mounts and the sample holder, as well as to 

further simulate the periodontal ligament (Figure 2.1). The lower sample holders 

containing the resin mounts were inserted into the sample chambers of the Chewing 
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Simulator. Standard precision grade 3.50 mm diameter silicon nitride ceramic ball 

bearings were used as antagonists. Centric occlusion between the teeth and the 

antagonist was achieved and normal saline (Baxter Healthcare Pty. Ltd., NSW, 

Australia) was introduced into the lower sample chamber to cover the teeth. The 

Chewing Simulator parameters (Table 2.1) were set to the equivalent of three years of 

intra-oral mastication (720,000 cycles) using masticatory forces of 49N. Afterwards, the 

resin mounts were retrieved from the lower sample holder and the teeth were inspected 

macroscopically for any fractures and/or cracks. Group B (15 teeth) did not undergo 

simulated chewing and served as the control group. 

All samples were tested with an Instron Universal Testing Machine (Instron 5982; 

Norwood, MA, USA). A steel tip, round end of 3.20 mm diameter and 5 mm long, was 

attached to the load cell and lowered to contact the teeth in the middle of the occlusal 

surface (Figure 2.2). The tip was advanced vertically downwards at a rate of 1 mm per 

minute until tooth fracture occurred. The force required for fracture was recorded in 

Newtons (N) and the mode of fracture was observed. Data were collated in the 

Statistical Analysis Software program (SAS, USA). Testing of normality (Shapiro-Wilk 

test) and homoscedasticity (Levene’s test) were performed for parametric assumptions. 

A Student t-test was conducted to test the effect of simulated chewing on the mean force 

required to fracture the teeth. 

2.4 Results	

The results are presented in Appendix 1 and they are summarised in Table 2.2. There 

was no significant difference between the groups (p = 0.86). The residuals were normal 

(p-value=0.31) and homoscedastic (p-value=0.49). 

The most common fracture pattern was in the mesio-distal direction in both groups 

(Figure 2.3). Lingual cusp fractures were more frequently observed than buccal cusp 

fractures (Figure 2.4). The fracture level was at or just below the level of the acrylic 

resin with no differences between the groups. 
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2.5 Discussion	

The application of simulated chewing prior to testing the force required to fracture root-

filled teeth was considered to be clinically relevant. This was an initial study that tested 

the influence of simulated chewing on fracture load of mandibular teeth in order to 

determine whether it is necessary to include this step in an experimental model that will 

be used to test the effects of other variables in subsequent studies. The results of this 

study showed that the application of simulated mastication had no significant effect on 

the mean force required to fracture root-filled mandibular molars that only have an 

access cavity with a simple restoration and intact marginal ridges. 

Mandibular molars were chosen because these teeth have a high prevalence of 

fracture,17-20 which leads to a high frequency of extraction after endodontic treatment.2 

A multiple-axis chewing simulator was used to simulate the complex in-vivo occlusal 

loading. The chewing parameters were set according to previous research that used the 

Willytec chewing simulator.21-25 However, the number of cycles were modified so that 

the period of simulated chewing was equivalent to three years of in-vivo mastication 

because this time is the average time reported for tooth loss as a result of tooth fracture 

after root canal treatment.1 It has also been shown that most root canal re-treatments, 

apical surgery or extractions are required during the first three years following initial 

root canal treatment.2, 26. In accordance with previous research,22-25 this study also 

considered the effect of the periodontal ligament by applying vinyl polysiloxane tray 

adhesive to the root surfaces and vinyl polysiloxane impression material inside the 

sample holder in order to simulate physiological tooth movement during normal 

functional loading.27 Periodontal ligament simulation has a significant effect on the 

forces required to fracture teeth.28 The level of acrylic resin was set at 2 mm below the 

cemento-enamel junction which coincides with the level of alveolar bone in healthy 

periodontium. Hence, various in- vivo conditions were simulated in this experimental 

model. 

There were some experimental factors that might have affected the results and must be 

considered. The samples exhibited individual variations in terms of dimensions, 

anatomy, ages of the patients at the time of extraction, the reason for extraction and the 

presence or absence of minimal occlusal caries or restorations. These features resulted 

in variation in the size of pulp chamber, leading to variations in the amount of dentine 

removed and the bulk size of amalgam while preparing and restoring a conventional 
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access cavity, which are strong determinants of the mechanical behaviour of the 

specimens under load. The extracted teeth were stored in 0.02% thymol solution and the 

time elapsed from extraction until the tooth was used in the experiment varied among 

the samples. The effect of this storage medium on the properties of teeth is unknown. A 

standardised precision grade 3.50 mm diameter ceramic ball bearing was used as the 

antagonist during simulated chewing instead of a natural tooth cusp for the purpose of 

standardisation as the latter would potentially introduce another variable into the 

model.22 The use of a spherical indenter Instron tip of 1.6 mm radius was chosen to 

apply a near-axial load to the tooth in order to produce longitudinal fracture patterns 

taking into consideration the deleterious wedging forces from smaller spherical tips,29 

and the off-axial loading and resultant edge chipping fractures from larger tips.30 Other 

variables (root canal treatment, restoration, mounting and testing) were also 

standardised as much as possible. Any variations were minimised by randomisation and 

single operator intervention.  

Teeth requiring endodontic treatment are usually severely broken down as a result of 

repeated restorations, caries, cracks and/or fractures. Such extensive loss of coronal 

tooth structure is likely to involve at least one of the marginal ridges. In this study, the 

coronal preparation consisted of only endodontic access cavities which does not 

represent the common clinical scenario. In such coronal preparations, the marginal 

ridges were left intact and there were four remaining dentine walls present which were 

embraced by enamel from all directions. The importance of these characteristics in 

providing strength for endodontically treated teeth has been previously demonstrated in 

clinical and laboratory studies. Root-filled and restored premolars with four remaining 

walls survived six years of intra-oral function and exhibited no root fractures 

necessitating extraction during that period, which was not the case when two or more 

walls were missing.31 In an in-vitro study, Reeh et al.32 showed that the root canal 

treatment itself produced a loss of 5% in the relative cusp stiffness, whereas when 

combined with restorative procedures involving the marginal ridges, the relative cusp 

stiffness was further reduced by 63%. Similarly, root-filled mandibular molars that were 

restored with composite resin exhibited the highest force required for fracture when 

there were four remaining walls and intact marginal ridges.33 The amount of mesial cusp 

deflection of mandibular molars was shown to increase by 2-4 folds when endodontic 

access cavities were prepared within MO and MOD preparations.5 The teeth in this 

study had only an access cavity preparation, and therefore the minimal amount of cusp 
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deflection during simulated occlusal loading and the inherent strength of the samples 

may have hindered the accurate assessment of the effect of simulated chewing. For the 

same reason, no premature fractures were observed and the restored root-filled teeth 

survived the simulated chewing that was equivalent to three years of intra-oral function. 

Hence, the finding of this experiment should be interpreted with caution and should 

only be applied to root-filled mandibular molars with intact marginal ridges. It is not 

feasible to extrapolate these findings to root-filled teeth with extensive coronal tooth 

structure loss or with more extensive restorations. Further research is required to 

evaluate the effect of simulated chewing when more coronal tooth structure is missing.   

The insignificant result of this study might indicate that there is no actual effect of 

simulated chewing on the force required to fracture root-filled teeth or that the sample 

size was too small to detect this effect. A larger sample size may provide a different 

result. On the other hand, the mean forces (i.e. overall 2733 N) required to fracture the 

root-filled and restored teeth in this study were not very different from results obtained 

in the study by Chai et al.34 where intact molars (i.e. without caries or any form of 

restoration) embedded in epoxy resin were tested using a 1.57 mm radius spherical steel 

tip. They reported that the teeth fractured at a load of 3050 N. This comparison provides 

insight to the negligible effects of root canal treatment and amalgam restoration on tooth 

strength which warrants further investigation.    

The findings of this study cannot be compared to other studies that tested the effect of 

simulated chewing on the force required to fracture root-filled teeth due to the 

differences in the type of teeth and restoration, type of load used and period of 

exposure.13-15, 35 These studies used extracted human maxillary incisors or extracted 

bovine mandibular teeth, different posts/cores, full coverage crown restorations and 

repeated single-axis loading as simulated chewing. Although Sterzenbach et al.35 used a 

multiple-axis chewing simulator, they included samples that fractured during exposure 

to simulated chewing in their analysis by assigning them a ‘zero’ value, which resulted 

in the effect of simulated chewing being inflated and thus erroneously significant. In 

this study, no premature fractures occurred during simulated chewing. The present study 

is the first to test the effect of simulated chewing on the force required to fracture 

extracted human mandibular molars that received root canal treatment and an amalgam 

restoration using a multiple-axis chewing simulator.  
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The most common mode of fracture was in the mesio-distal direction when teeth were 

vertically loaded. Lingual cusps fractured more often than buccal cusps. These 

observations agree with the clinical findings of other studies.18, 19 The level of fractures 

were frequently at or just below the level of the acrylic resin, which is consistent with 

the level of fractures in root-filled teeth in the clinical observations of           

Lagouvardos et al.19 However, simulated chewing did not affect the fracture patterns in 

Group A.  

Despite the clinical relevance of implementing simulated chewing in the experimental 

model, the mean force required to fracture restored endodontically treated mandibular 

molars with intact marginal ridges was not affected by simulated chewing. Hence, the 

application of simulated chewing may not be necessary if a similar model is to be used 

for future research. However, further investigations are required to evaluate the effect of 

simulated chewing when root-filled mandibular molars have more extensive coronal 

preparations involving the marginal ridges 

2.6 Conclusions	

Within the limitations of this study, the mean force required to fracture restored 

endodontically treated mandibular molars with intact marginal ridges was not affected 

by simulated chewing.  
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2.8 Tables	

Legends to table 

Table 2.1 Cyclic loading parameters of the Chewing Simulator. 

Table 2.2 Mean and standard deviation values of forces required to fracture the teeth in 

each group (in Newtons [N]). 

 

Tables  

Table	2.1	Cyclic	loading	parameters	of	the	Chewing	Simulator.	

Vertical	movement	 6	mm	

Horizontal	movement	 0.3	mm	

Rising	velocity	 55	mm/s	

Descending	velocity	 30	mm/s	

Backward	velocity	 55	mm/s	

Forward	velocity	 30	mm/s	

Cycle	frequency	 1.2	Hz	

Dwell	time	 60	s	

Mass	per	sample	 5	kg	

Kinetic	energy	 2250	x	10-6J	
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Table	2.2	Mean	and	standard	deviation	values	of	forces	required	to	fracture	the	teeth	in	each	
group	(in	Newtons	[N]).	

Groups	 Simulated		
chewing	 Sample	size	(n)	 Mean	(N)	 SD	(N)	

Group	A	 Yes	 16	 2708	 711	

Group	B	 No	 15	 2757	 783	

 

 

2.9 Figures	

Legends to figures       

Figure 2.1 Cross-section schematic diagram of a mounted tooth in the Chewing 

Simulator sample holder.  

Figure 2.2 A sample mounted in the Instron Universal Testing Machine. The round-end 

tip of 3.20 mm diameter is positioned to contact the sample in the middle of the occlusal 

surface, and parallel to the long axis of the tooth. 

Figure 2.3 Representative examples of a fracture in the mesio-distal direction in group 

A (a) and group B (b).    

Figure 2.4 Representative examples of a fracture involving the lingual cusps in group A 

(a) and group B (b). The fracture extended to the level of the acrylic mount.  
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Figures 

Figure	2.1	Cross-section	schematic	diagram	of	a	mounted	tooth	in	the	Chewing	Simulator	
sample	holder.	
	

Figure	2.2	A	sample	mounted	in	the	Instron	Universal	Testing	Machine.	The	round-end	tip	of	
3.20	mm	diameter	is	positioned	to	contact	the	sample	in	the	middle	of	the	occlusal	surface,	
and	parallel	to	the	long	axis	of	the	tooth.	

 

 

Normal Saline 
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(a)  

 

(b) 

 

 

 Figure	2.3	Representative	examples	of	a	fracture	in	the	mesio-distal	direction	in	group	A	(a)	
and	group	B	(b).	

 

		
	
	
(a)	

	

(b)	

	

Figure	2.4	Representative	examples	of	a	fracture	involving	the	lingual	cusps	in	group	A	(a)	
and	group	B	(b).	The	fracture	extended	to	the	level	of	the	acrylic	mount.	
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3. Influence	 of	 access	 cavity	 designs	 and	 simulated	 chewing	 on	

the	force	required	to	fracture	root-filled	mandibular	molars	

3.1 Abstract	

Aim: The aim was to compare the effects of two access cavity designs and simulated 

chewing on the force required to fracture endodontically treated teeth.  

Method: Seventy-two extracted human mandibular molars were tested in an in vitro 

randomised controlled trial. Conservative (CONS) (n = 31) and straight-line access 

(SLA) (n = 31) cavities were prepared followed by endodontic treatment and amalgam 

restorations. Ten intact teeth were controls (NT). Teeth were mounted in acrylic with a 

simulated periodontal ligament. Half the samples (CONSc, SLAc, NTc) were subjected 

to three years simulated mastication in a chewing simulator. The others did not undergo 

simulated chewing (CONSnc, SLAnc, NTnc). The force required to fracture the teeth was 

determined with an Instron Universal Machine and analysed by two-way ANOVA. 

Results: Mean forces were 2708 ± 711N, 2931 ± 685N, 3360 ± 309N, 2757 ± 783N, 

2715 ± 740N, 3224 ± 650N in CONSc, SLAc, NTc, CONSnc, SLAnc and NTnc groups, 

respectively. There were no significant differences between the CONS, SLA, NT 

groups, neither between groups subjected to simulated chewing nor those that were not. 

The influence of access cavity design was not dependent on simulated chewing and vice 

versa (p-value = 0.76).  

Conclusion: The influence of conservative and straight-line access cavities on the force 

required to fracture root-filled mandibular molars with intact marginal ridges was 

similar and not affected by simulated chewing. 

Keywords: Access cavity, Endodontic treatment, Fracture, Root-filled, Simulated 

chewing, Straight-line access. 
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3.2 Introduction	

Endodontically treated teeth have increased susceptibility for fracture which often leads 

to extraction.1, 2 Tooth structure loss during endodontic and restorative treatment is one 

of the main factors for this increased susceptibility. Access cavities compromise 

structural integrity by removing the pulp chamber roof and increasing cavity depth to 

the pulp chamber floor level.3, 4 These changes lead to increased tooth deformity,5 cusp 

deflection,4, 6 and fracture risk during function.  

The major objective of an access cavity is to provide optimal access for the location, 

negotiation, cleaning and filling of the root canals. Straight-line access cavities (SLA) 

provide outwardly flared or straight unimpeded pathways to the apex for endodontic 

instruments.7, 8 The straight path decreases the stress generated on files and the chance 

of file fracture,9, 10 allows straight orientation of the handpiece, and increases canal 

instrumentation at the apical level.11 However, this design necessitates wider 

preparation and removal of cervical inner dentine to overcome canal curvatures which 

may compromise the tooth’s ability to withstand occlusal loading.12, 13 Therefore, 

conservative access cavities (CONS) that provide adequate access for efficient canal 

instrumentation without jeopardising tooth structure may reduce the fracture risk of 

endodontically treated teeth.14, 15  

Experiments have mainly studied the effects of access cavity preparation alone16 or in 

relation to other cavity preparations on cusp deflection,4, 6, 17 cusp strain,6 relative 

stiffness18 and the force required for fracture.16, 19-21 Results do not clearly indicate 

whether the increase in fracture susceptibility is attributable to the access cavity design, 

marginal ridge integrity, or a combination of both. A study15 comparing straight-line 

and conservative access cavities showed significant reduction in the force required to 

fracture posterior teeth and this was attributed to the higher amount of dentine removal 

associated with SLA preparations. However, the canals were instrumented but not 

filled, and the access cavities were unrestored prior to testing, both of which could 

influence results. Also, the effect of mastication was overlooked.  

The aims of this study were to evaluate the effect of simulated chewing on the force 

required to fracture teeth when more tooth structure is removed during access cavity 

preparation (i.e. straight-line access), to compare the effect of straight-line and 

conservative access cavities and to observe the fracture patterns using the same 

experimental model.  



Chapter	3:	Effect	of	access	cavity	designs		

 289 

3.3 Material	and	Methods	

The Human Research Ethics Committee of The University of Western Australia 

approved this study. Extracted human mandibular molars were stored in 0.02% thymol 

solution. Adherent periodontal ligament was removed after immersion in 1% sodium 

hypochlorite (NaOCl) (Endosure; Dental Life, Ringwood, Victoria, Australia) for 5 

minutes. Teeth with extensive restorations, gross carious lesions, severe root curvature 

and/or open apices were excluded. Teeth were transilluminated and viewed under an 

operating microscope (HS Möller-Wedel International) to exclude those with cracks. 

Seventy-two teeth with no or minimal occlusal restorations and/or caries were selected. 

Radiographs were taken in the bucco-lingual direction in order to assess the size and 

position of pulp chamber. Teeth were distributed evenly among the groups so that each 

group had similar teeth in terms of morphology and anatomy. Ten intact teeth served as 

negative controls (NT) for access cavity design. Experimental groups (n=31) were 

assigned to: conservative access cavity (CONS) and straight-line access cavity (SLA). 

CONSs were prepared using tungsten carbide pear-shaped burs (Jet#331; Komet, 

Schaumburg, IL, USA) in a high speed handpiece (Synea TA-96, W&H, Australia) and 

a low speed round bur (#010, 28 mm) (Dentsply Maillefer, Ballaigues, Switzerland) 

(Figure 3.1a). Extensions were determined by the location of the canal orifices which 

were detected using a DG16 explorer (Premier, Plymouth Meeting, PA, USA). SLAs 

were prepared using the Cavity Access Z set (Dentsply Maillefer, Ballaigues, 

Switzerland) according to the manufacturer’s instructions (Figure 3.1b). Uninhibited 

insertion of the file was the indicator for SLA.   

Canals were negotiated with size 10 Hedstrӧm files (Maillefer, Ballaigues, 

Switzerland). Working length was established 1 mm short of the apical foramen. Root 

canal preparation was performed with Hedstrӧm files to size 25 and 30 in mesial and 

distal roots, respectively, and Gates Glidden size 2 burs when needed. Canals were 

irrigated with 5 mL 15% EDTAC (Endosure; Dental life Pty. Ltd., Ringwood, Victoria, 

Australia), followed by 5 mL 1% NaOCl and a final flush with 15% EDTAC. Irrigants 

were delivered by 25-gauge needles on Luer-lock syringes (Terumo Co., NSW, 

Australia). Canals were dried using paper points and filled with AH26 (Dentsply 

DeTrey GmbH, Konstanz, Germany) and laterally compacted gutta percha (Progress; 

Precise Dental International, S.A. de C.V., Zapopan, Jalisco, Mexico). Access cavities 

were restored with amalgam (SDI Limited, Victoria, Australia).  
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Two layers of vinyl polysiloxane impression tray adhesive (VECTORVP; Australian 

Dental Manufacturing, Queensland, Australia) were applied to the roots to simulate 

periodontal ligament. The sample holders for the Willytec Chewing Simulator (Version 

4.2.0, Willytec, München, Germany) were used as moulds for mounting the teeth in 

polymethyl methacrylate resin (Orthoplast; Vertex-Dental B.V., Zeist, Netherlands). A 

dough-like consistency, mixed according to the manufacturer’s instructions, was 

adapted around the apices so the teeth could stand upright. Then a pourable consistency 

was placed up to 2 mm apical to the cemento-enamel junction. After resin curing, the 

samples were retrieved and their bases trimmed until the root tips were exposed. 

Occlusal surfaces were adjusted when required to ensure seating of the simulator 

antagonist and the Instron tip. 

Groups were further divided into: simulated chewing (CONSc, SLAc, NTc) and no 

simulated chewing (CONSnc, SLAnc, NTnc) sub-groups (Figure 3.2). Simulated chewing 

(SC) samples were re-mounted in the Chewing Simulator holders after injecting vinyl 

polysiloxane impression material (Imprint 3 Light body; 3M ESPE, St. Paul, MN, USA) 

to further simulate the periodontal ligament. Samples were inserted in the Chewing 

Simulator and centric occlusion was established between the teeth and antagonists 

(precision grade 3.50 mm diameter silicon nitride ceramic ball bearings). Samples were 

covered with saline whilst exposed to 720,000 cycles - the equivalent of three years 

intra-oral mastication - using 49N masticatory force. Afterwards, samples were 

inspected for fractures and/or cracks. The other sub-groups (CONSnc SLAnc and NTnc) 

did not undergo simulated chewing (No SC) and served as negative controls for 

chewing.  

Teeth were mounted in an Instron Universal Testing Machine (Instron 5982; Norwood, 

MA, USA). A round-end steel tip of 3.20 mm diameter was attached to the load cell, 

lowered to contact the occlusal surface, and advanced vertically at 1 mm/minute until 

tooth fracture occurred. The force required for fracture was recorded in Newton (N) and 

fracture patterns were observed. Data were collated in the Statistical Analysis Software 

program (SAS, USA). Testing of normality (Shapiro-Wilk test) and homoscedasticity 

(Levene’s test) were performed for parametric assumptions. Two-way ANOVA with an 

interaction was conducted to test effects of access cavity design and simulated chewing 

on the mean forces required to fracture the teeth.   
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3.4 Results	

The results are shown in Appendix 2 and the mean forces are summarised in Table 3.1. 

One sample from the SLA group fractured during simulated chewing so it was excluded 

from the study. The residuals were normal (p-value = 0.48) and homoscedastic            

(p-value = 0.50). 

The effects of access cavity design and simulated chewing were not significant. There 

were no significant differences in mean force required to fracture teeth from the CONS, 

SLA or NT groups (p-value = 0.09). The mean force required to fracture teeth that 

received simulated chewing (SC) was similar to those without simulated chewing (No 

SC) (p-value = 0.59). Effects of simulated chewing did not depend on whether teeth 

were intact or had access cavities and vice versa (p-value = 0.76).  

The most common fracture was a mesio-distal fracture with or without cusp fractures in 

all groups (Figure 3.3 a, b, c). Lingual cusps fractured more frequently than buccal 

cusps (Figure 3.3 d). In CONS and SLA, fracture levels were at or just below the level 

of acrylic resin. More superior fracture levels were observed in the NT group. Similar 

fractures patterns were observed in the SC and No SC groups.   

3.5 Discussion	

Mandibular molars were used because of their high prevalence of fracture,22-25 which 

results in their high frequency of extraction after endodontic treatment.2 The teeth 

varied in dimensions, external and internal anatomy, presence or absence of minimal 

occlusal caries or restorations, and storage time in thymol. The reason for tooth 

extraction and the patient’s age at extraction were unknown. Access cavity preparations 

were dictated by the individual internal anatomy of the teeth. Therefore, it was 

impossible to standardise the preparations especially in CONS group - with slight 

variations depending on canal location. Whereas in SLA group, it is easier to 

standardise the access design due to the size of the preparation.  Root canal treatment, 

restoration, mounting, and testing were all standardised as much as possible. Single 

operator intervention and randomisation minimised possible variations. 

Simulation of in-vivo conditions was considered. Applying vinyl polysiloxane tray 

adhesive and impression material simulated the resiliency of the periodontal  

ligament.26-29 Acrylic resin levels coincided with the level of alveolar bone in healthy 
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periodontium. Three-year intra-oral function was simulated using a multiple-axis 

chewing simulator, with the parameters set in accordance with previous research.26-30 

This period was determined according to the average time for tooth loss after 

endodontic treatment as a result of tooth fracture.1 The samples received endodontic 

treatment and amalgam restoration following access cavity preparation. This study 

focused on different access cavity designs without attempting any other form of cavity 

(such as removal of proximal marginal ridges), which does not represent the common 

condition of teeth requiring endodontic treatment. Therefore, the findings only apply to 

this specific setting and attempting to extrapolate these findings to teeth with more 

extensive restorations is not feasible. 

This study compared the influence of straight-line and conservative access cavities on 

the force required to fracture restored root-filled mandibular molars whilst taking into 

account the effect of mastication. The results showed no significant effects of the two 

cavity designs and simulated chewing. However, one sample from the SLA group 

fractured during exposure to simulated chewing. The other teeth maintained their 

structural integrity after simulated chewing. The fractured sample was excluded because 

giving it a ‘zero’ value can erroneously change the results. Nevertheless, this premature 

fracture indicates that there might be a trend towards higher risk for fracture under 

function when SLA is prepared and/or a more profound effect of simulated chewing 

when more tooth structure is removed.  

The assumption was SLA involved greater loss of coronal and radicular tooth structure 

in comparison to CONS. However, this study did not attempt to quantify the relative 

amount of tooth structure removed in each group. The teeth used in the current study 

had patent pulp chambers which is unlikely to be the case clinically. Hence, the amount 

of tooth structure removed in experimental samples may be less than what would 

actually be removed in clinical situations. Comparisons of pre- and post-operative 

micro-CT imaging highlighted that the relative amount of tooth structure loss was 

higher after straight-line access compared to conservative access followed by canal 

instrumentation and was primarily at the crown level (coronal to the pulp floor).15 This 

loss led to a significant decrease in mean force required to fracture premolars and 

molars but not incisors.15 The current study did not confirm this because CONSs were 

not as confined as in the aforementioned study in order to improve instrumentation 
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efficiency of the distal canals. Therefore, the relative reduction in tooth structure was 

less between SLA and CONS.  

The hypothesis was that the resultant wider cavity, thinner cusps and more inner 

cervical dentine loss would increase the amount of cusp deflection and stresses in the 

cervical area and this would lead to more reduction in the force required to fracture 

teeth with SLA. However, the results did not confirm this hypothesis. Cavity width has 

been shown to have little effect on tooth stiffness compared to cavity depth.31 Similarly, 

reduced cusp thickness had no influence on the fracture susceptibility of restored 

premolars.32 Therefore, differences in cavity width and cusp thickness might not be 

essential and the insignificant result may be attributed to the similar depth in CONS and 

SLA, being at the level of the pulp chamber floor. The presence of intact marginal 

ridges and four dentine walls embraced by the enamel ‘ring’ could also have minimized 

cusp deflection during simulated chewing and compressive testing. Therefore, stresses 

at the cervical area would have decreased accordingly. A finite element analysis model 

with MOD and access cavity preparation demonstrated high stresses in the canal wall 

and near the cervical area.33 Increase in cusp deflection4, 6, 17, 34 and reduction in force 

required for fracture19, 20, 32 was demonstrated when access cavities were prepared 

within MO or MOD preparations and the axial wall was completely removed. 

Restoration of these cavities significantly increased the strength to be similar to intact 

teeth,19 but not when simulated mastication was applied before compressive testing.32 

Therefore, the influence of CONS and SLA should be studied further in teeth that have 

lost marginal ridges using the same model.  

This study provides further support that the effect of endodontic procedures is minimal 

in teeth with intact marginal ridges, compared to intact teeth. This agrees with other 

studies16, 18, 21 that tested premolars. In mandibular molars, the force required for tooth 

fracture was significantly reduced after access preparation alone,20 and after SLA but 

not ‘confined’ version of CONS.15 Unlike this study, their samples received 

incomplete15 or no endodontic treatment16, 20 and no restoration.15, 16, 18, 20 This 

contributed to lower values for mean forces required to fracture mandibular molars.15, 20 

However, this finding should be interpreted with caution due to the small number of 

intact controls in the current study. Notwithstanding this, the minimal effects of root 

canal treatment can be further confirmed if the mean values obtained from this study are 

compared to the study by Chai et al.35 w who investigated intact molars without caries 
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or restorations. Molar splitting occurred when 3050 N force was applied axially via a 

steel spherical plunger of 1.57 mm radius.35 In comparison to the current study, this 

value lies between the axial force required to fracture root-filled (2708 - 2931 N) and 

intact molars (3224-3360 N), suggesting negligible differences. This comparison is 

considered valid due to the similar test conditions in terms of tip dimensions and resin 

embedding.  

Three years of simulated mastication had no influence on the force required to fracture 

the intact teeth and endodontically treated teeth with conservative or straight-line access 

cavities. This is in agreement with a previous study.36 The effect of simulated chewing 

should be further assessed when at least one marginal ridge has been removed.  

Fracture patterns were similar to previous studies36 and clinical observations.23, 24 

3.6 Conclusion	

Conservative and straight-line access cavities, and simulated chewing, had no effect on 

forces required to fracture endodontically treated molars with intact marginal ridges.  
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3.8 	Tables	

Legends to tables 

Table 3.1 Mean force (Newton [N]) required to fracture the teeth in each group. 

Tables  

Table	3.1		Mean	force	(Newton	[N])	required	to	fracture	the	teeth	in	each	group.	

	
CONS	 SLA	 NT	

n	 Mean	(N)	 SD	(N)	 n	 Mean	(N)	 SD	(N)	 n	 Mean	(N)	 SD	(N)	

SC	 16	 2708	 711	 15*	 2931	 685	 5	 3360	 309	

No	SC	 15	 2757	 783	 15	 2715	 740	 5	 3224	 650	

*	Number	of	samples	after	excluding	the	sample	that	fractured	during	simulated	chewing.	

 

3.9 Figures	

Legend to figures 

Figure 3.1 Representative examples of a conservative (a) and a straight-line access   

cavity (b). 

Figure 3.2 The groups and subgroups used.  

Figure 3.3 Representative examples of: a fracture in the mesio-distal direction in CONS 

(a), SLA (b), NT (c); a fracture involving the lingual cusps, extended to the level of the 

acrylic mount (d).     
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Figures  

 

Figure	3.1	Representative	examples	of	a	conservative	(a)	and	a	straight-line	access													
cavity	(b).		

 

(a) 

 

(b) 

 

               

 

	
Figure	3.2	The	groups	and	the	subgroups	used.	
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Figure	3.3	Representative	examples	of:	a	fracture	in	the	mesio-distal	direction	in	CONS	(a),	
SLA	(b),	NT	(c);	a	fracture	involving	the	lingual	cusps,	extended	to	the	level	of	the	acrylic	
mount	(d).		
				

(a) 

 

(b) 

 (c) 

 

(d) 
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4. 	Influence	of	the	degree	of	root	canal	enlargement	on	the	force	

required	to	fracture	root-filled	mandibular	molars		

4.1 Abstract	

Aim: The aim was to evaluate the effect of root canal enlargement on the force required 

to fracture root-filled and restored mandibular molars.  

Method: Access cavities were prepared in 60 extracted mandibular molars that were 

assigned to four groups (n = 15). The control group had no mechanical root canal 

preparation. Hedström files, ProTaper Ni-Ti rotary files, and ProTaper plus SystemGT 

Ni-Ti rotary files were used to prepare the root canals in HF, PT and GT groups, 

respectively. The amount of canal preparation progressively increased from HF, PT and 

then GT groups. Following root canal filling of experimental groups and amalgam 

restorations of all groups, teeth were mounted in acrylic with a simulated periodontal 

ligament and were subjected to the equivalent of three years mastication using a 

chewing simulator machine. The force required to fracture the teeth was then 

determined with an Instron Universal Machine. One-way ANOVA was used to analyze 

the data.   

Results: Mean forces required to fracture the teeth were 2972 ± 793N, 2931 ± 685N, 

2883 ± 958N, 2884 ± 661N in the control, HF, PT and GT groups, respectively. The 

differences were not significant (p-value = 0.99). Fractures in the mesio-distal direction, 

with or without cusp fracture, were the most common fracture patterns in all groups. 

Conclusion: Mechanical preparation of the root canals had no influence on the force 

required to fracture mandibular molars with intact marginal ridges and amalgam 

restoration in the access cavity, regardless of the degree of root canal enlargement.  

Keywords: Canal enlargement, Fracture, Ni-Ti rotary files, Root canal preparation, 

Root-filled, stainless-steel hand files. 
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4.2 Introduction	

Tooth fracture in root-treated teeth has been described as a common cause for tooth 

loss.1 The increased risk for tooth fracture after root canal treatment has been attributed 

to many factors.2 These factors include those resulting from pulp tissue loss and 

infection, endodontic and restorative dental treatment in addition to the other anatomical 

and physiological factors such aging, occlusion, etc.2, 3 Loss of tooth structure during 

mechanical preparation of the root canals has been suggested as one of the endodontic 

factors predisposing to fracture.2, 3  

Mechanical preparation of the root canals aims to remove bacteria,4 debris,5 and canal 

irregularities in order to develop a continuous smooth tapering shape that permits 

effective irrigation and root canal filling.6 However, it involves reduction of the amount 

of radicular dentine. In particular, canal preparation removes the inner dentine which is 

highly porous and in close proximity to the canal space that was previously occupied by 

the highly hydrated pulp tissue. Inner dentine, especially in the cervical area, exhibits 

low mineral and high collagen content that corresponds to its low elastic modulus and 

high fracture toughness.7, 8 Since these characteristics are essential for the dissipation of 

occlusal stresses and to prevent crack initiation,9 loss of the inner dentine could interfere 

with the tooth’s ability to withstand occlusal loading and may reach a point where the 

structural integrity of the tooth is compromised and the risk for fracture increases 

accordingly.8 The greater the amount of inner cervical dentine removed, the higher the 

fracture susceptibility.10 

The amount of radicular inner dentine removed is dependent on the original canal 

diameter and dentine thickness, the original shape of the canal, the file size and design, 

and the preparation techniques. Since the clinician has no control over the original canal 

diameter, shape and dentine thickness, the choice of file and preparation technique 

should accommodate these out of control factors. Given the increasing acceptance of 

Ni-Ti rotary - and more recently reciprocating - file systems, canal preparations have 

generally increased in size and taper, and the remaining dentine thickness has decreased 

compared to when using conventional hand files.11, 12 In addition to the reduction in the 

thickness of inner dentine, increasing the taper of the canal preparation resulted in an 

increase in radicular stresses in the cervical area when simulated occlusal load was 

applied.13 Furthermore, the use of rotary files for canal preparation has been associated 
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with induction of dentinal defects in the canal wall which are either less or not present 

when hand files are used.14-20 These defects result in the momentary stress 

concentrations sites where the file contacts the canal wall during filing, depending on 

the mechanical behaviour of the file and the number of rotations in the canals.21, 22   

During root canal filling techniques, post space preparation, post cementation or when 

exposed to oral function, these defects may give rise to localised stress concentration 

sites and the cracks/defects may propagate and consequently lead to tooth fracture. A 

potential association between the presence of dentinal defects and reduction in the force 

required to fracture teeth has been previously demonstrated.23 Hence, conservation of 

tooth structure along with the least amount of damage to the dentinal wall are more 

likely to be achieved when hand instruments are used, consequently reducing the risk 

for tooth fracture under function.  

The fracture susceptibility of teeth is routinely assessed in-vitro by the continuous 

application of an increasing load in the Instron Universal Test Machine until fracture 

occurs. Although the influence of various mechanical preparation techniques and 

instruments on the force or load required to fracture teeth has been investigated in 

several studies,23-32 the clinical relevance of the experimental models used is 

questionable. Unfortunately, all of the studies have tested teeth without coronal tooth 

structure or only one of the roots in multi-rooted teeth.23-32 Apart from one study,28 the 

samples also lacked coronal restorations. Several investigators have used a static 

vertical load applied by a D11 spreader tip attached to an Instron Universal Test 

Machine that was inserted into empty,30 partially26 or completely filled root canals.25, 29 

Others have used continuous vertical or angled loads without taking into account the 

effect of mastication.23, 24, 27, 31, 32 Since such forces do not mimic the masticatory forces, 

it may not be feasible to extrapolate their finding to predict the performance of root-

treated teeth in the oral cavity. Using root-filled canines with fibre post and metallic 

crown restorations, Santini et al.28 attempted to simulate the effect of mastication by 

exposing their samples to cyclic loading prior to static testing. However, the masticatory 

forces were not accurately simulated, as the cyclic loading was uniaxial - i.e. is only 

applied vertically. In addition, as was the case in many studies,23, 25, 26, 28, 29 the actual 

effect of root canal preparation could not be evaluated due to the lack of negative 

controls for comparison.  

 



Chapter	4:	Influence	of	root	canal	enlargement		

 305 

The clinical implication of excessive canal enlargement - especially at the cervical   

level - on fracture susceptibility of teeth is best predicted when the in-vivo conditions 

are simulated in the experimental model. Although a previous experiment revealed that 

simulated chewing had no influence on the force required to fracture mandibular molars 

when the canals were prepared with hand files,33 Barreto et al.34 showed that cyclic 

loading produced more profound defects after root canal preparation with rotary 

ProTaper files. Therefore, implementing simulated chewing prior to static testing in the 

experimental model is considered clinically relevant.  

The aim of this study was to assess the influence of the degree of root canal 

enlargement on the mean force required to fracture root-filled mandibular molars with 

intact marginal ridges after exposure to simulated function. 

4.3 Material	and	Methods	

The study was approved by the Human Research Ethics Committee of The University 

of Western Australia. Extracted human mandibular molars were stored in 0.02% thymol 

solution (Sigma-Aldrich Co, St. Louis, MO, USA). Adherent periodontal ligament was 

removed by gauze after immersion in 1% sodium hypochlorite (Endosure; Dental Life, 

Ringwood, Victoria, Australia) for 5 minutes. Teeth with cracks, extensive restorations, 

gross carious lesions, severe root curvature and/or open apices were excluded. Cracks 

were detected by transilluminating the teeth from different directions using a fibre optic 

light source (Microlux Transilluminator; AdDent Inc., Danbury, CT, USA) whilst being 

viewed under an operating microscope (HS Möller-Wedel International). Sixty 

mandibular molars with no or minimal occlusal restorations and/or caries and two 

distinct mesial and distal roots were selected. Access cavities were prepared using a 

tungsten carbide pear-shaped bur (Jet#331; Komet, Schaumburg, IL, USA) in a high-

speed handpiece (Synea TA-96, W&H, Australia) and a low speed steel round bur 

(#010, 28 mm) (Dentsply Maillefer, Ballaigues, Switzerland). The root canal orifices 

were located using a DG16 endodontic explorer (Premier, Plymouth Meeting, PA, 

USA). Except for the controls, the root canals were negotiated using size 10 Hedstrӧm 

files (Maillefer, Ballaigues, Switzerland). Working length was established 1 mm short 

of the apical foramen level.  
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The teeth were divided into four groups (n=15) according to the method of canal 

preparation: 

(1) Control group: the root canals were only irrigated as described without any 

mechanical preparation.  

(2) HF group: Hedstrӧm hand files sizes 15, 20 and to 25 and 30 were used in the 

mesial and distal roots, respectively. The files were used with a one eighth turn 

motion and circumferential filing until the file was loose in the canal. A Gates 

Glidden size 2 bur was used when needed. 

(3) PT group: A glide path was established with size 15 Hedstrӧm files. The root 

canals were prepared with Ni-Ti rotary ProTaper Universal files (Dentsply 

Maillefer, Ballaigues, Switzerland) in a torque-control motor (X-Smart) 

according to the manufacturer’s instructions. Except for the SX file, the full 

sequence was used to the working length up to size F2 (ISO 25) and F3 (ISO 30) 

in the mesial and distal roots, respectively.  

(4) GT group: The root canals were prepared as in group PT followed by excessive 

coronal flaring using SystemGT accessory file size 35/0.12 (Dentsply Maillefer, 

Ballaigues, Switzerland) where the whole cutting zone was inserted into the 

canal.  

The root canals were frequently irrigated during preparation with 15% EDTAC 

(Endosure; Dental Life Pty. Ltd., Ringwood, Victoria, Australia) and a total of 5 mL 

was used for 15-20 minutes. A total of 5 mL of 1% NaOCl was then used for 5 minutes, 

with the solution being replenished every minute. A final flush with 1 mL of 15% 

EDTAC was performed for 1 minute to ensure removal of the smear layer. Apart from 

the controls, the root canals were dried using paper points and filled with AH 26 

(Dentsply DeTrey GmbH, Konstanz, Germany) and gutta percha (Progress; Precise 

Dental International, S.A. de C.V., Zapopan, Jalisco, Mexico) using the lateral 

compaction technique. Access cavities were restored with amalgam (SDI Limited, 

Victoria, Australia) in all groups and the teeth were kept in a moist environment for 72 

hours to allow complete setting of the materials.  

  



Chapter	4:	Influence	of	root	canal	enlargement		

 307 

The apices of the roots were flattened to facilitate upright mounting of the teeth. Two 

layers of vinyl polysiloxane impression tray adhesive (VECTORVP; Australian Dental 

Manufacturing, Queensland, Australia) were applied to the root surfaces to simulate the 

periodontal ligament and each layer was left to dry for 20 minutes. The sample holders 

for the Willytec Chewing Simulator (Version 4.2.0, Willytec, München, Germany) were 

used as moulds for mounting the teeth in polymethyl methacrylate resin (Orthoplast; 

Vertex-Dental B.V., Zeist, Netherlands). A dough-like consistency of the resin - mixed 

according to the manufacturer’s instructions- was adapted around the apices so the teeth 

could stand unsupported in an upright position.  Then a pourable consistency (1mL: 

1.5g monomer to polymer ratio) was poured until the teeth were embedded up to 2mm 

below the cemento-enamel junction level. After curing of the resin, the mounts were 

retrieved and their bases were trimmed until the root tips were exposed using a model 

trimmer (MT plus; Renfert GmbH, Hilzingen, Germany), in order to ensure no resin 

was present between the base and the root tips. The occlusal surfaces of the teeth were 

checked and adjusted if needed to allow seating of the Chewing Simulator antagonist 

(Standard precision grade 3.50 mm diameter silicon nitride ceramic ball bearings) and 

the Instron tip. 

The samples were re-inserted into the sample holders for the Willytec Chewing 

Simulator after injecting vinyl polysiloxane impression material (Imprint 3 Light body; 

3M ESPE, St. Paul, MN, USA) in order to fill any gaps between the resin mounts and 

the sample holder, as well as to further simulate the periodontal ligament. The sample 

holders were inserted into the Chewing Simulator. Centric occlusion between the teeth 

and the antagonist was achieved and normal saline (Baxter Healthcare Pty. Ltd., NSW, 

Australia) was introduced into the lower sample chamber to cover the teeth in order to 

prevent them dehydrating. The Chewing Simulator parameters were set to the 

equivalent of three years of intraoral mastication (720,000 cycles). Following simulated 

chewing, the resin mounts were retrieved and the teeth were inspected macroscopically 

for any fractures and/or cracks.  

The teeth were tested with an Instron Universal Test Machine (Instron 5982; Norwood, 

MA, USA). A steel tip, round end of 3.20 mm diameter and 5 mm long, was attached to 

the load cell and lowered to contact the teeth in the middle of the occlusal surface. The 

tip was advanced vertically downwards at a rate of 1 mm/minute until tooth fracture 

occurred. The force required for fracture was recorded in Newtons (N) and the mode of 
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fracture was observed. Data were collated in the Statistical Analysis Software program 

(SAS, USA). Testing of normality (Shapiro-Wilk test) and homoscedasticity (Levene’s 

test) were performed for parametric assumptions. One-way ANOVA was used to 

analyse the data.  

4.4 Results	

The results are presented in Appendix 3 and they are summarized in Table 4.1. The 

residuals were normal (p-value = 0.59) and homoscedastic (p-value = 0.66).  

Root canal preparation with Hedström files reduced the mean force to fracture the teeth 

by 1.4%, whereas 3% reduction was evident following enlargement of the root canals 

with ProTaper files alone and with SystemGT files. However, there were no significant 

differences between the four groups (p-value = 0.99).  

Fractures in the mesio-distal direction, with or without cusp fracture, were the most 

common fracture patterns in all groups (Figure 4.1). The fracture level was at or just 

below that level of the acrylic resin. 

4.5 Discussion		

The use of mandibular molars in this study was justified by their high prevalence of 

fracture,35-38 which results in their high frequency of extraction after endodontic 

treatment.39 There is no information on the effect of root canal preparation on the force 

required to fracture teeth from previous in-vitro investigations. The data from the Lam 

et al.26 study - where only the mesial root of mandibular molars were used - does not 

provide sufficient information on the effect on the tooth as a whole. However, extracted 

teeth exhibit individual variations in dimension, anatomy, presence or absence of 

minimal occlusal caries or restorations and storage time in thymol solution. The reason 

for tooth extraction and the donor’s age were also not identified. Therefore, the results 

could be affected by the existing variations within the samples. Other experimental 

variables were standardised during root canal treatment, restoration, mounting, exposure 

to simulated chewing and compressive testing. Any possible variations among the 

samples were minimised by randomisation and single operator intervention.  
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The experimental model used in this study was previously developed so that the 

experimental conditions replicate the conditions in-vivo in order to obtain clinically 

relevant information.33 The resiliency of the periodontal ligament was simulated by the 

application of vinyl polysiloxane tray adhesive and impression material on the root 

surface and inside the sample holders, respectively. Acrylic resin levels coincided with 

the level of alveolar bone in the healthy periodontium. In contrast to previous 

investigations where the crowns of the teeth were removed24, 25, 27-32 or only one root of 

multi-rooted teeth23, 26 was used, the coronal tooth structure of the samples was 

maintained and access cavities were restored with amalgam in this study. Vertical 

compression was applied via a steel tip to the middle of the occlusal surface following 

complete endodontic and restorative treatment plus exposure to simulated chewing. 

Other studies have not replicated the wedging action of the opposing cusp on the tooth 

when vertical or angled loads were applied directly on the root canal orifice23, 24, 27, 31, 32 

or when a D11 spreader tip was inserted inside the root canals.25, 26, 29, 30 Similar to the 

Santini et al.28 study, the effect of in-vivo mastication prior to compressive testing of the 

samples was considered. However, in the present study, a multi-axis chewing simulator 

was used to more accurately simulate the complexity of the masticatory forces rather 

than using uniaxial cyclic load. The samples were exposed to simulated mastication for 

a period equivalent to three years of intraoral function. This period was determined 

according to the average time for tooth loss after root canal treatment as a result of tooth 

fracture.1  

The major limitation of the current study is that the samples had a simple coronal cavity 

preparation that consisted of access cavity preparations alone whilst the marginal ridges 

remained intact. This created a scenario that is rare clinically. However, it can be argued 

that this scenario reflects the clinical situation where a simple restoration can be placed 

rather than a full coverage crown or restorations with cusp coverage, which are usually 

recommended for those teeth that are severely broken down or have extensive 

restoration. Also, the model being standard in this way means that the effect of the only 

variable (i.e. amount of canal preparation) could be assessed without the confounding 

factors associated with loss of coronal tooth structure. Hence, it is truly testing the 

effects of the root canal preparation technique alone.       

Notwithstanding this, the presence of circumferential dentine with an enamel ‘ring’ and 

intact marginal ridges provided strength to the teeth and therefore, their presence could 
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have influenced the results. As in the Lang et al.40 study, the presence of coronal 

dentine and enamel in maxillary incisors with access cavity preparations prevented 

further increase in the tooth’s deformity under load as sequential enlargement of the 

root canals was performed. Hence, the findings of current study apply only to this 

specific setting and should not be extrapolated to teeth with more extensive coronal 

tooth structure loss or restoration. Further investigations are required to assess the 

influence of excessive canal preparation when MOD or MO preparations were included 

in the coronal preparations. 

The study speculated that increasing amounts of canal enlargement in the cervical part 

of the root canals were created in HF, PT and GT groups using instrument of 2%, up to 

8% and 12% tapers, respectively. ProTaper shaping files (S1and S2) have increasingly 

larger tapers over the entire length of their cutting blades while the finishing files (F2 

and F3) have fixed apical tapers of 8% and 9%, respectively, with decreasing tapers in 

the coronal part of their cutting blades. For excessive enlargement of the coronal part of 

the canal, SystemGT accessory files rather ProTaper SX file were chosen because they 

have a shorter length of cutting blades (about 7 mm) so that the whole active part of the 

file could be inserted into the canal. However, these files were arbitrarily used to ensure 

excessive enlargement in both mesial and distal root canals and were only chosen for 

comparison purposes since their use is not recommended clinically in the mesial root 

canals of mandibular molars. Two samples in the GT group had excessive thinning of 

the furcal surface in the mesial root but without any strip perforation. Their values were 

within the range so there was no reason to exclude them. 

No detrimental effects of canal enlargement in this study could be demonstrated. It is 

important to note that the study was only based on the assumption that greater taper 

files would remove more radicular dentine cervically, consequently leading to reduction 

in the mean force required to fracture the teeth. This assumption is not accurate because 

removal of radicular dentine during instrumentation does not only depend on file size or 

taper, but also on the original canal size and morphology as well as the preparation 

technique. In case of rotary files, the instrument has a better chance to remove dentine 

circumferentially resulting in a round smooth cross-sectional canal shape when the 

diameter of the root canal is smaller that the diameter of the file.41 However, if the root 

canal is large or oval-shaped, the file tends to shift itself to the widest part of the canal 

and prepare the walls at points of contact to a round cross-section, leaving behind the 
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narrow buccal and lingual extensions.41, 42 These extensions or irregularities can 

influence the radicular stress distribution and can predispose to fracture.29, 43 Although 

small hand files are more efficient in incorporating these narrow extensions and 

increasing the radius of canal curvature,42 the roughness of the canal wall could still 

give rise to stress concentration sites. Also, the amount of dentine removed could vary 

according to the pressure applied on the file during circumferential filing. It is possible 

that roughness of the canal walls in the teeth prepared with hand files outweighed the 

strengthening effect of conservative preparations and increased canal curvatures and, at 

the same time, the smooth round canal profiles created by the rotary files (since several 

files of increasing diameter were used) outweighed the weakening effects resulting from 

excessive dentine loss. Therefore, similar influence on the force required to fracture the 

teeth was found. However, the current study did not assess the shape of the canal before 

and after preparation nor did it quantify the amount of dentine removed in each group. 

Hence, the amount of dentine removed was uncontrolled and this could have affected 

the results. Pre- and post-operative micro-CT imaging would provide more accurate 

information on the amount of dentine removed and the final prepared canal shape in 

each group.  

The hypothesis was that the force required to fracture the PT and GT groups would be 

lower than HF groups since many studies have confirmed rotary ProTaper files have a 

relatively higher risk of inducing dentinal defects in the root canal walls,14,17,18, 20, 23, 44-47 

which are unlikely to be present in the teeth prepared with Hedström files. In particular, 

it has been shown that radicular dentinal cracks were initiated following apical root 

canal preparation with F2 files whereas propagation of the crack commenced after the 

apical preparation reached size F4 file.48 For this reason, ProTaper files were chosen for 

this experiment. However, the mean forces required to fracture the teeth following 

ProTaper preparation with or without further enlargement with SystemGT accessory 

files was reduced by only 3% compared to unprepared controls and were not 

significantly different from the HF group. Also, the fracture patterns were similar 

among the groups. It is also possible that the surrounding acrylic resin provided support 

to the samples exhibiting the dentinal wall defects - that are more likely to be present in 

PT and GT groups - so that the defects were not able to propagate during simulated 

chewing or compressive loading. Another possibility is that dentinal wall defects were 

created during lateral compaction of gutta percha, condensation of amalgam and/or 
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during exposure to simulated chewing. Therefore, all of the samples might have varying 

amounts of dentinal defects in the canal walls. Both possibilities could have contributed 

to the lack of significant differences between the groups.  

A higher incidence of apical surface cracks has been also reported when the working 

length was beyond or at the level of apical foramen but less likely when 1 or 2 mm short 

of the apical foramen and when the apical preparation size was beyond ISO 25-30.15,49,50 

In this study, the working length was 1 mm short of the apical foramen and the apical 

sizes of root canal preparations were small and standardised. Nevertheless, Liu et al.51 

reported that apical surface cracks were present in 19% of the specimens prepared up to 

ProTaper F3 at 1 mm short of the apical foramen while no such defects were found with 

hand files and that most of the cracks were induced after sequential apical enlargement 

with F1 ProTaper file.51 It is possible that apical cracks were present in PT and GT 

groups but not in HF group. However, their presence was not confirmed in this study 

and their influence on the results could be hindered by the supporting resin.  

It is not feasible to compare the results of this study directly with the results of previous 

investigations due to the major differences in the experimental models used. However, 

this study showed that the mechanical preparation of root canals had no effect on the 

force required to fracture the teeth. These findings are in agreement with Çapar et al.24 

who used Ni-Ti rotary ProTaper files (F4) in premolars and demonstrated 7.2% and 

0.9% reduction in the mean forces required to fracture the teeth with empty or gutta 

percha-filled root canals, respectively. Similarly, Wu et al.31 reported 2% reduction in 

the mean forces required to fracture canines following manual instrumentation was not 

statistically significant. However, in the same study,31 the effect of root canal 

preparation was significant in mandibular premolars and was shown to be reduced by 

30%. The results of this study also contradict the findings of Zandbiglari et al.32 who 

found that the mean forces required to fracture canines were significantly reduced by 

25%, 22% and 43.1% when canals were prepared to a standardised apical size (ISO size 

40) using stainless-steel hand and two Ni-Ti rotary files (FlexMaster and SystemGT). 

Singla et al.30 also showed a significant reduction in the force required to fracture 

premolars following root canal preparations of similar apical size (ISO 40) with 

increasing canal taper using stainless-steel hand files, Ni-Ti rotary Profile files .04 and 

Profile files .06, or ProTaper F4 (reduced by 8%, 10%, 17% & 24%, respectively). 

These conflicting results are mainly attributed to the differences in the tooth type, lack 
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of coronal tooth structure and restoration, apical preparation sizes, presence root canal 

filling or periodontal simulation, and the methods of load application (forces were 

applied vertically inside the canals via D11 spreader tip30 or at the canal orifice via a 

conical or round tip,24, 31 or at an angle on the buccal radicular wall and canal orifice32) 

and lack of  exposure to simulated chewing prior to testing.  

The findings of this study suggest that the loss of tooth structure during mechanical 

preparation of root canals does not affect the fracture susceptibility of teeth if the 

coronal tooth structure is maintained. Therefore, the increased fracture susceptibility of 

teeth following root canal treatment should be mainly attributed to factors other than 

those tested in the experiment such as loss of coronal tooth structure. However, this 

finding should not justify excessive enlargement of the root canals in the clinical setting 

and conservation of radicular dentine is still recommended. Although there are few 

reports in the literature which show that increasing the canal taper or apical enlargement 

had no effect on the fracture susceptibility of teeth,26 or that similar preparation 

dimensions with hand and rotary files had similar effect on force required to fracture the        

teeth.25, 28, 29 However, the experimental models of these studies lacks relevance and 

thereby their results should be interpreted with caution. Further research is required to 

investigate the effects of the same parameter - canal enlargement or various preparation 

techniques  - using the same experimental model when more extensive tooth structure is 

removed. Until there is clinically relevant evidence available, preservation of tooth 

structure during root canal treatment is still recommended even when the marginal 

ridges are intact because in the long-term, the tooth may be subjected to further loss of 

tooth structure as result of recurrent caries, root canal re-treatment, etc.  

4.6 Conclusion	

Mechanical preparation of the root canals had no influence on the force required to 

fracture mandibular molars with intact marginal ridges and amalgam restoration in the 

access cavity, regardless of the degree of root canal enlargement. 
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4.8 Tables	

Legend to Tables  

Table 4.1 Mean force (Newton [N]) required to fracture the teeth in each group.  

Table 

Table	4.1	Mean	force	(Newton	[N])	required	to	fracture	the	teeth	in	each	group.		

Control	 HF	 PT	 GT	

n	 Mean	(N)	 SD	 n	 Mean	(N)	 SD	 n	 Mean	(N)	 SD	 n	 Mean	(N)	 SD	

15	 2972	 793	 15	 2931	 685	 15	 2883	 958	 15	 2884	 661	

	

4.9 Figures		

Legend to Figures  

Figure 4.1 Representative examples of: a fracture in the mesio-distal direction (a);            

a fracture involving the lingual cusps, extended to the level of the acrylic mount (b). 

 

Figures 
Figure	4.1	Representative	examples	of:	a	fracture	in	the	mesio-distal	direction	(a);		
a	fracture	involving	the	lingual	cusps,	extended	to	the	level	of	the	acrylic	mount	(b).	
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5. The	 force	 required	 to	 fracture	 root-filled	mandibular	 molars	

after	 short-term	 exposure	 to	 calcium	 hydroxide	 intracanal	

medicament	

5.1 Abstract	

Aim: The aim was to evaluate the influence of short-term exposure to calcium 

hydroxide [Ca(OH)2] intracanal medicament on the force required to fracture root-filled 

mandibular molars.  

Method: Thirty-two extracted human mandibular molars were assigned to two groups 

(n = 16) after access cavity and chemo-mechanical canal preparations were performed. 

In the experimental group, Ca(OH)2 paste was placed in the root canals and access 

cavities were filled with Cavit. The teeth were incubated in saline at room temperature 

for a period of 4 weeks. The Ca(OH)2 paste was replaced at 2 weekly intervals. The 

control group was incubated under the same conditions but without the placement of 

Ca(OH)2 paste. The root canals were then filled with gutta-percha and the access 

cavities were restored with amalgam. Teeth were mounted in acrylic with a simulated 

periodontal ligament and were subjected to the equivalent of three years mastication 

using a chewing simulator machine. The force required to fracture the teeth was 

determined with an Instron Universal Machine. Student t-test was used to analyze the 

data.   

Results: Mean forces required to fracture the teeth were 2949 ± 904N and 2708 ± 711N 

in the experimental and control groups, respectively. The differences were not 

statistically different (p-value = 0.41). Fractures in the mesio-distal direction, with or 

without cusp fracture, were the most common fracture patterns in both groups.   

Conclusion: The force required to fracture root-filled mandibular molars with intact 

marginal ridges were not significantly affected by short-term exposure to calcium 

hydroxide intracanal medicament.  

Keywords: Calcium hydroxide, Endodontic treatment, Fracture, Intracanal medicament, 

Mechanical properties, Root-filled. 
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5.2 Introduction	

Predictable elimination of bacteria from the root canal system is the principle aim of 

root canal treatment. It has been previously shown that the mechanical instrumentation 

and chemical irrigation of the canals cannot totally eliminate bacteria because their 

actions are limited by the complexity of the root canal system.1-4 Residual bacteria 

located inside the dentine tubules and isthmuses may cause persistent infection of the 

root canal system and compromise the outcome root canal treatment.5 Therefore, the 

application of intracanal medicaments between appointments has been advocated in 

order to complement the disinfection of the complex root canal system that cannot be 

achieved by chemo-mechanical preparation alone.6, 7  

The use of calcium hydroxide [Ca(OH)2] as an intracanal medicament has been widely 

accepted among practitioners and researchers. In addition to being an effective 

antimicrobial agent,8, 9 Ca(OH)2 inhibits lipopolysaccharides,10-12 induces hard-tissue 

formation,13-15 promotes soft tissue dissolution16-19 and inhibits tooth resorption.20, 21 

These biological activities are mainly a result of the high pH of Ca(OH)2 which depends 

on the release and diffusion of hydroxyl ions through the root canal system and dentinal 

tubules.22 Nevertheless, it has been postulated that due to this alkalinity, the organic 

matrix of dentine undergoes changes that affect the link or interaction between the 

collagen fibrils and hydroxyapatite crystal, consequently altering the biomechanical 

properties of dentine and thereby rendering the tooth more prone to fracture.23-26  

Some researchers have questioned the association of intracanal Ca(OH)2 and the 

increased fracture susceptibility following root canal treatment.23-38 However, there is 

not sufficient clinical evidence to support these assumptions.39 A 4-year retrospective 

clinical study reported that the rate of cervical root fractures that occurred during long-

term intracanal Ca(OH)2 treatment or following root canal filling with gutta percha of 

subluxated and luxated teeth was 40% (ranging from 77-28% according to the stage of 

root development) and 2% amongst immature and mature teeth, respectively.38 These 

rates were strongly associated with the stage of root development and the presence of 

cervical inflammatory resorptive defects.38 Hence, the reduced amount of dentine, rather 

than long-term Ca(OH)2 treatment, is likely to be responsible for the increased rate of 

root fracture and it may not be appropriate to extrapolate these findings to the short-

term effects of Ca(OH)2 on teeth.  
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There are few in-vitro investigations in the literature that have studied the changes in 

mechanical properties of dentine and fracture susceptibility of teeth following exposure 

to Ca(OH)2.23-37 The effects of Ca(OH)2 have been tested on fracture strength using 

immature incisors from sheep,23, 30, 31 modulus of elasticity and the force required for 

fracture using bovine dentine,26, 32 flexural strength,27, 33 modulus of elasticity,27, 33, 34 

hardness,28,34 edge toughness,36 peak load at fracture using human dentine,29 

microtensile fracture strength using mature human incisors,24, 25 and the force required 

to fracture using mature decoronated human premolars.35,37 As a result of the 

heterogeneity in the experimental models and the test methods used, there is 

considerable controversy amongst the findings as to whether Ca(OH)2 has negative 

effects on the mechanical properties of the dentine or teeth and how long the duration of 

use of Ca(OH)2 needs to be for these effects to become evident.39  

The major limitation of the experimental models used in the previous investigations is 

that they have largely lacked clinical relevance. The use of non-human teeth, dentine 

specimens or teeth without coronal tooth structure or restoration does not provide 

accurate information regarding the performance of human teeth as a whole in the oral 

cavity following root canal treatment and restoration. It is not possible to replicate the 

effects of intracanal Ca(OH)2 in the in-vivo setting by immersing the sample (mostly 

dentine specimens) in Ca(OH)2 medium or - in case of intracanal placement - without 

being preceded by chemomechanical preparation of the root canals including effective 

removal of the smear layer, and/or proceeded by the placement of gutta-percha root 

canal filling and a coronal restoration. Unfortunately, the influence of in-vivo 

mastication has also been overlooked and the simulation of the periodontal ligament has 

only been considered once previously.37 Both of these aspects are paramount for 

replicating the clinical conditions and obtaining clinically relevant information.  

The application of Ca(OH)2 intracanal medicament for short periods of time (ranging 

from 1-4 weeks) is widely accepted for the management of mature teeth with infected 

root canal systems and apical periodontitis.7, 40 Therefore, it is essential to test whether 

the short-term exposure to Ca(OH)2 affects the  fracture susceptibility of teeth in a 

simulated clinical setting. Since none of the investigations have been carried out on 

human molars, the purpose of this study was to evaluate the effect of intracanal 

Ca(OH)2 application for a period of four weeks on the force required to fracture root-

filled and restored human mandibular molars.  
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5.3 Materials	and	Methods	

Tooth selection  

The study was approved by the Human Research Ethics Committee of The University 

of Western Australia. Extracted human mandibular molars were stored in 0.02% thymol 

solution (Sigma-Aldrich Co, St. Louis, MO, USA). Adherent periodontal ligament was 

removed after immersion in 1% sodium hypochlorite (Endosure; Dental Life, 

Ringwood, Victoria, Australia) for 5 minutes. Teeth were inspected under an operating 

microscope (HS Möller-Wedel International) whilst transilluminated to exclude those 

with cracks. Teeth with extensive restorations, gross carious lesions, severe root 

curvature and/or open apices were excluded. Thirty-two intact mandibular molars were 

selected.  

 Root canal treatment and coronal restoration    

Access cavities were prepared using a tungsten carbide pear-shaped bur (Jet#331; 

Komet, Schaumburg, IL, USA) in a high speed handpiece (Synea TA-96, W&H, 

Australia) and a low speed steel round bur (#010, 28 mm) (Dentsply Maillefer, 

Ballaigues, Switzerland). Canals were negotiated using size 10 Hedstrӧm files 

(Maillefer, Ballaigues, Switzerland). Working length was established 1mm short of the 

apical foramen level. Canals were instrumented using Hedstrӧm hand files sizes 15, 20 

and to 25 and 30 in the mesial and distal roots, respectively. A Gates Glidden size 2 bur 

was used when needed. Canals were irrigated with 5 mL 15% EDTAC (Endosure; 

Dental life Pty. Ltd., Ringwood, Victoria, Australia), followed by 5 mL 1% NaOCl and 

a final flush with 15% EDTAC. Irrigants were delivered by 25-gauge needles on Luer-

lock syringes (Terumo Co., NSW, Australia). Canals were dried using paper points.  

The teeth were then assigned to two groups (n=16):  

(1) Experimental group 

Proprietary Ca(OH)2 paste (Pulpdent Paste; PULPDENT Corporation, Watertown, MA 

USA) was inserted into the root canal up to the orifice using a spiral filler (Dentsply 

Maillefer, Ballaigues, Switzerland) followed by condensation using the blunt ends of 

paper points. A cotton wool pellet (No.4, Produits Dentaires, Switzerland) was placed 

over the orifices and Cavit (3M ESPE, Germany) was condensed and adapted into the 

access cavity using an EDTAC-moistened cotton wool pellet to initiate the setting 

reaction. The apical foramen was sealed with sticky wax. Each sample was rinsed with 
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deionised water and then immersed in lidded containers containing 3mL of 0.9% 

sodium chloride (Baxter Healthcare Pty., NSW, Australia) and incubated at room 

temperature. After 2 weeks, the Cavit and cotton wool pellets were removed and the 

canals were irrigated with saline and agitated with a size 15 Hedstrӧm size file. Fresh 

Ca(OH)2 paste and a new temporary restoration were placed as before and the teeth 

were incubated under the same conditions for two more weeks.  

After incubation for a total period of 4 weeks, the root canals were filled with AH26 

(Dentsply DeTrey GmbH, Konstanz, Germany) and laterally compacted gutta percha 

(Progress; Precise Dental International, S.A. de C.V., Zapopan, Jalisco, Mexico). The 

access cavities were restored with amalgam (SDI Limited, Victoria, Australia).  

(2) Control group 

The root canals were left empty (i.e. without the placement of Ca(OH)2 paste) during 

the 4 weeks incubation period under the same conditions. Following the 4-weeks 

incubation period, the root canal fillings and amalgam restorations were performed as 

described in the experimental group. 

Mounting 

Two layers of vinyl polysiloxane impression tray adhesive (VECTORVP; Australian 

Dental Manufacturing, Queensland, Australia) were applied to the roots to simulate the 

periodontal ligament. The sample holders for the Willytec Chewing Simulator (Version 

4.2.0, Willytec, München, Germany) were used as moulds for mounting the teeth in 

polymethyl methacrylate resin (Orthoplast; Vertex-Dental B.V., Zeist, Netherlands). A 

dough-like consistency, mixed according to the manufacturer’s instructions, was 

adapted around the apices so the teeth could stand upright. Then a pourable consistency 

was placed up to 2 mm apical to the cemento-enamel junction. After resin curing, the 

samples were retrieved and their bases trimmed until the root tips were just exposed. 

Occlusal surfaces were adjusted when required to ensure seating of the simulator 

antagonist and the Instron tip. 

Chewing simulation 

Samples were re-mounted in the Chewing Simulator holders after injecting vinyl 

polysiloxane impression material (Imprint 3 Light body; 3M ESPE, St. Paul, MN, USA) 

to further simulate the periodontal ligament. The holders were inserted in the Chewing 

Simulator and centric relation was established between the teeth and the antagonists 
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(precision grade 3.50 mm diameter silicon nitride ceramic ball bearings). The teeth were 

bathed and covered with saline whilst being exposed to 720,000 cycles, which is the 

equivalent of three years intra-oral mastication using masticatory forces of 49N. 

Afterwards, the samples were retrieved from the holders and were inspected for 

fractures and/or cracks.  

Compressive testing 

Teeth were mounted in an Instron Universal Testing Machine (Instron 5982; Norwood, 

MA, USA). A round-end steel tip of 3.20 mm diameter was attached to the load cell, 

lowered to contact the occlusal surface, and advanced vertically at 1 mm/minute until 

tooth fracture occurred. The force required for fracture was recorded in Newton (N) and 

fracture patterns were observed.  

Statistical analysis 

Testing of normality (Shapiro-Wilk test) and homoscedasticity (Levene’s test) were 

performed for parametric assumptions. Comparisons of the mean forces required to 

fracture the teeth in the experimental and the control groups were performed using the 

Student t-test at 5% significance level. Data were collated in the Statistical Analysis 

Software program (SAS, USA).  

5.4 Results	

All samples survived the initial exposure to simulated chewing without any premature 

fractures. The results are shown in Appendix 4 and the data are summarised in       

Figure 5.1. The mean force required to fracture teeth that had Ca(OH)2 dressing in the 

root canals prior to root canal filling was 2949 ± 904N. The mean force to fracture the 

controls was 2708 ± 711N. The differences were not significant (p-value = 0.41). The 

residuals were normal (p-value = 0.15) and homoscedastic (p-value = 0.39). 

Similar fractures pattern were observed in the two groups. The most common fracture 

was a mesio-distal fracture with or without cusp fractures (Figure 5.2). In case of cusp 

fracture, lingual cusps fractured more frequently than buccal cusps (Figure 5.3) and the 

fracture levels were at, or just below, the level of the acrylic resin.  
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5.5 Discussion	

Mandibular molars were chosen because of their high prevalence of fracture,41-44 which 

results in their high frequency of extraction after endodontic treatment.45 Being an in-

vitro study, it was impossible to standardise all the variables in the samples. The teeth 

used in this study were collected without identifying the reason for tooth extraction and 

the patient’s age at extraction. They also exhibited individual variations in dimensions 

and anatomy. Storage time in thymol varied among the samples. However, the other 

experimental variables such as incubation period, endodontic treatment, restoration, 

mounting and simulated chewing were standardised as much as possible between the 

two groups. A proprietary Ca(OH)2 paste was used to avoid variation in mixing the 

powder and the paste vehicle. Any other possible variations were minimised by single 

operator intervention and randomisation.  

This study evaluated the effect of intracanal Ca(OH)2 application for a period of four 

weeks on the force required to fracture teeth that had complete root canal treatment and 

amalgam restorations in a simulated clinical setting. In order to overcome the major 

limitations of the previous investigations, this is the first study that have tested the 

effects of Ca(OH)2 using human mandibular molars and, at the same time, considered 

simulation of the in-vivo conditions, including in-vivo mastication. This study avoided 

the use of dentine specimens because their mechanical properties are influenced by the 

regional variations in dentine composition, structure, and tubule orientation. In addition, 

the changes in the mechanical properties at different dentine levels do not provide 

information on the performance of the tooth as a whole. This study did not use teeth that 

lacked coronal tooth structure or restoration since it is not applicable clinically for such 

teeth to remain unrestored during and after endodontic treatment. Therefore, the 

samples in the current study maintained their coronal tooth structure and their access 

cavities were restored. In addition, the resiliency of the periodontal ligament was 

simulated by applying vinyl polysiloxane tray adhesive and impression material on the 

root surfaces of the teeth prior to inserting the acrylic mounts in the chewing simulator 

holders, respectively. The level of acrylic resin matched the alveolar bone level in cases 

with a healthy periodontium. Also, this study was the first to expose the samples to 

simulated mastication prior to testing the effects of Ca(OH)2 on the force required to 

fracture the teeth. Hence, each sample was subjected to simulated mastication as a 
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whole unit that consisted of a restored tooth with simulated periodontal ligament and 

alveolar bone - i.e. a scenario that replicates the clinical situation. 

Complex intraoral function was simulated using a multiple-axis chewing simulator. The 

three-years period was determined according to the average time for tooth loss resulting 

from tooth fracture after endodontic treatment.46 However, the samples were subjected 

to simulated chewing only after completion of endodontic treatment (root canal filling) 

and amalgam restoration. Simulated chewing was not applied during the Ca(OH)2 

dressing period in order to mimic the common clinical situation when the occlusal 

contacts of teeth undergoing endodontic treatment are reduced to decrease post-

operative pain and the risk of tooth fracture. It could be argued that occlusal load is still 

applied, but to a lesser degree, when a bolus of food is placed on that particular tooth. 

However, this scenario was not replicated to avoid the introduction of other variables in 

the experiment.  

Chemomechanical preparation of the root canals was performed whilst using 15% 

EDTAC as the main irrigant followed by 1% NaOCl and a final flush with EDTAC. 

This irrigation regime was shown to completely remove smear layer in a scanning 

electron microscope study.47 The presence of smear layer can act as an internal barrier 

for the diffusion of hydroxyl ions through the dentine tubules and it may prevent or 

reduce the pH rise in radicular dentine. Removal of the smear layer has been shown to 

facilitate the ion diffusion and therefore improves the effectiveness of the calcium 

hydroxide dressing.48, 49  

The root canals were dressed with Ca(OH)2 for a total period of four weeks. Clinically, 

this period represents the common inter-appointment period in managing mature teeth 

with infected root canal systems and apical periodontitis, although - in some cases - the 

dressing is left for extended periods, in particular when the tooth is associated with a 

large periapical radiolucency, resorption and/or trauma. Byström et al.40 reported that 

no bacteria could be detected in 97% of their cases after 1 month of calcium hydroxide 

dressing. Furthermore, exposure to intracanal Ca(OH)2 dressing for this period was to 

allow the diffusion of hydroxyl ions into the full depth of the dentinal tubules.50, 51 In 

the Tronstad et al.51 study, alkaline pH levels were detected in peripheral dentine 

reaching up to 9.6 in histological sections of monkeys teeth following 4-weeks exposure 

to Ca(OH) dressing. Over the same period, Nerwich et al.50 showed that the diffusion of 

hydroxyl ions into inner dentine commenced within hours but needed 1-7 days to reach 
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the peripheral dentine and the rise in pH was sustained until the peak levels were 

reached after 2-3 weeks (up to 9.4-10.3 in the inner dentine and 8.7-8.9 in the peripheral 

dentine). Notwithstanding the sustained rise in pH, some studies have shown a drop in 

pH reading in external root cavities after 14 days and they recommended replacement of 

the dressing after a two weeks interval.52, 53 Hence, the dressings were replaced after 

two weeks to ensure a consistent amount of Ca(OH)2 was available, with sufficient 

concentration of hydroxyl ions and sustained pH increase in the radicular dentine 

throughout the exposure period. This was considered particularly important because 

Ca(OH)2 has high solubility in water and the samples were kept in an aqueous 

environment during the incubation period, and this was relatively more aqueous than the 

environment of the oral cavity and periapical tissues. The ability of Cavit (placed 

coronally in the access cavity) and wax (placed at the apical end) to prevent fluid 

penetration is well-recognised.54 However, the integrity of the cementum cannot be 

guaranteed in extracted teeth and dentine is permeable to fluids.  

A spiral filler was used to place the medicament inside the root canals because it 

provides better control and effective filling of the canal space. The method and level of 

Ca(OH)2 placement was shown to significantly affect the pH levels in the dentine.52, 55   

The results of this study have shown that 4-weeks exposure to intracanal Ca(OH)2 

increased the force required to fracture root-filled and restored mandibular molars by 

9% compared to the time-dependent controls. However, this result was not statistically 

significant. This is consistent with the results of Batur et al.24 and Rosenberg et al.25 

studies. However, these studies assessed the microtensile fracture strength of mature 

human incisors that were Ca(OH)2-filled or root-filled following Ca(OH)2 exposure and 

compared it with that of root-filled time-independent controls. Andreason et al.23 found 

that the reduction in fracture strength of Ca(OH)2-filled immature sheep incisors in the 

first month was not significant compared to the controls. Other studies that used dentine 

specimens concluded that short-term Ca(OH)2 exposure for periods of 28 days or one 

month had no effect on the peak load at fracture,29 modulus of elasticity,32-34 or 

nanohardness.34 Nevertheless, direct comparison with the current study is not feasible 

because those studies were carried out on completely different samples (mature human              

incisors, immature sheep incisors, human or bovine dentine specimens) and other 

mechanical properties were tested using different test methods (e.g. forces were applied 

from a different direction). 
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The results of the current study disagree with the findings of two independent 

studies35,37 - a short-term (1 month) and a long-term (over 12 months) study - that 

showed significant reduction in the force required to fracture Ca(OH)2-filled premolars, 

that had been decoronated with or without sectioning the apical part of the root, after 1 

month of Ca(OH)2 to their corresponding time-dependent controls. This inconsistency is 

mainly attributed to the lack of coronal structure, restoration, gutta percha - root canal 

filling and exposure to simulated chewing. Although removal of the smear layer, 

replacement of the dressing and periodontal ligament space simulation were considered 

in the long-term study, the effects of in-vivo mastication was overlooked in all of the 

previous investigations. Hence, the current study is the most relevant in-vitro study to 

the clinical setting but the long-term effects of Ca(OH)2 warrant further investigation.  

 One limitation of this study is that the teeth only had access cavity preparations whilst 

most teeth requiring endodontic treatment usually have a significant amount of tooth 

structure lost as a result of previous restorations and/or caries, and at least one marginal 

ridge is usually involved. Also, the presence of an embracing ‘ring’ of enamel that 

surrounded the dentinal walls from all directions is known to provide strength to the 

overall tooth structure which could have masked any existing negative effects. 

Therefore, the findings of this study only apply to this specific setting and further 

research is needed to evaluate the effects of Ca(OH)2 on the force required to fracture 

teeth with more extensive coronal tooth structure loss and with more extensive 

restorations.  

The fracture patterns were similar to the previous investigations56, 57 and the clinical 

observations.42, 43  

5.6 Conclusions	

Within the limitation of this study, the short-term application of Ca(OH)2 dressing 

during endodontic treatment did not affect the force required to fracture mandibular 

molar teeth with intact marginal ridges. 
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5.8 Figures		

Legends to Figures  

Figure 5.1 Box plot for the force (Newton [N]) required to fracture root-filled 

mandibular molars summary statistics in each group.  

Figure 5.2 Representative examples of a fracture in the mesio-distal direction. 

Figure 5.3 Representative examples of a fracture involving the lingual cusps, extended 

to the level of the acrylic mount. 
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Figure	5.1	Box	plot	for	the	force	(Newton	[N])	required	to	fracture	root-filled	mandibular	
molars	in	each	group.	
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Figure	5.2	Representative	examples	of	a	fracture	in	the	mesio-distal	direction.	

 

 
 

Figure	5.3	Representative	examples	of	a	fracture	involving	the	lingual	cusps,	extended	to	the	
level	of	the	acrylic	mount.	
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6. General	discussion	and	conclusions		

6.1 Discussion		

Tooth fracture in root-treated teeth has been described as a common cause for tooth 

loss.1 The increased risk for tooth fracture after root canal treatment has been attributed 

to many factors.2 Many of these factors are out of the clinician’s control such as those 

related to pulp tissue loss and infection, tooth morphology and anatomical position, 

occlusion and aging. However, clinicians should address the other factors related to the 

endodontic and restorative treatment in order to decrease the risk for fracture.3 These 

factors include the amount of tooth structure removed during access cavity preparation 

and mechanical root canal preparation,4, 5 high stress areas generated from engine-

driven instruments during filing, unfavourable stress distribution resulting from the final 

shape of the prepared canal, the presence of dentinal wall defects that act as stress 

concentration sites,6, 7 exposure time and concentration of chemical irrigants, prolonged 

use of intracanal medicaments,8, 9 excessive load during root canal filling,10 restoration 

type with or without cusp coverage or the use of posts; and using root-filled teeth as 

abutments for bridges or partial dentures.11  

This research has focused on evaluating the effect of root canal treatment on the ability 

of mandibular molars to resist fracture. The specific use of this tooth for the 

experimental model was considered the most appropriate for two reasons: first, 

mandibular molars are the most susceptible teeth to fracture in the oral cavity according 

to clinical reports.12-16 Second, the use of the ‘whole’ tooth has been generally limited in 

in-vitro studies.4, 17-20 Thus, there is a considerable need to study whether performing 

root canal treatment in these teeth as a whole unit - that is, not isolated roots or tooth 

sections - increases their risk for fracture under function. Nonetheless, since traumatic 

injuries are less likely to involve posterior teeth, it could be argued that a root-filled 

mandibular molar with only an access opening is not a common clinical scenario. It is 

more likely that root canal treatment is required in a tooth that is severely destroyed by 

caries and/or repetitive restorative procedures. Notwithstanding this, the current 

research intended to exclude any other form of cavity preparation in the model in order 

to avoid introducing other potential variables and/or confounding factors that could 

potentially influence the results. In fact, in this particular clinical situation where the 



Chapter	6:	General	discussion	

 338 

molar tooth has only an access cavity preparation and intact marginal ridges, a simple 

restoration using amalgam or composite resin may be placed conservatively without the 

need for cusp coverage. Due to the adhesive properties of composite resins, amalgam 

was considered as the material of choice for restoring the access cavities in the current 

experimental model. As a result, the lack of adhesion between the restorative material 

and the coronal tooth structure excluded a possible confounding factor. As a result, the 

effects of root canal treatment and/or various endodontic factors, per se, were more 

precisely assessed in this research.  

The experimental model was developed on the basis of imitating the in-vivo oral 

conditions as much as possible in order to increase the clinical relevancy of the findings. 

Of importance, implementing simulated chewing was proposed for the first time whilst 

assessing the weakening effects of various endodontic factors. With the use of the 

Willytec Chewing Simulator, the specimens were subjected to multi-axis loading that 

closely replicates the in-vivo masticatory forces. Static compressive loading was then 

applied in order to assess the amount of force required for tooth fracture. This concept 

has been proposed in previous investigations that have tested various prosthodontic 

and/or extensive restorative procedures in root-filled teeth or in teeth without root canal 

treatement.21-31 Although the compression test, per se, has been generally criticised as a 

method since it does not reproduce the clinical situation, it is still the most common 

method among in-vitro studies due to its simplicity, applicability and low cost. Unlike 

the previous investigations that typically applied loads at an angle or via a D11 spreader 

tip inserted inside the root canal, the load was applied vertically on the occlusal surface 

of the specimen using a tip of similar dimensions as that of the standardised antagonist 

during chewing simulation. The rationale of the chosen tip dimension was to apply a 

near-axial load to the tooth in order to produce longitudinal fracture patterns, whilst 

minimizing the deleterious wedging forces from smaller tips,32  or the off-axial loading 

and resultant edge chipping fractures from larger tips.33 In addition, the application of 

simulated chewing prior to static testing, and for a period of time that is based on 

clinical evidence,1, 34 could be the key parameter that contributes to ‘aging’ or fatigue of 

the specimens. Of note, only one sample fractured as a result of fatigue during dynamic 

loading which could be due to the extension of a pre-existing flaw to reach a critical 

crack length consequently leading to fracture,35-37 and/or due to the weakened tooth 

structure by extensive access opening (i.e. SLA). The specimens that survived dynamic 
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loading suggest an inherent resistance to cyclic fatigue failure. Continuous quasi-static 

load was then applied on the specimens in order to represent the extreme conditions that 

may predispose to fracture, such as biting on hard food or continuous clenching.38  

The survival rate (i.e. number of teeth with premature fracture) after a period that is 

equivalent to three years of mastication could have been underestimated. The model 

hindered the accurate assessment of the root for the presence cracks/fractures that do not 

extend coronally beyond the level of the acrylic resin mount and thus, teeth exhibiting 

macroscopic fractures were detected. To increase sensitivity, safe retrieval of the 

specimens from the resin mounts would permit further examination of the roots, with 

the aid of magnification and transillumination from different directions, to detect any 

fractures or cracks - in the clinical setting, these radicular cracks/fractures would be 

considered catastrophic (i.e. requiring extraction). Then, survival rates might be more 

precisely assessed. However, retrieval of the samples was not possible in this in-vitro 

model and therefore survival rates were not reported. For the same reason, the actual 

fracture patterns could not be assessed accurately.    

The first stage of this research tested the effect of simulated chewing on the force 

required to fracture the teeth which was found to be insignificant. The chewing 

parameters were based on previous research39-43 to replicate three years of clinical 

function. One might argue that the use of 49N force could have underestimated the 

effect of simulated chewing since it is well below maximum bite force in the molar 

region. Nonetheless, the average loads for modern soft diet consumption is low       

(<100 N).44 Excessive forces could damage the samples since longitudinal enamel 

cracks may develop at relatively low loads (100-200 N).44 As discussed in Chapters 2 

and 3, the intact ‘ring’ of enamel that encloses the circumambient coronal dentine could 

be the reason for this insignificant effect as its presence restricts the deflection of the 

cusps. However, simulated chewing was still applied in the later experiments (Chapters 

4 and 5) in which the teeth had a similar coronal status, but their root canals - at least in 

one group - were enlarged to a relatively higher degrees or were dressed with Ca(OH)2 

paste. For consistency, it was essential to maintain this parameter in all the experiments, 

as it is possible that its effect might vary in response to the other variables that were 

being tested. In addition, this would allow comparison with future studies that test other 

variables and utilize a similar model.  
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The findings of this research confirmed that root canal treatment, per se, does not 

weaken the teeth if sufficient coronal tooth structure is maintained. Overall, upon 

combining the findings of this research, root canal treatment - regardless of the access 

cavity designs, the degree of root canal enlargement and the use of Ca(OH)2 dressings - 

is likely to contribute to only ~14.8% reduction in the forces required to fracture the 

mandibular molar with intact marginal ridges and amalgam-restored access cavities. 

This reduction has been mostly attributed to cutting an access cavity, being ~11.5% of 

the reduction, and to a lesser degree (~3.3%) preparing and filling the root canals. 

Despite the use of different methodology, these trends are in agreement with the            

Reeh et al.45 study. They reported that the relative stiffness of unrestored maxillary 

premolars with intact marginal ridges was reduced by 5% following root canal 

treatment, which was contributed entirely to the access cavity openings and negligibly 

to the preparation and filling of the root canals. Furthermore, the presence of negligible 

differences between the range of mean values obtained from this research and the 

reported splitting force (3050 N) for intact molars without caries or restorations.46 This 

value lies between the axial force required to fracture root-filled teeth in all of the 

current experiments (2708-2949 N) and the intact molars (3224-336 N) in Chapter 3. 

Since similar test conditions were used (a steel spherical plunger of 1.57 mm radius and 

resin embedding), this comparison is valid and further confirms the negligible effects of 

root canal treatment. Therefore, the current research contradicts the general perception 

within the dental profession regarding the increased brittleness of teeth following root 

canal treatment, at least in a similar clinical scenario as the model used in this study.  

Based on the current findings, the cumulative loss of coronal and radicular tooth 

structure involved in root canal treatment does not seem to increase the fracture 

susceptibility of mandibular molars. This indicates that the increased risk for tooth 

fracture following root canal treatment is more likely attributed to the restorative rather 

than the endodontic stage of the treatment. According to Hussain et al.,47 there is a 

considerable difference in the amount of tooth structure removed after endodontic and 

restorative procedures in anterior teeth. At coronal level, tooth structure loss was 

greatest after preparing the tooth for a crown in comparison to cutting an access cavity, 

being 24% vs. 3.9% in incisors and 18.3% vs. 2.2% in canines, respectively. Similarly, 

at root level, preparing the tooth for a cast post-and-core involved more extensive loss 

of tooth structure compared to the loss resulting from mechanical preparation of the root 
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canals, being ~4.9% vs. 2% in incisors and ~9.8% and 1.4% in canines, respectively.47 

According to Reeh et al.,45 the effect of endodontic procedures alone on the relative 

stiffness of maxillary premolars was minimal whereas subsequent restorative 

procedures, specifically those compromising the integrity of the marginal ridge(s), were 

the greatest contributors to the loss in stiffness. The loss of a single marginal ridge 

resulted in an average loss of 46%, and an MOD preparation resulted in a loss of 63%. 

Moreover, the association between other restorative factors and the increased risk for 

tooth fracture have been well documented in the literature. These factors include the 

number, quality and the amount of remaining coronal surfaces48-50 or residual dentinal 

walls,51,52 the presence of a ferrule,51-53 post space preparation and placement,51,54,55 

protection of unsupported cusps, etc.45,56-59 However, the outcome of the current 

research should provide a foundation or baseline that permits comparisons with further 

research in this area, specifically when more extensive coronal tooth structure loss is 

considered in root-filled mandibular molars.   

In terms of the stages of root canal treatment, this research has generally shown that 

there is no significant difference in the forces required to fracture mandibular molars 

when a conservative or a straight-line access cavity was used. Similarly, the degree of 

root canal enlargement did not affect the forces required to fracture the teeth. It is 

important to highlight that these findings are specific to this experimental setting where 

an intact ‘ring’ of enamel, embracing the coronal circumferential dentine, is present. As 

per the available literature, there is sufficient evidence to show the association of 

coronal tooth structure loss and/or extensive restorative procedures with increasing risk 

for fracture in root-filled teeth.51,52 Therefore, it might be possible that excessive 

removal of tooth structure during root canal treatment - i.e. SLA access cavity and/or 

excessive instrumentation - becomes significant and contributes to increasing the risk 

for fracture if more coronal tooth structure is removed, such as when the integrity of 

marginal ridge(s) is compromised. Further investigations are recommended to explore 

the effects of endodontic factors in different restorative perspectives.  

Notwithstanding this, the findings of this research should not be used to encourage 

unnecessary removal of tooth structure when preparing access cavities or mechanically 

preparing the root canals. The literature has highlighted the importance of inner dentine, 

particularly near the cervical area, in the capacity of teeth to dissipate occlusal stresses 
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and withstand the imposed functional demands. Although quantification of the amount 

of tooth structure removed was not performed, it was assumed that the overall loss of 

inner cervical dentine would be greater when preparing a ‘straight-line’ access cavity 

and enlarging the root canals with Ni-Ti ProTaper files with/without SystemGT files in 

comparison to preparing a conservative access cavity or preparing the root canals using 

Hedström files, respectively. As pointed out previously, the use of pre- and post-

operative micro-CT scans - as in the Krishan et al.4 study - is recommended in future 

studies in order to accurately assess the amount of coronal and radicular tooth structure 

lost during endodontic procedures. Its use might also provide valuable information 

regarding the presence/extension of dentinal defects in the canal wall and/or root 

surface following root canal preparation without the need for sample destruction.  

An interesting and important finding of this research is that short-term use of Ca(OH)2 

intracanal medicament did not affect the tooth’s ability to resist fracture. As previously 

discussed, many clinicians and researchers perceive that Ca(OH)2 intracanal dressing 

deems the tooth more prone to fracture. This perception has been primarily based on a 

retrospective clinical study60 that reported high cervical fracture rate in immature teeth 

(40%) with long-term Ca(OH)2 dressings (average of 24 months) and/or on poorly 

designed in-vitro studies that lacked clinical relevance (refer to Table 1.18).9, 61-75 

Furthermore, the biological benefits of Ca(OH)2 dressing in reducing intracanal 

bacterial counts,76-78 inhibition of lipopolysaccharides,79-82 and promoting hard tissue 

repair83-85 have been well-reported and thus, a favourable endodontic outcome is more 

predictable. Although its antibacterial efficacy against E. faecalis and its sensitivity to 

the buffering effect of dentine has been questioned in-vitro,86, 87 there is no clinical 

evidence available to support the abstention of Ca(OH)2 during root canal treatment.88 

On the basis of this research, it is considered safe - with respect to tooth strength - to 

use Ca(OH)2 as an inter-appointment dressing for a period of 4 weeks during root canal 

treatment.  

The current research did not detect any significant results in the parameters tested. This 

result necessitates an analysis of study power. However, the actual value of the mean 

forces required to fracture the teeth is not clinically relevant (i.e. does not simulate 

maximum human bite force) and therefore it is difficult to decide on a difference in the 

means that will be of clinical value. Instead, the ‘significant’ difference in the means at 
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which the study would have had 80% power was analysed using α = 0.05 and the 

current standard deviations of the various groups. In Chapter 2, the study would have 

had 80% power to detect a difference in the means of 780 N between group A and 

group B. For the effect of access cavity preparations in Chapter 3, the study would have 

had 80% power to detect a significant difference in the means if the between groups 

standard deviation was approximately 380 N. For example, this could be achieved by 

the CONS group in the middle with an NT group having a mean 380 units above CONS 

and SLA having a mean 380 units below CONS. Whereas for the effect of simulated 

chewing, the study would have had 80% power to detect a difference in the means of 

480 between the SC and NC groups. For the effect of root canal preparation (Chapter 4), 

the study would have had 80% power to detect a significant difference in the means if 

the between groups standard deviation was approximately 580.  For example, this could 

be achieved by both HF and control groups having a mean 1000 units above the PT and 

GT groups. Finally, the study on the effects of short-term calcium hydroxide would 

have had 80% power to detect a difference in the means of 831 between the two groups 

in Chapter 5.  

 

,   
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6.2 Conclusions	

 Under the conditions of this research, the following can be concluded: 

(1) Root canal treatment did not increase the fracture susceptibility of mandibular 

molars with intact marginal ridges and amalgam restoration in the access 

cavities 

(2) Simulated chewing had no effect on the forces required to fracture root-filled 

mandibular molars with intact marginal ridges. 

(3) The influence of conservative and ‘straight-line’ access cavities on the force 

required to fracture restored and root-filled mandibular molars with intact 

marginal ridges was similar and not affected by simulated chewing. 

(4) Restored and root-filled mandibular molars with intact marginal ridges were 

not significantly weakened by the degree of root canal enlargement. 

(5) The force required to fracture root-filled mandibular molars with intact 

marginal ridges was not significantly affected by short-term exposure to 

calcium hydroxide intracanal medicament.   

(6) Root-filled mandibular molars with only an access cavity may be restored by 

simple amalgam restorations without increasing the risk for tooth fracture.  

Notwithstanding the foregoing conclusions, conservative non-aggressive techniques 

are still recommended during root canal treatment even when the marginal ridges 

are intact because in the long-term, the tooth may be subjected to further loss of 

tooth structure as a result of caries, endodontic re-treatment, etc. - subsequently 

increasing the risk for tooth fracture and tooth loss.  
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6.3 Recommendations	for	further	research	
Despite the current data from the current in-vitro investigation, this research suggests 

that the following further research would be beneficial: 

(1) Evaluating the effect of the same variables (access cavity designs, degree of 

root canal enlargement and short-term Ca(OH)2 dressing) on the strength of 

restored and root-filled mandibular molars, with more extensive coronal tooth 

structure loss (e.g. loss of one and both marginal ridges) using the same 

experimental model. 

(2) Evaluating the effects of long-term Ca(OH)2 dressing in the same model.  

(3) Assessment of the effects of other endodontic factors such as commonly used 

irrigating solutions (EDTA/C, NaOCl and their combination regimens) and 

root canal filling using similar in-vitro model. 

(4) Modify the experimental model by incorporating micro-CT scans (pre-, intra 

and post-operatively) in order to accurately assess the amount of inner cervical 

dentine removed during various stages of endodontic procedures and correlate 

the loss of tissue with the magnitude of forces required for tooth fracture. 

(5) Comparisons of multiple micro-CT scans can provide additional information 

regarding the presence of dentinal defects and their propagation into 

cracks/fractures following simulated chewing, root canal preparation, root 

canal filling, etc. A relationship between the presence of dentinal defects and 

reduction in tooth strength could also be explored.   

(6) For better simulation of the oral environment, conduct research to validate the 

materials used in-vitro for simulating the tooth’s supporting tissues to the       

in-vivo physiological tooth movement.  

(7) In the ideal situation, future research should focus on long-tem prospective 

clinical studies to evaluate the effect of various endodontic factors (such as 

access cavity designs, excessive root canal preparation, and Ca(OH)2 intracanal 

medicaments) on tooth survival and periapical healing (both parameters as 

outcome measures)89 following root canal treatment, in order to assess the 

relative risk for tooth fracture (restorable and unrestorable) and tooth loss, as 

well as the antimicrobial efficacy that promotes periapical healing.   
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Data	for	individual	specimens	in	Chapter	2	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	 	

Specimen	#	 Maximum	Load	
[N]	

Chewing	Simulation	
[Yes/No]	

1	 1920	 Yes	
2	 2860	 Yes	
3	 2500	 Yes	
4	 1910	 Yes	
5	 2270	 Yes	
6	 2600	 Yes	
7	 2910	 Yes	
8	 1440	 Yes	
9	 1890	 Yes	
10	 2620	 Yes	
11	 3040	 Yes	
12	 3360	 Yes	
13	 3790	 Yes	
14	 2800	 Yes	
15	 3650	 Yes	
16	 3770	 Yes	
17	 3410	 No	
18	 2940	 No	
19	 1340	 No	
20	 2000	 No	
21	 2840	 No	
22	 2530	 No	
23	 2230	 No	
24	 3500	 No	
25	 2390	 No	
26	 1980	 No	
27	 3380	 No	
28	 3420	 No	
29	 1810	 No	
30	 3940	 No	
31	 3650	 No	
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Load-displacement	curves	for	compression	test		
Y-axis:	Load	[N]	,	X-axis:	Extension	[	mm]	
		
	
Specimen	1-4	
	

	
Specimen	5-8	

	

	

Specimen	9-12	
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Specimen	13-16	

	

Specimen	17-20	

	

Specimen	21-23	
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Specimen	26-29	
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Data	for	individual	specimens	in	Chapter	3	

	

Specimen	#	 Maximum	Load	
[N]	

Chewing	Simulation	
[Yes/No]	

Access	cavity		
[CONS/	SLA/	NT]		

1	 1920	 Yes	 CONS	
2	 2860	 Yes	 CONS	
3	 2500	 Yes	 CONS	
4	 1910	 Yes	 CONS	
5	 2270	 Yes	 CONS	
6	 2600	 Yes	 CONS	
7	 2910	 Yes	 CONS	
8	 1440	 Yes	 CONS	
9	 1890	 Yes	 CONS	
10	 2620	 Yes	 CONS	
11	 3040	 Yes	 CONS	
12	 3360	 Yes	 CONS	
13	 3790	 Yes	 CONS	
14	 2800	 Yes	 CONS	
15	 3650	 Yes	 CONS	
16	 3770	 Yes	 CONS	
17	 3410	 No	 CONS	
18	 2940	 No	 CONS	
19	 1340	 No	 CONS	
20	 2000	 No	 CONS	
21	 2840	 No	 CONS	
22	 2530	 No	 CONS	
23	 2230	 No	 CONS	
24	 3500	 No	 CONS	
25	 2390	 No	 CONS	
26	 1980	 No	 CONS	
27	 3380	 No	 CONS	
28	 3420	 No	 CONS	
29	 1810	 No	 CONS	
30	 3940	 No	 CONS	
31	 3650	 No	 CONS	
32	 3160	 YES	 SLA	
33	 4360	 YES	 SLA	
34	 2390	 YES	 SLA	
35	 2530	 YES	 SLA	
36	 2770	 YES	 SLA	
37	 3360	 YES	 SLA	
38	 2080	 YES	 SLA	
39	 2100	 YES	 SLA	
40	 2380	 YES	 SLA	
41	 2330	 YES	 SLA	
42	 3150	 YES	 SLA	
43	 3290	 YES	 SLA	
44	 3580	 YES	 SLA	
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Specimen	#	 Maximum	Load	
[N]	

Chewing	Simulation	
[Yes/No]	

Access	cavity		
[CONS/	SLA/	NT]		

45	 2550	 YES	 SLA	
46	 3930	 YES	 SLA	
47	 1540	 NO	 SLA	
48	 2630	 NO	 SLA	
49	 2720	 NO	 SLA	
50	 3250	 NO	 SLA	
51	 2710	 NO	 SLA	
52	 1370	 NO	 SLA	
53	 3590	 NO	 SLA	
54	 3490	 NO	 SLA	
55	 2110	 NO	 SLA	
56	 1870	 NO	 SLA	
57	 2750	 NO	 SLA	
58	 2460	 NO	 SLA	
59	 3230	 NO	 SLA	
60	 3210	 NO	 SLA	
61	 3790	 NO	 SLA	
62	 3370	 YES	 NT	
63	 3150	 YES	 NT	
64	 3380	 YES	 NT	
65	 3050	 YES	 NT	
66	 3850	 YES	 NT	
67	 3680	 NO	 NT	
68	 3360	 NO	 NT	
69	 2420	 NO	 NT	
70	 3960	 NO	 NT	
71	 2700	 NO	 NT	

										*	SLA:	straight-line,	CONS:	conservative,	NT:	intact	
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Load-displacement	curves	for	compression	test		
Y-axis:	Load	[N]	,	X-axis:	Extension	[	mm]	
		
Specimen	1-4	
	

	
Specimen	5-8	

	

	

	
	 	

Specimen	9-12	
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Specimen	13-16	

	

	

Specimen	17-20	

	

Specimen	21-23	
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Specimen	24-25	

	

	

Specimen	26-29	

	

Specimen	30-31	
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Specimen	32-35	 	

	

	

	

Specimen	36-39	 	

	

	

	

	

	

	

Specimen 40-42 
 

 

 

 

	  

Specimen	#	
						40			

	 							41	
				 								-	
															42	

Specimen	#	
						36			

	 								37	
				 								38	
															39	

Specimen	#	
						32			

	 								33	
				 								34	
															35	
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Specimen 43-46 
 

 

 

 

 
 
 
Specimen 47-50  

 

 

 
 
Specimen 51- 54 
 

 

 

 

	  

Specimen	#	
						51				

	 							52	
				 							53	
															54	

Specimen	#	
						47				

	 							48	
				 							49	
															50	

Specimen	#	
						43			

	 							44	
				 							45	
															46	
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Specimen 55-58 
 

 

 

 

 
Specimen 59-61 
 

 
 
 
Specimen 62-64 
 

 
 
 
 
	  

Specimen	#	
						55				

	 							56	
				 							57	
															58	
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Specimens 65-68  
 

 
 
	

Specimens	69-71	 	

	

	

Specimen	#	
			-				

	 							69	
				 							70		
															71	
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Detailed	data	for	each	specimen	in	Chapter	4	
	

Specimen	#	 Maximum	Load	
[N]	

Chewing	Simulation	
[Yes/No]	

Canal	preparation		
[HF/	PT/	GT/	NP]	

1	 3160	 YES	 HF	
2	 4360	 YES	 HF	
3	 2390	 YES	 HF	
4	 2530	 YES	 HF	
5	 2770	 YES	 HF	
6	 3360	 YES	 HF	
7	 2080	 YES	 HF	
8	 2100	 YES	 HF	
9	 2380	 YES	 HF	
10	 2330	 YES	 HF	
11	 3150	 YES	 HF	
12	 3290	 YES	 HF	
13	 3580	 YES	 HF	
14	 2550	 YES	 HF	
15	 3930	 YES	 HF	
1	 3250	 YES	 PT	
2	 2930	 YES	 PT	
3	 3000	 YES	 PT	
4	 3210	 YES	 PT	
5	 1710	 YES	 PT	
6	 3010	 YES	 PT	
7	 2050	 YES	 PT	
8	 4370	 YES	 PT	
9	 3790	 YES	 PT	
10	 3710	 YES	 PT	
11	 1070	 YES	 PT	
12	 2560	 YES	 PT	
13	 3160	 YES	 PT	
14	 3990	 YES	 PT	
15	 1440	 YES	 PT	
1	 2560	 YES	 GT	
2	 3260	 YES	 GT	
3	 2400	 YES	 GT	
4	 1620	 YES	 GT	
5	 2890	 YES	 GT	
6	 3460	 YES	 GT	
7	 1600	 YES	 GT	
8	 3390	 YES	 GT	
9	 3270	 YES	 GT	
10	 3190	 YES	 GT	
11	 2680	 YES	 GT	
12	 2890	 YES	 GT	
13	 3860	 YES	 GT	
14	 3580	 YES	 GT	
15	 2610	 YES	 GT	

	 	



Appendix	3	
	

	 367	

Specimen	#	 Maximum	Load	
[N]	

Chewing	Simulation	
[Yes/No]	

Canal	preparation		
[HF/	PT/	GT/	NP]	

1	 2630	 YES	 NP	
2	 2720	 YES	 NP	
3	 3860	 YES	 NP	
4	 1940	 YES	 NP	
5	 3600	 YES	 NP	
6	 3620	 YES	 NP	
7	 1690	 YES	 NP	
8	 1730	 YES	 NP	
9	 4270	 YES	 NP	
10	 3180	 YES	 NP	
11	 3670	 YES	 NP	
12	 2430	 YES	 NP	
13	 3460	 YES	 NP	
14	 2880	 YES	 NP	
15	 2900	 YES	 NP	

									*	HF:	Hedström,	PT:	ProTaper,	GT:	SystemGT,	NP:	no	canal	preparation.		
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Load-displacement	curves	for	compression	test		
Y-axis:	Load	[N]	,	X-axis:	Extension	[	mm]	
		
HF	Specimen	1-4	 	

	

	

HF	Specimen	5-8	 	

	

	

	

	

	

HF Specimen 9-11 
 

 

 

 

	

	 	

Specimen	#	
						1			

	 								2	
				 								3	
																4	

Specimen	#	
						5			

	 								6	
				 								7	
																8	

Specimen	#	
						9			

	 							10	
				 								-	
															11	
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HF Specimen 12-15 
 

 

 

 

	

PT	Specimen-1-4	

	

PT	Specimen	5-8	

	

	

	 	

Specimen	#	
						12			

	 							13	
				 							14	
															15	
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PT	specimen	9-12	

	

	

PT	Specimen	13-15	

	

	

GT	Specimen	1-4		

	
		

	 	

Specim en # 

9 
10 
11 
12 

	
	
	
	
	

Lo
ad

 [
N

] 

3000 
	
	

2000 
	
	

1000 
	
	

0 
0        1        2         3     4 

	

Extension [mm] 
	
	
	

Specimen 9 to 12 

4000 

	

Specim en # 
1 
2 
3 
4 

	
	
	
	
	

Lo
ad

 [
N

] 

Specimen 13 to 16 
	

4000 
	
	
3000 
	
	
2000 
	
	
1000 
	
	

0 
0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

	

Extension [mm] 
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GT	specimen	5-6	 	

	

	

	
	
GT	specimen	7-10	
	

	

	

	

	
	

	

GT	specimen	11-12	
	

	

	

	

	
	 	

Specimen	#	
						-			

	 								-	
				 							5	
															6	

Specimen	#	
						7			

	 								8	
				 								9	
															10	

Specimen	#	
						-			

	 								-	
				 								11																
																12	
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GT	specimen	13-15	 	

	

	

NP	Specimen	1-4	

	

	

NP	Specimens	5-8	 	

	

	

	

	 	

Specim en # 

1 
2 
3 
4 

	
	
	
	
	

Lo
a
d 

[N
] 

	
3000 

	
	

2000 
	
	

1000 
	
	

0 
0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7 

	

Extension [mm] 
	
	
	

Specimen	#	
						13			

	 								14	
				 								15	
																	-	

Specimen	#	
					5			

	 								6	
				 								7	
																8	
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NP	Specimen	9-12	
	

	

	

	

	
	

	

NP	Specimen	13-15		
	

	

	
	
	
	
	

	
	
	

Specimen 17 to 20 

4000 

	

Specim en # 
13 
- 

14 
15 

	
	
	
	
	

Lo
ad

 [
N

] 

Specimen 21 to 24 
	

4000 
	
	

3000 
	
	

2000 
	
	

1000 
	
	

0 
0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

	

Extension [mm] 
	
	
	

Specimen	#	
							9	

	 								10	
				 								11	
																12	



Appendix	4	
	

	 374	

Detailed	data	for	each	specimen	in	Chapter	5	
	

Specimen	#	 Maximum	Load	
[N]	

Calcium	hydroxide		
[Yes/No]	

Chewing	simulation		
[Yes/No]		

1	 1920	 No	 Yes	
2	 2860	 No	 Yes	
3	 2500	 No	 Yes	
4	 1910	 No	 Yes	
5	 2270	 No	 Yes	
6	 2600	 No	 Yes	
7	 2910	 No	 Yes	
8	 1440	 No	 Yes	
9	 1890	 No	 Yes	
10	 2620	 No	 Yes	
11	 3040	 No	 Yes	
12	 3360	 No	 Yes	
13	 3790	 No	 Yes	
14	 2800	 No	 Yes	
15	 3650	 No	 Yes	
16	 3770	 No	 Yes	
1	 3090	 Yes	 Yes	
2	 4030	 Yes	 Yes	
3	 3990	 Yes	 Yes	
4	 2330	 Yes	 Yes	
5	 3120	 Yes	 Yes	
6	 3470	 Yes	 Yes	
7	 1950	 Yes	 Yes	
8	 2350	 Yes	 Yes	
9	 2270	 Yes	 Yes	
10	 3370	 Yes	 Yes	
11	 1660	 Yes	 Yes	
12	 3500	 Yes	 Yes	
13	 3510	 Yes	 Yes	
14	 4000	 Yes	 Yes	
15	 1050	 Yes	 Yes	
16	 3500	 Yes	 Yes	
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Load-displacement	curves	for	compression	test		
Y-axis:	Load	[N]	,	X-axis:	Extension	[	mm]	
		
No	Ca(OH)2	Specimen	1-4	
	

	
	

No	Ca(OH)2	Specimen	5-8	

	

No	Ca(OH)2	Specimen	9-12	
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No	Ca(OH)2	Specimen	13-16	

	

	

Ca(OH)2	Specimens	1-4	

	

	

Ca(OH)2	Specimens		5-8	
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Ca(OH)2	Specimens		9-12	
	

	
	
	
Ca(OH)2	Specimens		13-16	
	

	
	
	

Specim en # 
9 
10 
11 
12 

	
	
	
	
	

Lo
ad

 [
N

] 
4000 

	
	

3000 
	
	

2000 
	
	

1000 
	
	

0 
0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7      

Extension [mm] 
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