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ABSTRACT 

Background: Traumatic dental injuries and dental caries are the main 

reasons why permanent teeth with immature, thin-walled roots lose their 

vitality and require endodontic treatment. Currently there are three 

endodontic treatment options to treat teeth with irreversibly damaged dental 

pulps and incomplete root formation. These are: pulp preservation, pulp 

regeneration and apical barrier induction with calcium hydroxide (CH) or 

production by placement of calcium silicate materials e.g. Mineral Trioxide 

Aggregate (MTA) in the apical part of the root canal. 

MTA apexification can be undertaken as a one-visit treatment or two-visit 

treatment with a short-term CH pre-medication. The majority of in vitro 

studies on influence of CH on fracture strength showed reduction in the 

mechanical properties of radicular dentine after 5 weeks exposure (Yassen & 

Platt 2013). MTA may increase the resistance to vertical root fracture of 

endodntically treated teeth treated in one-visit (EL-Ma'aita et al. 2014).  

Aim: To test, in vitro, the fracture strength of extracted human teeth restored 

with 5 mm apical plugs of MTA mixed with either water or Ca- and Mg-free 

Phosphate Buffered Saline (PBS), to establish whether these materials 

strengthen the root, and if an initial CH dressing has any effect on the 

fracture strength. 

 Materials and methods: One hundred and eighty freshly extracted human 

permanent single-rooted teeth were used. The crowns of these teeth were 

removed and 10 mm long roots were prepared until a Largo Peeso drill of a 
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in teeth that received pre-treatment with CH; 8) The element diffusion from 

MTA into dentine is possible when MTA is mixed with PBS, even if pre-

treatment with CH was used. When MTA is mixed with water, CH pre-

medication seemed to prevent the element migration to dentine.  
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CHAPTER TWO: LITERATURE REVIEW 

 

2.1. REASONS FOR ENDODONTIC TREATMENT OF IMMATURE TEETH 

 

Traumatic dental injuries (TDI) and dental caries are the main reasons why 

permanent teeth with immature roots lose their vitality. 

In many patients that have suffered dental trauma or caries it is possible, 

through appropriate treatment, to maintain the vitality of the pulp of a tooth. 

Unfortunately, often the damage to the pulp is too serious, or the treatment is 

undertaken too late to preserve vitality of the pulp.  A tooth with an 

irreversibly inflamed or necrotic pulp, appropriately treated, can remain 

clinically functional, often for years. Craniofacial growth, which can continue 

up to the age of 25 years (Heij et al. 2006) can be completed uninterrupted.  

Even if the tooth is lost after this time, more definitive treatment options, such 

as an implant-supported crowns or fixed prostheses are available to the 

patient. 
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The prevalence of TDI has grown to alarming levels and several factors have 

been identified (Glendor  2009)  (Table 2.1) that increase the risk for TDI: 

- Oral (increased overjet with protrusion),  

- Environmental (deprived areas), 

- Behavioural (risk-taking children, children being bullied, emotionally 

stressful conditions, obesity and attention-deficit hyperactivity 

disorder),  

- Other (presence of illness, learning difficulties, physical limitations, 

tongue piercing, amateur sports athletes and inappropriate dental 

habits). 
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2.2.3. Apexification with calcium hydroxide 

 

Apexification (root-end closure), is a method of inducing root-end closure of 

an incompletely formed non-vital permanent tooth, by placement of CH paste 

in the root canal space. 

 CH stimulates the formation of a hard (osteoid or cementoid) tissue barrier 

across the open apical foramen. The main purpose of the hard tissue barrier 

is to prevent overextension of the root filling materials into the apical tissues 

(Mackie et al. 1988). These obturating materials were, until recently, not 

biocompatible. The barrier provides a matrix against which the root filling 

material can be placed, reduces the surface area of the root filling in contact 

with the periapical tissues thereby reducing the exposure of the sealer to the 

tissue fluids. The rate at which the sealer can be dissolved is also reduced 

and provides a better barrier to leakage. 

The exact mechanism of hard tissue formation is not completely understood, 

through its high pH, CH initiates formation of zones of liquefaction and 

coagulation necrosis of the adjacent vital periapical tissues. The necrotic 

layer then calcifies passively (Heithersay 1970), usually as a cementum-like 

structure (Figure 2.1). It is postulated that calcium hydroxide activates 

alkaline phosphatase and stimulates undifferentiated mesenchymal cells to 

differentiate into cementoblasts and osteoblasts, allowing hard tissue 

formation. To optimise success it is important that the CH is placed at the 

apex as a solid barrier. 
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(a) Infected pulp necrosis (NP) plus inflammation (IT) 
in the apical part of the root canal. (b) Dressing with 
calcium hydroxide (CH). (c) Because of its high pH 
effect upon dentine, calcium hydroxide (CH) causes 
the release of a number of wound healing signals 
(growth factors), and for some time, the high pH also 
may prevent bacteria from entering the wound 
healing site. CH induces by its high pH effect apical 
liquefaction (Li) and a coagulation zones (Co) of 
necrosis. (d). The response to the coagulation 
necrosis appears to be recruitment of new hard 
tissue forming cells from the apical tissues, these are 
usually of cementoblastic origin, but may also be 
osteoblasts. During this process, vascular inclusions 
may occur. After 6-18 months, a hard tissue barrier is 
formed. (e) Status after root filling with gutta-percha 
(GP). 

 

 

 

 

 

Figure 2.1. Calcium hydroxide induced apexification changes after pulp necrosis (Bakland & Andreasen 2012). 
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Examiner Number of teeth Healing (%) 

Kerekes et al. (Kerekes et al. 1980) 66 62 (94) 

Vojinovic (Vojinovic 1981) 100 98 (98) 

Mackie et al. (Mackie et al. 1988) 112 108 (96) 

Yates (Yates 1988) 48 37 (77) 

Merglova (Merglova 2001) 33 31 (94) 

Cvek (Cvek 1992) 328 314 (96) 

Total 687 650 (95) 

 

Numbers not parenthesised are actual tooth numbers. Parenthesised numbers are % of 
sample. 
 
Table 2.2. Periapical healing following initial treatment with calcium 
hydroxide and subsequent gutta-percha root filling in teeth with pulp 
necrosis and immature roots (Bakland & Andreasen 2012). 
 

 

The adverse events and long-term effects of CH apexification lacks evidence 

(Rafter 2005). There is not only no clinical evidence that its use may help 

avoid root fracture (Garcia-Godoy & Murray 2012), but the extended use of 

CH in this technique has been linked with an increased risk of cervical root 

fracture (Størmer et al. 1988, Cvek 1992). 

Some debate exists as to whether the CH dressing needs to be replaced and 

if so at what intervals this should be done. There are several protocols used 

for the procedure. Some endodontists believe that the CH is only required to 

initiate the healing reaction and it is sufficient to place the CH dressing once 
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only and wait for radiographic evidence of apexification (Cvek 1972, Chala et 

al. 2011). In such an approach the dressing should be replaced only when 

symptoms develop, or when the dressing has washed out of the apical two-

thirds of the root canal. However, if symptoms do occur then the healing 

process will be delayed because of the presence of infection. The lack of 

contact of the CH with the apical tissues may also delay healing (Yates 

1988). 

Others, (Mackie et al.1988, Mackie et al. 1994, Abbott 1998) prefer to use 

several regular applications of fresh CH. Regular CH dressing replacements 

are recommended (Abbott 1998) to: 

- Maintain a high pH within the root canal to ensure an anti-bacterial 

environment is maintained, 

- Allow regular and sustained delivery of hydroxyl ions to the 

periapical tissues which helps to promote hard tissue repair, 

- Ensure complete contact between the calcium hydroxide and the 

apical tissues, 

- Replace the temporary restorations as they often lose their 

marginal seal, 

- Assess the progress of the barrier formation clinically with paper 

points ideally using a dental operating microscope. The barrier 

forms from the periphery towards the centre and is difficult to 

assess radiographically, 

- Replace the CH paste which washes out of the canal readily, 

especially in the early stages of apexification, 
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- Reduce exposure to unnecessary radiation; radiographs only show 

gross changes so a considerable amount of hard tissue must be 

formed before it is visible on a radiograph, a much longer 

treatment time may be used than is necessary. Radiographs 

cannot be relied upon as they are only a two dimensional view of 

an object. CH pastes have a similar radiopacity to dentine and the 

apical tissue barrier and may be difficult to distinguish on a 

radiograph. 

 

Therefore, CH apexification is a time-consuming treatment, it can take on 

average 5.1 +/- 4.5 months and 2.4 +/- 1.5 visits (Mackie et al. 1988), and up 

to 18 months to reach completion. Whilst several recalls are advised, 

treatment success may be jeopardized if patients fail to attend (Mackie et al. 

1988) or because of a breakdown of the temporary restoration leading to re-

infection of the root canal system. 
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(a) Mineral trioxide aggregate (MTA) induces, by its high 
pH effect upon dentine, a release of wound healing 
signals (growth factors). Subsequent to this a physical 
bond between MTA and dentin provides a barrier against 
bacterial penetration. MTA induces by its high pH effect 
a very narrow zone of coagulation necrosis (Co). Next to 
that zone, a reparative cementum zone is formed. (c) 
Subsequently, the hard tissue barrier is associated with 
formation of normal PDL attachment to the cementum 
layer. 

 

 

 

 

 

 

 

 

 

Figure 2.2. Mineral trioxide aggregate induced apexification changes after pulp necrosis (Bakland & Andreasen 2012). 
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           Numbers not parenthesised are actual tooth numbers. Parenthesised numbers are % of sample. 

 

Table 2.3. Periapical healing following treatment with MTA in teeth with pulp necrosis and immature roots (Bakland & 
Andreasen 2012). 

Examiner No of teeth Healing (%) 

El-Meligy and Avery (El-Meligy & Avery 2006) 15 15 (100) 

Pradhan et al. (Pradhan et al. 2006) 10 10 (100) 

Pace et al. (Pace et al. 2007) 11 10 (91) 

Simon et al.(Simon et al. 2007) 57 46 (81) 

Sarris et al. (Sarris et al. 2008) 17 13 (77) 

Holden et al. (Holden et al. 2008) 20 17 (85) 

Witherspoon et al. (Witherspoon et al. 2008) 116 106 (92) 

Moore et al. (Moore et al. 2011) 22 21 (96) 

Total 268 238 (89) 
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2.2.5. Is a short-term CH dressing necessary prior to MTA obturation? 

 

Felippe et al. (Felippe et al. 2006) showed, using an in vivo model in dogs 

infected immature teeth, that apical calcified barriers were formed in all 

specimens, whether they were obturated immediately with MTA or after 

dressing for 1 week with CH paste. The initial use of CH has been shown to 

be strongly related to the extrusion of MTA and formation of barriers beyond 

the limits of the root canal walls. The authors hypothesized that sodium 

hypochlorite (NaOCl) together with CH dressing could cause necrosis and 

tissue dissolution of the periapical tissues leading to extrusion of the MTA. 

 

In a clinical study, fifty-seven human teeth with open apices received an 

apexification procedure in one appointment with MTA.  At 12 months healing 

occurred in 81% of cases (Simon et al. 2007). 

 

A study comparing 1-vist and 2-visit (with 3-week dressing with CH) MTA 

apexification, showed high success rates after at least 12 months, and no 

difference between the groups (93.5% in 1-visit vs 90.5% in 2-visit group) 

(Witherspoon et al. 2008).They recommended that MTA should be placed in 

one visit. 
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2.3. CALCIUM HYDROXIDE    

 

2.3.1 Chemical and physical properties of calcium hydroxide 

 

Since its introduction in 1920 by Hermann (Hermann 1920), CH has been 

widely used in endodontics because of its antimicrobial, tissue dissolving, 

anti-resorptive and hard tissue-forming properties. For over six decades, it 

has been the main material used for apexification. 

Bacterial invasion of the dental pulp often leads to the need for root canal 

treatment, and as healing of the periapical tissues and the formation of a 

hard tissue barrier will not occur in the presence of bacteria, it is essential to 

eliminate all the microorganisms in the root canal system.  

CH is a white odourless powder with the chemical formula Ca(OH)2. It has 

low solubility in water, which decreases as the temperature rises. CH is used 

to disinfect the root canal and prevent bacterial ingress. 

 

2.3.2. Mode of action of calcium hydroxide 

 

 CH is a strong alkaline substance, with a pH of approximately 12.5. In 

aqueous solution, CH dissociates into calcium (Ca2+) and hydroxyl (OH-) 

ions. Hydroxyl ions are highly oxidant free radicals that show extreme 

reactivity, reacting with several biomolecules.  
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2.3.3. Antimicrobial properties of calcium hydroxide 

 

Several bacterial species commonly found in infected root canals are 

eliminated after a short period when in direct contact with CH. The lethal 

effect of CH on bacterial cells is only observed when the substance is in 

direct contact with bacteria in solution, and the concentration of hydroxyl ions 

is very high (Bystrom et al. 1985). Clinically, this direct contact and high pH 

are not always possible to achieve. pH values have been shown to be 

decreased in the more distant parts of the root canal, and at different depths 

in the dentine because of the buffering capacity of dentine (Tronstad et al. 

1981). 

 The presence of a CH dressing for one week raised the pH of the inner 

dentine to approximately 9.0 (Tronstad et al. 1981, Nerwich et al. 1993).  As 

shown by Padan et al. (Padan et al. 1981) the majority of bacteria grow well 

within the pH range of 6-9, but some Enteroccocci can tolerate pH values of 

9-11. This may be due to the activation of specific proton pumps, specific 

enzymatic and/or buffering devices within the biofilm, or by the production of 

bacterial by-products (Padan et al. 1981). The biofilm type of bacterial 

growth, in which the cells located at the periphery of colonies can protect 

those located more deeply inside the dentinal tubules, may play a role 

(Siqueira Jr & de Uzeda 1996). 

 When Ca2+ comes into contact with carbon dioxide or carbonate ions in 

tissue, calcium carbonate is formed which alters the mineralization process 
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by the overall consumption of Ca2+ ions. Calcium carbonate has neither 

biological nor antibacterial properties (Estrela et al. 1999). 

Kim and Kim in their two-part literature review of the antimicrobial effect of 

CH both in vivo (Kim & Kim 2014) and in vitro (Kim & Kim 2015) studies 

concluded that the antimicrobial effects of CH showed varied and often 

conflicting results. Some studies supported the antimicrobial efficacy of CH, 

whereas others questioned it. They concluded that the addition of vehicles or 

other agents such as chlorhexidine, might contribute to the antimicrobial 

effect of CH. The use of CH as an intracanal medicament represented better 

histological results in animal studies (Table 2.4). However, human clinical 

studies showed limited antimicrobial effects with some microorganisms 

reduced but not eliminated through the treatment, and some species with a 

resistance to CH (Tables 2.5 and 2.6). Most of the clinical outcome studies 

they reviewed supported that there is no improvement in healing of the 

periapical lesions when CH was applied between appointments (Table 2.7). 

. 
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CH = Calcium hydroxide; CMCP = Camphorated paramonochlorophenol; CHX = Chlorhexidine. 

 
 
 
Table 2.4. Animal studies on the antimicrobial effect of CH (Kim & Kim 2015).

Year Researcher Test method 
(animal) 

Major ingredient Period Result 

1983 Stevens & Grossman  Culture (cat) CH solution, slurry, 
Pulpdent, CMCP 

21 day CH solution: ineffective CH 
slurry, Pulpdent: limited effect 

1999 
 

Katebzadeh et al.  Histopathology 
(dog) 

CH 1 wk (sacrificed 6 
mon) 

CH: less inflammation 

2000 Katebzadeh et al.  Radiograph (dog) CH 1 wk (x-ray 6 mon) CH: fewer failed cases more 
improved cases 

2002 
 

Leonardo et al.  Histopathology 
(dog) 

CH + CMCP  30 day: Better results 

2002 Tanomaru Filho et al. Histopathology 
(dog) 

CH + CMCP 15 day (sacrificed 
210 day) 

Better results than immediate 
obturation 

2005 De Rossi et al.  Radiograph (dog) CH + CHX 15 day (x-ray 30, 75 
and 120 day) 

120 day: Reduction of lesion 
size 
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 +/- = the result showed a limited effect; CH = Calcium hydroxide; CP = Camphorated phenol; CMCP = Camphorated paramonochlorophenol;  

             IKI = Iodine potassium iodide; CHX = Chlorhexidine. 

 

Table 2.5. Human clinical studies on the antimicrobial effect of CH by bacterial culture (Kim, Kim 2015). 

Year Researcher Major ingredient Period Effect 

1985 Byström et al.  CH, CP, CMCP 1 mon + 

1985 Safavi et al.  CH, IKI  + 

1991 Sjögren et al.  CH 1 wk + 

1997 Barbosa et al.  CH, CMCP, CHX 1 wk + 

1999 Molander et al.  CH 2 mon +/- 

2000 Shuping et al.  CH 7 - 200 day + 

2002 Peters et al.  CH 1 mon +/- 

2005 Zerella et al.  CH, CHX, CH+CHX 7 - 10 day +/- 

2006 Chu et al.  CH, Ledermix, Septomixine 1 wk +/- 

2006 Oncag et al.  CH, CHX, CH+CHX 2 day +/- 

2007 Manzur et al.  CH, CHX, CH+CHX 1 wk - 

2007 Vianna et al.  CH, CHX, CH+CHX 1 wk - 

2013 Sinha et al.  CH, CHX, CH+CHX 1 wk +/- 
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+/- = the result showed a limited effect; CH =Calcium hydroxide; CP = Camphorated phenol; CMCP = Camphorated paramonochlorophenol; IKI = Iodine 

potassium iodide; CHX = Chlorhexidine. 

 

Table 2.6. Human clinical studies on the antimicrobial effect of CH by molecular methods (Kim & Kim 2015).

Year 
Researcher Major ingredient Period Effect 

2004 Tang et al.  CH, Septomixine 1 wk - 

2005 de Souza et al.  CH 2 wk +/- 

2007 Sakamoto et al.  CH + CMCP 1 wk - 

2007 Siqueira Jr et al.  CH 1 wk - 

2007 Siqueira et al.  CH + CMCP 1 wk + 

2007 Siqueira et al.  CH + CHX 1 wk + 

2010 Rocas et al.  CH + CMCP 1 wk +/- 

2011 Ito et al.  CH + CHX 2 wk +/- 

2011 Rocas et al.  CH, CH + CMCP 1 wk +/- 

2013 Paiva et al.  CH + CHX 1 wk +/- 
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2.3.4. Anti-endotoxin activity of calcium hydroxide 

 

Endotoxins (lipopolysaccharides) are the major constituent of the outer cell 

wall of Gram negative bacteria, mostly Bacteroides species. They are 

secreted in vesicles by growing bacteria and released after bacterial death. 

 Endotoxins have been detected in 100% of primary and secondary 

endodontic infections. They elicit strong immune responses in the 

periradicular tissues. High levels of endotoxin are linked to the severity of 

bone destruction and development of symptoms (Gomes et al. 2012). A 

review of the anti-endotoxin activity of CH demonstrates that CH has ability to 

inactivate bacterial lipopolysaccharides (Mohammadi et al. 2012). 

Marinho et al. (Marinho et al. 2014) demonstrated the effectiveness of the 

chemo-mechanical preparation in the removal of endotoxin from root canals 

of teeth with chronic apical periodontitis. Moreover, in this study the use of 

intracanal medication of CH for 30 days contributed to an improvement in 

endotoxin reduction. 

 

2.3.5. Influence of vehicles on calcium hydroxide properties 

 

A CH paste for use in endodontics is composed of the powder, a vehicle and 

a radiopacifier. Other substances are added to the paste to maintain 

consistency, improve flow and radiopacity and maintain high pH in clinical 

use (Fava & Saunders 1999).  

https://en.wikipedia.org/wiki/Immune_response
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2.3.6. Synergistic effect of calcium hydroxide and sodium hypochlorite 

on tissue dissolution 

 

In wide root canals of immature teeth, some tissue debris may remain after 

initial instrumentation has been carried out. CH can dissolve those tissues 

directly or indirectly, by making pulp tissue more readily dissolved by NaOCl 

(Andersen et al. 1992). CH and NaOCl have been shown to work 

synergistically on pulp tissue dissolution and dentine disinfection (Zehnder et 

al. 2003).     
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water can only be substantially removed by heating at 600°C (Van Der Graaf 

& Ten Bosch 1990).  

 

2.4.2. Mechanical properties of dentine 

 

The main determinant of stiffness in dental hard tissue is the mineral 

concentration in the tissue. During mineralization, when more and more 

mineral component displaces water, the hard tissue becomes stiffer (Currey 

2002). High levels of mineralization result in high values of elastic modulus 

and static strength, while also resulting in more brittle tissue behaviour. The 

toughness and/or increased strain energy is provided by the organic fraction, 

particularly the collagen in dentine. The degree of mineralization of the 

collagen substrate in dentine varies continuously with location, and this 

gradient in the mineralization is believed to optimize the functionality of the 

overall tooth structure. 

The role of the different constituents on the mechanical characteristics of 

dentine is shown in Figure 2.3. 
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Figure 2.3. The role of different constituents on the mechanical integrity 
of structural dentine (Kishen 2006). 

 

2.4.3. Risk factors for root fracture 

 

The causes of fracture of endodontically treated teeth have been extensively 

discussed by Kishen (Kishen 2006), and are summarised in Figure 2.4. The 

risk factors can be classified as iatrogenic and non-iatrogenic. CH dressing, 

MTA and endodontic irrigants can be considered as iatrogenic causes of 

teeth fracture. 
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Figure 2.4. Outline of the causes of fracture in endodontically treated teeth (Kishen 2006).
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attack upon the now exposed collagen fibrils producing dentine erosion in a 

relatively short time. 

Grigoratos et al. (Grigoratos et al. 2001) investigated the effect of NaOCl and 

CH on the flexural strength and modulus of elasticity of dentine bars 

submerges in either NaOCl or CH for 2 hr or 1 week . Their results have 

showed that both NaOCl and CH reduce the flexural strength of dentine. 

NaOCl also reduced the modulus of elasticity of dentine whereas CH did not. 

Sequential use of NaOCl and CH had no additional weakening effect. 
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2.5. CALCIUM HYDROXIDE APEXIFICATION AS A RISK OF ROOT 

FRACTURE 

 

In 1988, a disturbing observation was presented by Størmer et al. (Størmer 

et al. 1988) at a paedodontic meeting in Norway, claiming that 60% of all 

endodontically treated teeth with immature root  formation had cervical 

fractures due to minor impacts, with even some spontaneous fractures. 

Similar findings were published by Cvek in 1992 (Cvek 1992), whose 4-year 

retrospective clinical study reported a cervical root fracture rate of 40% 

amongst 885 luxated, nonvital, immature incisors treated with long-term 

CH intracanal dressing. In comparison, root fractures of permanent teeth are 

uncommon, their incidence ranges from 0.5% to 7.0% for all cases of dental 

trauma (Andreasen et al. 1989). 

 

2.5.1. Effect of calcium hydroxide on dentine 

 

Some (Andreasen et al. 2002, White et al. 2002) have postulated that the 

high pH of CH could lead to neutralization, dissolution and denaturation of 

acidic proteins and other proteoglycans in dentine, which may affect the 

linking of the collagen fibrils to the hydroxyapatite crystals. Others 

(Kawamoto et al. 2008) are of the opinion that the alkalinity of CH might lead 

to the breakdown of the inorganic dentine structure or the denaturing of the 

collagen network, resulting in poorer fracture resistance. Because the 
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ligament was simulated using a layer of wax. The teeth then underwent 

fracture resistance testing. The mean compressive force required to fracture 

teeth at various time periods is presented in Figure 2.5. The study results 

showed that the mean maximum force at fracture was significantly higher in 

the control group at 1, 3, and 6 months. But, interestingly, the mean 

compressive force required to fracture those teeth seemed to increase with 

time in both groups, and more than doubled at 3 months, compared to week 

one. 
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Experimental group- teeth dressed with CH; Control group: empty teeth. *above the bars in 
experimental group and #above the bars in the control group indicate that mean 
compressive force required to fracture was significantly different from the force required in 
comparison with the previous time period. 

Figure 2.5.The mean compressive force required to fracture the 
experimental and control group at various time periods (Zarei et al. 
2013). 

 

2.5.3. Influence of calcium hydroxide vehicle on fracture resistance 

 

It seems that the CH effect on fracture resistance may be influenced by the 

mode of CH delivery. Doyon et al. (Doyon et al. 2005) showed that there 

was no difference in fracture resistance of 1-mm human teeth discs exposed 

to CH solution mixed with saline (USP CH), CH with iodoform (Metapaste) 

and saline at 30 days. After 180 days, the roots of the teeth exposed to 
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aqueous CH showed a significant decrease in peak load at fracture when 

compared to the 30-day groups and the 180-day groups exposed to saline or 

Metapaste.
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2.6. MINERAL TRIOXIDE AGGREGATE 

 

Mineral Trioxide aggregate was developed at Loma Linda University, 

California and first used as a root-end filling material in endodontic surgery 

(Torabinejad et al. 1993). When clinical outcomes and scientific observations 

demonstrated favourable biological responses to the material, other uses of 

the MTA were explored, including perforation repair, treatment of immature 

teeth, obturation of teeth with apices wider than 0.7 mm (Buchanan 2001) 

and pulp capping. 

The original MTA was dark grey in colour and was commercialised in 1998; 

four years later white MTA (WMTA) was introduced. 

 

2.6.1. Chemical properties of MTA  

 

MTA is a mixture of Portland cement and bismuth oxide. It consists of 50-

75% (wt) calcium oxide (lime) and 15-25% (wt) silicon dioxide (silica), and 

bismuth oxide (Bi2O3) which is added for radio-opacity. When these raw 

materials are blended, they produce tricalcium silicate and dicalcium silicate, 

and small amounts of tricalcium aluminate, tertacalcium aluminoferrite 

(absent in the white MTA). Other mineral oxides may also be added to 

improve physical and chemical properties. Calcium sulphate (gypsum) is an 

important determinant of the setting time. 
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White MTA consists mostly of tricalcium silicate, and contains significantly 

lesser amounts of aluminium oxide, magnesium oxide and ferric oxide 

(Table 2.9) (Asgary et al. 2005).  

 

 

Table 2.9. Elemental composition, simple oxides and mineral phases of 
grey MTA (GMTA) and white MTA (WMTA) (Khan et al. 2014). 

 

2.6.2. Hydration of MTA  

 

Hydration of MTA powder results in a colloidal gel that solidifies into a hard 

structure. The manufacturer recommends the use of 0.33 g of water with 1 g 

of ProRoot MTA to achieve an optimum mix of the material. 
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When in contact with tissue fluids and synthetic tissue fluids containing 

phosphate ions (e.g. Ca- and Mg-free phosphate-buffered saline), the 

calcium hydroxide produced as a by-product of cement hydration, first reacts 

to form amorphous calcium phosphate and finally Ca-deficient carbonated 

apatite (Tay et al. 2007) and is deposited on the cement surface. 

Carbonated apatite has the general formula:  

(Ca, Mg, Na)10(PO4HPO4CO3)6(OH)2 (LeGeros 1991) and is also known as 

biologic apatite, and represents the mineral phase of hard tissue (Tay et al. 

2007). 

A reduction in bismuth oxide was noted after the cement hydration. It has 

been suggested that bismuth is replacing silicon in the calcium silicate 

hydrate structure (Camilleri 2008). Bismuth oxide has also been linked to 

tooth discolouration caused by MTA. 

The hydration process can be affected by some restorative materials placed 

in direct contact with MTA (Camilleri 2011). MTA has the ability to set in the 

presence of blood, although it may not harden properly, the surface of the 

MTA showed absence of the acicular crystalline structure formation, and the 

compressive strength of MTA may be affected adversely as a consequence 

(Nekoofar et al. 2010, Kim et al. 2012). 
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2.6.3. Physical properties of MTA 

 

The particle size of MTA is reported as ranging from less than 1 µm to 30 

µm, and may be smaller than the diameter of some dentinal tubules 

(Komabayashi & Spangberg 2008). The authors speculated the smallest 

particles may enter into open dentinal tubules and provide a hydraulic seal, 

this may have a role in the superior sealing ability of MTA. In dye leakage 

investigation comparing white and grey forms of MTA as an apical plug, the 

grey form of MTA showed significantly less leakage (Matt et al. 2004, 

Stefopoulos et al. 2008).  

The pH value of MTA is 10.2 after mixing and rises to 12.5 at 3 hrs 

(Torabinejad et al. 1995a). MTA keeps its high pH for an extended period 

because of the constant release of Ca2+ from the MTA and formation of CH 

(Fridland & Rosado 2003). 

The hydration reaction takes several years to complete, although the cement 

mass will have achieved the final hardening and maximum physical and 

mechanical properties by 28 days (Camilleri 2015).  

The mean hardening time of MTA is 165 ± 5 minutes. The setting time and 

bacteria leakage are adversely influenced when the samples are kept in dry 

conditions and keeping MTA in dry conditions decreases its compressive 

strength (Chogle et al. 2007). Torabinejad and Chivian (Torabinejad & 

Chivian 1999) recommended placing a wet cotton pellet over MTA; it has 



 

51 
 

been shown, that placing a moist cotton pellet for the first 24 hours increases 

the flexularal strength of the material (Walker et al. 2006). 

There are conflicting results regarding the MTA setting expansion and its 

degree of solubility. The water-to-powder ratio might influence the amount of 

solubility. The higher the ratio, the greater the porosity and solubility 

(Fridland & Rosado 2003). The authors concluded that using more water 

would increase Ca2+ release from MTA. 

The compressive and push-out strength of MTA has been shown to increase 

significantly and reach their maximum several days after mixing. In one 

study it was found that values at 3 days were 50 MPa for grey and 45 MPa 

for white MTA. At 28 days the values were higher: 98 MPa for grey MTA and 

86 MPa for white MTA (Islam et al. 2006). This could be explained by the 

fact that the dicalcium silicate hydration rate is slower than that of tricalcium 

silicate (Dammaschke et al. 2005).  

The microhardness of MTA can be influenced by several factors such as: the 

pH value of the environment, the thickness and density of the material, 

humidity, the condensation pressure (Nekoofar et al. 2007), temperature and 

acid etching (Dammaschke et al. 2005, Nekoofar et al. 2007, Parirokh & 

Torabinejad 2010). 
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2.6.4. Influence of pH on MTA properties 

 

The MTA hydration process and both the physical and chemical properties 

of MTA have been shown to be affected by both low- and high-pH 

environment.  

 

Effect of acidic pH on MTA 

 

The quality of crystals was assessed as poor in acidic pH conditions 

compared with an alkaline pH (Lee et al. 2004). MTA had a porous and less 

crystalline microstructure in the acidic environment, which resulted in 

reduced microhardness values (Wang et al. 2015). 

Bismuth may affect CH precipitation after MTA hydration. Bismuth oxide 

dissolves in an acidic environment, therefore, it has been suggested that 

placing MTA in an acidic environment such as inflamed tissues, might result 

in the release of bismuth oxide and decrease the biocompatibility (Camilleri 

2007).  
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amount of unhydrated cement decreased and the surface hardness 

increased. If MTA is exposed to a pH higher than 9.4, adverse effects might 

result such as more porosity and unhydrated structure. They concluded 

surface hardness could be influenced by different alkaline pH values (Figure 

2.6). However, the results of a bacterial leakage study showed that 

pretreatment with CH had no significant effect on the sealing ability of MTA 

as an apical barrier (Hachmeister et al. 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Box plots of the surface microhardness of specimens in 
contact with different pH values.  

Illustraction includes the mean ± standard deviation, minimum and maximum 
amount of microhardness, as well as the variance in each experimental 
group and outliers (Saghiri et al. 2009). 
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2.6.5. Influence of MTA thickness and method of placement on MTA 

 

The condensation force may also affect the strength and hardness of MTA. 

Nekoofar et al. (Nekoofar et al. 2007) showed that the surface hardness 

decreased when more pressure was applied during MTA placement. Greater 

condensation pressure resulted in fewer voids and microchannels. The 

authors hypothesized the reduced compressive strength and surface 

hardness was related to less water uptake that hindered complete MTA 

setting. 

Hand condensation with indirect ultrasonic activation resulted in a denser 

MTA fill compared with hand condensation alone (Yeung et al. 2006). 

A study investigated the bacterial leakage of 1-mm, 2-mm and 3-mm thick 

MTA apical plugs using a polymerase chain reaction technique. It showed no 

significant difference between the groups (de Leimburg et al. 2004).    

Another study showed that at least a 5 mm apical plug, non-ultrasonically 

placed, was required to prevent bacterial leakage for 70 days (Al-Kahtani et 

al. 2005). The addition of indirect ultrasonics during orthograde MTA 

placement significantly improved the seal of 4 mm (Lawley et al. 2004) and 5 

mm (Kim et al. 2009) MTA apical plugs, and was effective at delaying 

bacterial leakage. 
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Table 2.10. Semi quantitative elemental composition (wt%) of MTA, interfacial layer and dentine (Sarkar et al. 2005).

Area Ca Al Si Bi Fe Mg O S C P 

MTA 21.1 2.6 11.8 7.8 7.5 1.4 41.5 1.3 5.0 - 

Interfacial 
layer 

21.5 0.6 3.0 5.6 - 0.1 60.6 - 4.9 3.7 

Dentine 31.7 - - - - 0.4 50.8 - 6.0 11.1 
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 Bioactivity of MTA 

 

Bioactivity is an expression that describes the beneficial effect of a material 

implanted in living tissue. The capacity of the material to interact with the 

living tissue allows the integration of the biomaterial into the environment. In 

vitro bioactivity is measured by the ability to produce carbonated apatite in 

the presence of phosphate-containing fluid (Tay et al. 2007).  

 

Reyes-Carmona et al. (Reyes-Carmona et al. 2009, Reyes-Carmona et al. 

2010a, Reyes-Carmona et al. 2010b) and Dreger et al. (Dreger et al. 2012) 

in a series of articles studied the interfacial layer formed between MTA and 

dentine. 

 Their work confirmed the findings of Sarkar et al. (Sarkar et al. 2005). They 

suggested that the interfacial layer, with tag-like structures entering the 

dentinal tubules was formed as a result of biomineralization (Figure 2.7). 

Ca2+ ions released from the MTA diffused through the dentinal tubules and 

reacted with Ca-free and Mg-free PBS, also known as STF, and produced 

calcium phosphate. Calcium phosphate incorporated other ions and matured 

into carbonated apatite (Figure 2.8).  

Han et al. (Han et al. 2010) undertaken morphological and chemical analysis 

of precipitates of MTA stored in either distilled water or PBS after 1 and 14 

days. They discovered that calcium carbonate and calcium hydroxide were 

formed on the surface of MTA when stored in distilled water, whereas 
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amorphous calcium phosphate crystals were formed on the surface of 

cement immersed in PBS. 

It has also been shown that when MTA was sealed with a wet cotton pellet 

for 72 hours it produced superficial precipitation, occluding or partially 

occluding dentinal tubules, with elemental composition similar to MTA. When 

MTA was stored for 2 months in Ca- and Mg-free PBS, tag-like structures 

containing mainly Ca and P, were found deeper in dentinal tubules (Reyes-

Carmona et al. 2010a). This phenomenon suggested the possibility that the 

precipitated minerals formed the mineralised interfacial layer which produced 

chemical bonding between MTA and dentine, and that this can be 

responsible for the superior sealing ability (biological seal) of MTA, prevent 

marginal leakage (Martin et al. 2007) and MTA root filling displacement 

(Reyes-Carmona et al. 2010a). 

 

The formation of carbonated apatite on the material surface has been 

reported to be the reason for the bioactivity of MTA (Sarkar et al. 2005, 

Bozeman et al. 2006, Tay et al. 2007, Reyes-Carmona et al. 2009). 

 

Hardened MTA, on exposure to moisture was shown to release calcium and 

hydroxyl ions, which could be responsible for its cementogenesis-inducing 

properties (Santos et al. 2005, Fridland & Rosado 2005, Bozeman et al. 

2006, Shie et al. 2009).
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A) High-magnification SEM showing the acicular nature of spherules (original magnification, 8000×). (B) 
EDAX spectrum for precipitates in (A) and semiquantitative chemical composition showing their Ca/P molar 
ratio. (C) Photomicrograph showing petal-like precipitates (original magnification, 1000×) for which (D) 
SEM-EDAX revealed a greater Ca/P molar ratio and lattice substitution of Na and Cl. (E) SEM of compact 
lath-like precipitates (original magnification, 1000×) that demonstrates (F) a Ca/P molar ratio of 1.61 with 
lattice substitution of Na, Cl, and Mg. (G) X-ray diffraction pattern of the calcium phosphate precipitate 
obtained after 2 months of immersion in PBS, revealing the presence of a weakly crystalline apatite. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Morphologic characterization of precipitates formed by MTABIO after 2-month immersion in phosphate-
buffered saline (Reyes-Carmona et al. 2009). 
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Elements Control PBS immersion for 

1 day 7 days 30 days 90 days 

Ca 32.3 (0.3) 36.3 (6.0) 37.1 (6.2) 37.9 (6.4) 40.2 (5.6) 

O 26.8 (0.3) 27.6 (5.9) 28.8 (4.1) 25.2 (1.7) 24.7 (5.0) 

P 26.5 (1.0) 23.0 (3.3) 22.6 (3.2) 23.1 (4.4) 23.1 (3.5) 

C 12.1 (1.0) 8.9 (0.4) 7.1 (1.0) 9.8 (1.4) 7.5 (1.1) 

Si 0.0 1.0 (0.2) 0.8 (0.1) 1.0 (0.7) 1.2 (0.2) 

Ca/P 1.2 (0.1)a 1.6 (0.3)ab 1.7 (0.2)b 1.7 (0.2)b 1.8 (0.2)b 

     Mean (SD), n = 5. Mean values followed by different letters (Ca/P) are significantly different (P < 0.05). 

 

Table 2.11.  Principal composition of the interfacial dentine layer adjacent to MTA (atomic %) (Han & Okiji 2011). 
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2.8. CALCIUM HYDROXIDE VS MTA APEXIFICATION 

 

2.8.1 Treatment outcome studies 

 

In an in vivo study in dog model, a three month treatment with CH or MTA 

resulted in comparable amounts of hard tissue formation, the MTA group 

showed significantly greater consistency and predictability (Shabahang et al. 

1999). 

 

In another in vivo study, human teeth either underwent MTA apexification 

after 7 days of disinfection with CH, or CH apexification and obturation which 

was performed following clinical and radiographic determination of the apical 

stop. The mean time taken for apical biological barrier formation was 3 +/- 

2.9 months for teeth obturated with MTA and 7 +/- 2.5 months for teeth that 

underwent CH apexification The time taken to complete the treatment and 

the biological barrier formation in the MTA group was significantly less than 

that for CH group (P = 0.008) (Pradhan et al. 2006). 

 

A systematic review and meta-analysis comparing apexification with CH and 

MTA based on clinical outcome and apical barrier formation was published in 

2011. Based on two studies, no difference between those treatment 

modalities was reported (Chala et al. 2011).  
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Another study investigated pH changes in teeth filled either with white MTA 

or CH, on simulated resorption cavities prepared at 5 mm and 2 mm from the 

apex. The teeth were sealed coronally and apically and immersed in saline. 

The pH in root surface cavities was measured at 20 minutes, 3 hours, 24 

hours, 1 week, 2 weeks, 3 weeks, and 4 weeks. The pH at 5 mm when 

compared with the 2-mm level was significantly higher for both the MTA and 

CH. At both the 2-mm and 5-mm levels, significant pH changes occurred 

over time in the MTA, and CH.  The authors concluded that the pH was time 

and root level dependant (Hansen et al. 2011).
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2.10. CHAPTER TWO CONCLUSIONS 

 

The primary motivator for researching MTA apexification and its influence on 

the fracture resistance of human teeth is the impact this could have for the 

retention of root canal treated teeth. 

 MTA mixed with water has been shown to have excellent sealing ability, 

biocompatibility and hard tissue-inductive activity when the hydration of the 

material process takes place in the presence of phosphate-containing fluid at 

pH around 7. Notwithstanding this the effects of a change in the pH of human 

dentine, caused by CH pre-treatment before MTA apexification, on the 

fracture resistance of human teeth has not been investigated. There is also 

no study investigating the effect of MTA mixed with PBS on the fracture 

resistance of such teeth and its potential to form a primary monoblock with 

radicular dentine. 

As the presence of calcium hydroxide may weaken human teeth and the 

presence of MTA may bring about hard tissue-inductive activity countering 

this, such effects are worthy of investigation. 

This project will attempt to establish the most appropriate clinical protocol for 

treatment of teeth with wide apices. The importance of the possible 

weakening effect of the long-term use of CH may have on human teeth, and 

its unknown effect on the biological properties of MTA justifies the current 

project. 
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CHAPTER THREE: AIMS AND HYPOTHESES 
 
 

3.1. AIMS OF THE STUDY 

 

The aim of this study is to test, in vitro, the fracture strength of extracted 

human teeth with apical plugs of Mineral Trioxide Aggregate mixed with 

either water or Ca- and Mg-free Phosphate Buffered Saline, and to establish 

whether these materials strengthen the root. An analysis will be made of the 

interface between the material and the tooth structure using a Scanning 

Electron Microscope (SEM) equipped with an Energy Dispersive X-ray 

detector (EDX) to observe potential mineral exchange at this interface. 

 

Research questions 

 

1. Does the placement of MTA in the apical 5 mm of the root canal 

strengthen the root of immature permanent human teeth by bonding 

chemically to the tooth structure? 

2. Does the placement of a disinfecting dressing of calcium hydroxide 

have an adverse effect on the fracture resistance of human teeth filled 

with MTA apical plugs? 

3. Does an apexification with MTA mixed with Ca- and Mg-free 

Phosphate Buffered Saline have the same effect on the fracture 

resistance of immature human teeth as MTA mixed with water? 
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3.2. NULL HYPOTHESES TESTED BY THIS WORK 

 

 

1. Placement of MTA apical plug has no influence on the vertical root 

fracture resistance of immature human teeth. 

 

2. Pre-treatment with a disinfecting dressing of calcium hydroxide does 

not have an adverse effect on the fracture resistance of immature 

human teeth filled with MTA apical plugs. 

 

3. An apexification with MTA mixed with Ca- and Mg-free PBS has the 

same effect on fracture resistance of immature human teeth as 

apexification with MTA mixed with water. 
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CHAPTER FOUR: MATERIALS AND METHODS 

 

4.1. SAMPLE TEETH  

 

4.1.1. Teeth collection 

 

One hundred and eighty extracted single-rooted human teeth were used in 

this study. The collection of teeth was approved by the East of Scotland 

Research Ethics Service (Appendix I) and the Tayside Medical Science 

Centre (Appendix II). The teeth were extracted as part of a consented 

treatment plan, from patients who required tooth removal for some other 

reason, mostly for orthodontic reasons or because of advanced periodontal 

disease. Verbal and written (Appendices III and IV) consent was taken for 

each patient. Teeth were stored in sterile water at room temperature, in a 

locked cabinet in Dundee Dental Hospital and School.  

 

The experimental work in this section used a wide variety of materials, 

instruments and equipment. The details of these are summarised in Table 

4.1. 
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4.1.2. Sample selection 

 

The teeth were examined under magnification for root caries, cracks, 

fractures and root resorption. Only teeth without this were selected for use in 

the study. Thereafter the crown of each suitable tooth was removed by 

separating it from its root with a disc (Skilldenta) at the level of the labial 

cemento-enamel junction. The apical portion of the root was also  

removed in the same way parallel to the cut coronal root surface, leaving a 

10 mm long root. Following this the root canal was instrumented with ISO 

size 08-15 k-files, and the dental pulp was removed. The teeth were 

examined again under a dental operating microscope at 16x magnification to 

exclude any cracks or fractures arising from this procedure. Teeth with 

cracks or fractures, sclerosed canals, more than one root canal, or resorption 

were excluded from the study. 

 

4.1.3. Sample preparation 

 

The root canals of the selected teeth were enlarged to create thin-walled 

samples, resembling immature roots. In order to achieve this the root canal 

space was prepared using nickel-titanium k-files (NiTiFlex®, sizes 08-40 ISO), 

with no lubricant, and rotary nickel-titanium files (ProTaper® Universal) up to 

a  size F5. Largo Peeso drills, sizes 1-5, with a size 5 drill (size 150 ISO) 

introduced 1 mm through the apical root-end were used to complete root 

canal enlargement (Figure 4.1A). During the preparation of each tooth a 

standardised 6 ml of 5.25% NaOcl (Chloraxid®) irrigant was used. After 
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4.1.4. Allocation to experimental and control groups 

 

Prepared and grouped roots were randomly allocated to six experimental 

groups, and three control groups as detailed in Tables 4.3 and 4.4.
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Group name Treatment received 

2/52 CH +MTA(W) 
2 weeks dressing with calcium hydroxide, irrigation with 3 ml of 10% citric acid and 3 
ml of 5.25% sodium hypochlorite,  5 mm MTA (mixed with sterile water) apical plug  

12/52 CH + MTA(W) 
12 weeks dressing with calcium hydroxide, irrigation with 3 ml of 10% citric acid and 
3 ml of 5.25% sodium hypochlorite,  5 mm MTA (mixed with sterile water) apical plug 

MTA(W) 
Irrigation with 3 ml of 10% citric acid and 3 ml of 5.25% sodium hypochlorite,  5 mm 
MTA (mixed with sterile water) apical plug 

2/52 CH +MTA(PBS) 
2 weeks dressing with calcium hydroxide, irrigation with 3 ml of 10% citric acid and 3 
ml of 5.25% sodium hypochlorite,  5 mm MTA (mixed with Ca- and Mg-free 
phosphate buffered saline) apical plug 

12/52 CH + MTA(PBS) 
12 weeks dressing with calcium hydroxide, irrigation with 3 ml of 10% citric acid and 
3 ml of 5.25% sodium hypochlorite,  5 mm MTA (mixed with Ca- and Mg-free 
phosphate buffered saline) apical plug 

MTA(PBS) 
Irrigation with 3 ml of 10% citric acid and 3 ml of 5.25% sodium hypochlorite,  5 mm 
MTA (mixed with Ca- and Mg-free phosphate buffered saline) apical plug 

            
         CH = Calcium hydroxide, MTA = Mineral Trioxide Aggregate, MTA(W) = MTA mixed with water, MTA(PBS )= MTA mixed with phosphate-buffered  
            saline, 2/52 = dressed for two weeks, 12/52 =dressed for 12 weeks. 

   

Table 4.3. The experimental groups and summary of treatment they received.
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                CH = Calcium hydroxide, 2/52 = dressed for two weeks, 12/52 =dressed for 12 weeks. 

 

               

Table 4.4. The control groups and summary of treatment they received.

Group name Treatment received 

IRRIGATION ONLY Irrigation with 3 ml of 10% citric acid and 3 ml of 5.25% sodium hypochlorite 

2/52 CH 2 weeks dressing with calcium hydroxide, irrigation with 3 ml of 10% citric acid and 
3 ml of 5.25% sodium hypochlorite 

12/52 CH 12 weeks dressing with calcium hydroxide, irrigation with 3 ml of 10% citric acid and 
3 ml of 5.25% sodium hypochlorite 
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syringe (MonojectTM). Once completed the root canals were dried with paper 

points before MTA placement. 

White MTA was used to obturate the apical 5 mm of the roots (Figure 4.1B). 

Increments of cement were transferred into the root canal using a disposable 

MTA carrier, and condensed manually using a plugger (B&L Condenser). 

During MTA condensation ultrasonic energy (Satelec P5 Newtron and B&L 

Ultrasonic endodontic tip) was applied to the plugger for 5 seconds. A moist 

cotton pellet was placed over MTA (cotton pellets were soaked in either 

sterile water or PBS, to match the liquid used to mix MTA), and sealed with 

temporary cement (Coltosol® R). The samples were stored for 4 weeks. 

 

4.2.3. Irrigation only group 

 

The samples allocated to this group were initially prepared according to 

paragraph 4.2.2. 

To complete the preparation of the samples in this group the samples were 

further irrigated with 3 ml of CA and 3 ml of NaOCl and dried with paper 

points (Figure 4.1A). The coronal part of the root was sealed with a 2 mm 

layer of the temporary dressing (Coltosol® R). The prepared roots were stored 

for 4 weeks. 
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4.3. FRACTURE RESISTANCE TESTING 

 

4.3.1. Preparation of samples for fracture test 

 

The temporary dressing was removed from the coronal portion of the roots of 

each specimen. To facilitate specimen mounting a line was drawn around the 

circumference of each sample using a pencil, 2 mm from the coronal end of 

the root. Another line was drawn on the coronal surface of the root, 2 mm 

from the palatal / lingual margin (Figure 4.1C). A 2-mm deep grove was cut 

on the palatal / lingual aspect of the coronal root-end using a diamond fissure 

bur (UnoDent FG No.745) in a water-cooled high speed handpiece (Figure 

4.1D).  

 

 

 

 

 

 

 

 

 

 

 

 

 








































































































































































































































































































