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Abstract - Part One  

Effect of Disinfection and Storage Media on 

the Fracture Strength of Human Teeth 

 

Objective 

The aim of this study was to evaluate the effect of disinfection and storage solutions, and 

different time periods on the fracture strength of whole teeth and tooth sections. 

Materials and Method 

One hundred and sixty extracted human teeth were randomly distributed into 16 groups 

(n=10) based on disinfection methods, storage times and tooth types (whole teeth and root 

sections). Teeth samples were measured, and areas calculated. Specimens were then stored in 

groups: Group 1: 10% buffered formalin; Group 2: 0.2% thymol in saline; Group 3: 5.25% 

sodium hypochlorite; Group 4: OHCWA disinfection & storage protocol; Group 5: distilled 

water. Each group had sub-groups which were stored for 14, 90 and 180 days. Group 6 

(control) specimens were frozen in distilled water for 14 days. Specimens were compression 

tested using an Instron Universal testing machine and load at fracture was analyzed for 

statistical significance by comparing three-way interaction of the disinfection solutions, 

storage times and areas of specimens. 

Results 

The sodium hypochlorite group showed significantly lower loads at fracture compared to all 

other storage solutions at corresponding storage times. Distilled water storage for 90 and 180 

days had significantly lower fracture loads compared to all other solutions and time periods, 

except specimens stored in sodium hypochlorite for 14 and 90 days. The area of the specimen 

tested was significantly associated with the load at fracture (P=0.0051). 
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Conclusions 

Sodium hypochlorite storage significantly affected the fracture strength of teeth. Fracture 

resistance of teeth was inversely proportional to the storage time and directly proportional to 

the area of the tooth. 

Keywords 

Disinfection, Storage media, Demineralization, Fracture strength, Biomaterials, Materials 

Science. 
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Abstract - Part Two 

Effect of Calcium Hydroxide Intra-canal Medicament  

on Fracture Strength of Immature and Mature Human Teeth 

 

 

Objective 

The aim of this study was to examine the effect of calcium hydroxide [Ca(OH)2] paste used 

as an intra-canal medicament for 1 month and 12 months, on the force required to fracture 

whole human immature and mature teeth when tested under simulated traumatic forces using 

an impact machine. 

Materials and Method 

One hundred permanent upper central incisor teeth, extracted for periodontal reasons were 

collected and randomly allocated into 10 study groups (n=10). Only teeth that were free of 

caries, cracks, restorations or obvious structural and morphological variations were selected. 

They were disinfected by 14 days immersion in 10% formalin and cleaned using ultrasonic 

instruments. Sixty specimens were prepared to simulate an immature tooth with open apices 

and wide canals, and the remaining 40 specimens were used as mature teeth. The 10 groups 

were: Group 1: Immature (Intact - Control); Group 2: Immature + access cavity; Group 3: 

Immature + access cavity + 1m Ca(OH)2; Group 4: Immature + access cavity + 12m 

Ca(OH)2; Group 5: Immature + no access cavity + 1m Ca(OH)2; Group 6: Immature + no 

access cavity + 12m Ca(OH)2; Group 7: Mature + access cavity + 1m Ca(OH)2; Group 8: 

Mature + access cavity + 12m Ca(OH)2; Group 9: Mature (Intact - Control); and Group 10: 

Mature + access cavity. Specimens were tested using an Izod Impact testing machine, and the 

impact energy required to fracture the specimen was recorded and analyzed for statistical 

significance using an Independent Samples T Test. The results were compared pairwise 
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between groups to evaluate the effects of tooth maturity, access cavity and the presence and 

duration of Ca(OH)2. 

Results 

Mature teeth had the highest fracture resistance compared to immature teeth. Coronal access 

cavities significantly impacted the fracture strength of immature teeth but not mature teeth. 

The presence and duration Ca(OH)2 as a medicament did not significantly  impact the fracture 

strength of mature or immature teeth over 1 month or 12 months. The combined effect of a 

coronal access cavity and Ca(OH)2 medicament was significant for the fracture strength of 

immature teeth at 1 month compared to the immature control group. 

Conclusions 

Fracture strength of teeth increased with maturity. Mature teeth had significantly higher 

fracture strength overall than their immature counterparts. Neither the presence of Ca(OH)2 

nor its duration of use significantly impacted the fracture strength of immature or mature 

teeth. The combined effect of Ca(OH)2 and a coronal access cavity only impacted the fracture 

strength of immature teeth with 1m Ca(OH)2 when compared to intact immature teeth. 

Keywords 

Immature teeth, Impact strength, Ca(OH)2 intra-canal medicament , Coronal access cavity, 

Fracture resistance.
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Chapter One 

Literature Review – Part 1 

 

 

Effects of Disinfection and Storage Media on the Fracture 

Strength of Human Teeth 

Introduction 

Natural tissues of freshly extracted human teeth are the ideal substrate for any in vitro study. 

However, extracted teeth are a biological hazard and a potential source of cross 

contamination, so they need to go through a disinfection protocol before they can be used as 

samples in laboratory studies. The disinfection process can minimise the risk of transmission 

of blood and tissue-borne pathogens before they are stored and until the teeth are tested as 

part of an experiment. As it is a requirement of the disinfection process to confirm sterility, 

the storage solutions used are expected to maintain the specimens’ physico-mechanical and 

composition characteristics as well as prevent cross contamination during the storage period. 

An ideal disinfection method and storage solution should maintain the sterility of the tissues, 

as well as preserve their inherent properties to be used in any in vitro tests to give consistent 

and reproducible outcomes. However, it has been found that current disinfection methods and 

storage solutions used to preserve teeth  may influence their physical and/or compositional 

structure (1, 2). Review of the literature reveals evidence that the current commonly used 

disinfection and storage protocols affect the specimen characteristics to a level that could 

influence and thus reduce the validity of the test results (2, 3). 
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Overall, the methods of sterilizing extracted teeth can be broadly classified into four major 

categories. These categories are:  

1. Liquid chemicals (disinfection and sterilization solutions) 

2. Radiation (gamma rays) 

3. Steam (autoclave) 

4. Gaseous chemicals (ethylene oxide).  

Furthermore, there are more than 15 different storage solutions that are routinely used for the 

storage of extracted teeth or enamel/dentine samples with a wide range of post-disinfection 

storage times. These solutions are glutaraldehyde, ethanol, methanol, formalin, neutral 

buffered formalin, distilled water, distilled water with thymol, phosphate-buffered saline, 

phosphate-buffered saline with thymol, sodium hypochlorite (NaOCl), sodium azide, aqueous 

chloramine, chloramine-t, physiological saline solution, cetylpyridinium chloride, hydrogen 

peroxide and artificial saliva (3, 4). 

 While these solutions disinfect the teeth specimens, they may also  influence the test 

substrate plus the materials being tested if disinfection is done after their placement, thereby 

possibly altering test results (1). Tests involving bond strength (1, 5 – 11), permeability (11 – 

13), optical properties (14) and surface toughness (14 – 17) all have different parameters for 

the specimen being tested, of which some could be critically sensitive to the disinfection 

method/media or storage solution. The effects of disinfection and storage solutions may differ 

for enamel and dentine, the method of sterilization, the duration of exposure and the 

concentration of chemical disinfectants used (2, 3, 6, 14 – 21). 
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The condition and duration of post-disinfection storage is another factor which can influence 

specimen characteristics. Teeth can be stored dry, wet or frozen, and the duration of storage 

could last from a few hours to months or even years. These factors may alter the structural 

and compositional aspects of dental tissues (5, 12, 19). Extracted teeth stored dry can become 

desiccated and brittle - however they can be rehydrated on immersion in distilled water (19). 

Storing teeth in distilled water or normal saline, which could be argued as one of the most 

neutral solutions, can cause gradual surface softening due to dentine mineral dissolution, 

especially with prolonged storage (2, 22, 23). A comparative study by Secilmis et al, on the 

effects of 15 different storage solutions on the mineral content of enamel and dentine 

concluded that there were significant changes to the mineral contents (Ca, K, Na, P) of both 

tissues (2, 3). Freezing the teeth in distilled water soon after extraction is a preferred storage 

method, although it does not disinfect the teeth, since it has been shown to reduce post-

mortem changes in dentine, notably to its mineral and moisture contents (18, 24). The extent 

of these changes can be different in enamel and dentine due to their inherent differences in 

structural composition, especially in prepared specimens (2, 3). 

Sterilization potency 

The primary requisite for an effective disinfection method or storage media is to sterilize and 

prevent cross contamination so that the specimens conform to safety standards. However, it is 

reasonable to expect that the integrity of the dental tissue is as important as the sterility of the 

specimens so that test results are standardised, reproducible and clinically relevant. 

The Centres for Disease Control and Prevention (CDC, USA) recommends autoclaving at 

121°C at 20 psi for 40 minutes or immersion in 10% neutral buffered formalin solution for 2 

weeks for effective disinfection of both internal and external structures of the teeth (25). 

Similar conclusions were derived from studies by Dominici et al. (26) (autoclave at 20psi and 
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121°C for 40 minutes or to immerse specimens in 10% formalin for 7 days), Bhat et al. (27) 

(autoclaved at 115°C and 20psi for 20 min) and Kumar et al. (28) (autoclave at 121°C and 

15psi for 30 minutes at or immersion in 10% formalin for 7 days). 

Sterilizing extracted teeth containing amalgam restorations is recommended to be done by 2 

weeks immersion in 10% formalin, rather than by any form of heat sterilization (including 

autoclaving) due to the potential health hazards from mercury vaporization and exposure 

(25). 

Even though 10% buffered formalin is one of the most commonly used and effective 

solutions for preservation and disinfection of tissue specimens (27), its effects on the 

mechanical properties and compositional structure of teeth are inconclusive (26, 28) 

Formaldehyde, the primary component of formalin, preserves tissues by the cross-linking of 

proteins, glycoproteins, nucleic acids and polysaccharides, forming insoluble methylene 

bridge products. Although the cross-linking fixes the specimen and prevents the degradation 

of tissues after cell death (25), this may be a reason for altered specimen characteristics. 

Formaldehyde is a known carcinogen to humans, and it has to be handled under strict health 

and safety guidelines with proper personal protective equipment and under a fume-hood (13). 

Due to these health hazards, safer alternatives to formalin such as Gigasept PA (Schülke, UK 

- Active ingredient: Peracetic acid) are recommended for sterilization of extracted teeth for 

educational purposes (29). 

Sodium hypochlorite (NaOCl) is another common disinfectant found in dental offices. It is a 

strong oxidizer with a pH value of 11 at 5% concentration. At low concentrations, it is an 

effective anti-microbial agent and dissolves mainly necrotic tissue (0.5% – 1%) whereas at 

higher concentrations it also dissolves vital tissue and bacteria, which makes it the irrigant of 

choice in root canal treatment (17). Dominici et al.(26) studied the disinfection potency of 
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NaOCl at different concentrations (1%, 2,6% and 5.25%) and concluded that 7 days 

immersion did not sterilise teeth specimens effectively. They also reported that the high pH 

inflicted damaging effects on the mechanical properties of enamel and dentine when stored 

beyond 14 days (26).  

Thymol (0.02%) in saline solution is a proven disinfectant agent and is routinely used as the 

only solution for the disinfection and storage of extracted teeth, particularly if the teeth are to 

be stored for extended periods of time (17, 27). Alcohol at 70% concertation was found to be 

a weak disinfectant when teeth were stored for 7 days (30). 

Use of ionizing radiation is an effective method of sterilization. Gamma rays have high 

penetration power to effect reliable sterilization without leaving any residues or imparting 

mechanical changes to the dental tissues, and unlike sterilization by autoclaving or dry heat, it 

is suitable for heat and moisture sensitive substrates (31). White et al. demonstrated in a 

comparative study that sterilization using gamma rays was a reliable method and produced 

less structural changes to dentine, while ethylene oxide, dry heat, and autoclaving caused 

changes to the dentine surface and their optical properties (23). 

Bond strength 

Efficacy tests of bond strengths to enamel and dentine are some of the most common and 

frequently conducted studies in dental research. The numerous studies done to evaluate 

parameters such as shear and tensile bond strengths have had conflicting and/or inconclusive 

results. For this reason, in vitro studies and the clinical success of enamel/dentine bonded 

restorations have poor correlation (7). 

Contrary to what might be thought with enamel being high in inorganic and low in organic 

content, it was significantly affected by disinfection solutions in some in vitro bond strength 

studies. Reena et al. found that orthodontic brackets bonded with Transbond XT (3M Unitek) 
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had significantly lower bond strength values to enamel specimens stored in 10% ethanol 

(6.4MPa) and the highest values were for the group stored in 10% formalin (7.8MPa), with 

both storage media not being recommended. However, optimal values were obtained with 

isotonic saline and distilled water for up to one-month storage (6). 

Retief et al. reported that while the shear bond strengths of bonding agents to dentine for 

teeth stored in physiological saline were significantly higher than those stored in 0.05% 

thymol or 70% ethanol, it was not significantly different from those stored in 10% buffered 

formalin (32). In a study using bovine teeth, Lee et al. concluded that 0.9% saline and 5.25% 

NaOCl storage resulted in significantly lower shear bond strength values when compared to 

teeth stored in 10% formalin (1). Jaffer et al. found that storing bovine teeth dry, in 10% 

formalin or in 70% ethanol were not recommended. Instead, storing teeth in distilled water, 

isotonic saline solution, and 1% chloramine-T had predictable and comparable bond strength 

results (33). 

Considering the different bonding mechanisms and study design, in vitro studies suggest that 

the storage solution may exert varying effects on different bonding systems and a bonding 

system may show different results depending on the storage medium used (8). Cooley et al. 

found that storage of extracted teeth in 10% formalin for several months caused an increase 

in bond strength to dentine compared to storage in 0.9% saline. He attributed this to the 

ability of formalin to penetrate and effectively fix the organic dentine contents, thus 

preserving its compositional structure (9). Therefore, it can be argued that favourable results 

obtained from in vitro tests using teeth stored in 10% formalin can be due to an altered 

dentine substrate and not as a result of the true efficacy of the bonding agent. This contradicts 

the findings of Santana et al. which showed significantly lower microtensile bond strength 

values when teeth were stored in 10% formalin for six months or more (10). Haller et al. 
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found no specific correlation between the storage media and the bonding agents or bonding 

mechanism used in their study, but rather the storage time, storage temperature and non-

standardized scoring criteria were the critical parameters which affected the results (8). Tosun 

et al. concluded that shear bond strength of composite resins to enamel were not affected by 

storage duration, and that distilled water compared to 10% formalin storage had similar 

results after 24 hours and 2 months storage (5). Pashley et al. demonstrated steam autoclave 

and ethylene oxide gas sterilization had little or no significant effect on the shear bond 

strengths of two dentine bonding systems, or on the permeability of the substrates (11). 

In the study by Tosun et al, which compared micro-shear bond strength of resin composite to 

enamel specimens stored in 0.1% thymol, 10% formalin and distilled water for different 

storage times (1 day and 60 days), the lowest bond strength was found with 0.1% thymol 

irrespective of storage times (5). Similar results were observed by Retief et al when testing 

the effects of 70% ethanol and 0.05% thymol storage solutions on dentine bonding (32). 

Haller et al. compared microleakage of five dentine bonding agents on specimens stored for 

3-4 weeks in 1% chloramine T, 70% ethanol, 10% formalin and 0.1% thymol solution. They 

found aqueous 1% chloramine-T solution was the most suitable and 1% thymol was the least 

suitable (8). Use of thymol is generally not indicated in bonding studies due to its known 

inhibitory effects of phenolic compounds on resin polymerisation (32). Likewise, 5.25% 

NaOCl may also affect bonding due to possible residual chlorine (1), even though this issue 

can be remedied by using suitable inactivators, such as sodium thiosulphate. 

Gamma irradiated samples used in bond test studies showed no surface morphology 

alterations under scanning electron micrographs of enamel and dentine test specimens, when 

a dose of up to 25 kGy for 6 hours was used (23). Sperandio et al. studied the effect of 

gamma radiation on shear bond strength and found that radiation did not induce dentine 
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morphological changes (34). Camps and Martin compared dentine permeability and 

functional property effects on bond strength with cryopreservation and steam autoclaving, 

and they found no significant changes (13). 

From these in vitro studies, it is evident that dentine bonding tests have no generally accepted 

experimental parameters. However, variables such as tissue type, disinfection method, 

disinfection solution and concentration, storage time, temperature and scoring criteria are the 

critical factors for specimen characteristics and thereby the test results. Review of the 

literature suggests that current disinfection protocols for use of extracted teeth in in vitro 

studies involving dentine bonding agents may not directly translate to the clinical situation. 

Dehydration 

One of the main concerns from extended storage is dehydration of the dental tissues and the 

resultant effect on strength. The effects of dehydration may differ for enamel and dentine due 

to their inherent differences in structural composition. The organic (40% wt) and moisture 

content (22% Vol) of dentine are very sensitive to storage conditions especially when 

prepared dentine specimens were stored for more than 12 weeks, although no significant 

changes were seen in whole teeth specimens (35). Dehydration of dentine resulted in 

decreased strain at fracture and increased brittleness in the study by Jameson et al. when 

sections of dehydrated dentine bars were tested (20). Moisture and mineral depletion of 

dentine can influence test results in bond strength studies due to the disruption of hybrid layer 

and resin tag formation. However, these physical and dimensional changes due to moisture 

loss were fully reversed with rehydration (18). 

In a study comparing root dentine moisture content when stored in three different solutions 

for time periods ranging between 1-14 days, an increase in dentine moisture in all three 

groups of neutral buffered formalin, sodium azide and distilled water were found, with no 
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significant difference between the groups (18). However, it was recommended to reduce 

storage times, especially when prepared dentine specimens were stored in neutral-buffered 

formalin, to minimize the changes (35). Storage of enamel in 70% ethanol over 1-month also 

had desiccating and demineralizing effects (6, 33). Sterilization by Gamma radiation is 

considered a cold process and does not rely on humidity, temperature or pressure; therefore, it 

causes very little structural or compositional changes (23, 33, 36). 

Permeability 

Permeability of dentine can be susceptible to changes caused by the method of sterilization, 

especially chemical sterilization, as well as the duration of storage. In a study by Goodis et 

al., when teeth were stored in 70% ethanol, 10% formalin and 0.02% thymol, most specimens 

showed increased permeability with time (12). This was possibly due to the leaching out of 

the mineral contents, as was found in other studies (6). Interestingly, dentine specimens 

stored in distilled water with thymol and phosphate-buffered saline with thymol also had 

altered permeability, despite no significant compositional changes being recorded (12). 

Permeability of dentine was unaltered by any significant amount with gamma irradiation 

(23), cryopreservation and steam autoclaving, even though it did cause some structural and 

compositional changes (13). 

Hardness 

The literature shows conflicting results from studies investigating the effects of storage media 

on the surface hardness of extracted teeth specimens (9, 15, 16, 32). Storage in distilled water 

can soften enamel, but not as much as physiological saline. Habelitz et al. recorded a rapid 

and marked decrease in hardness and elastic modulus of dentine and enamel (up to 50%) after 

just two weeks when teeth specimens were stored in deionized water and calcium chloride 



 

16 

 

solution. In contrast, the microhardness remained unaltered when stored in Hanks' balanced 

salt solution (HBSS) for the same duration of time (15). 

In a study comparing the alterations in microhardness of enamel and dentine, Aydin et al. 

concluded that the storage of teeth for two months in de-ionized water, 0.2% glutaraldehyde, 

HBSS, 0.1% NaOCl or 0.1% thymol resulted in no significant changes to both substrates 

(16). They concluded that teeth kept for up to two months in these solutions can be used for 

mechanical in vitro tests, but 12 months storage significantly decreased the microhardness of 

both enamel and dentine. These findings were different from the study by Habelitz et al., who 

reported a progressive decrease in hardness of enamel after storage in deionized water - from 

10% at day 1 to 35% after 14 days (15). However, both studies found similar results with 

HBSS with no significant changes to the mechanical properties of enamel and dentine. The 

effects of HBSS were attributed to its high mineral ion concentration, which is comparable to 

the mineral phases of enamel and dentine (37). The changes to mechanical properties of 

dentine were significant with exposure to NaOCl, which was inversely proportional to the 

time of exposure and concentration due to its organic tissue dissolution and dentin collagen 

deproteination properties (38). 

Autoclaving is not a recommended sterilization method for studies related to dentine 

microhardness. As per the CDC guidelines, autoclaving teeth at 121°C at 20 psi for 40 

minutes desiccated the teeth and altered their mechanical properties to the extent that they 

became brittle. Such teeth could fracture prematurely when used for in vitro experiments 

reducing the validity of the test results, especially when using dentine substrates (29). Dentine 

specimens are recommended to be sterilized by two-weeks immersion in 10% formalin when 

testing for microhardness (25). 
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In an experiment by Slutzky et al, exposure to high concentration NaOCl (6%) caused 

significant changes to dentine microhardness compared to a lower concentration (2.5%) 

which is commonly used as a root canal irrigant (14). Saleh et al. reported similar results 

comparing the effects of 5% NaOCl, 3% hydrogen peroxide and 17% ethylenediamine tetra-

acetic acid (EDTA) root canal irrigants on root dentine microhardness (17), confirming that 

the concentration of NaOCl affected the mechanical properties of radicular dentine. 

Even though some studies have reported no biomechanical changes at standard irradiation 

dosages of 15 and 35 kGy with gamma ray sterilization, other studies have shown progressive 

biological and micro-morphological alterations to hard tissues with cumulative radiation 

doses owing to collagen matrix degradation (34). Dentine showed the appearance of fissures, 

dentinal tubule obliteration, collagen fiber fragmentation plus a progressive decrease in 

micro-hardness after 10, 20, 30, 50 and 60 kGy cumulative doses compared with non-

irradiated dentine, mainly in the middle portion of the tissue. In enamel, the interprismatic 

portion became more evident and thereby increased the superficial micro-hardness (23). 

However, these changes were statistically insignificantly related to enamel and dentine elastic 

modulus or hardness values at radiation doses up to 35kGy (36). 

In summary, there is overwhelming evidence that the methods, concentration and time 

dependent effects of disinfection and storage solutions exist which can cause changes to the 

mechanical, chemical and physical properties of enamel and dentine (2, 3, 14, 15, 17) - as 

summarized in Table 1. However, insufficient evidence exists to determine whether these 

changes are severe enough to cause significant changes to the structural integrity or to affect 

the overall strength of teeth, such as those associated with the caries process, restorative 

dentistry or endodontic procedures. If it does, it is uncertain whether it is common across all 
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the currently used disinfection methods, storage solutions, their concentrations and storage 

durations. Hence, further research is recommended. 

Conclusions 

Appropriate selection of disinfection methods and storage solutions forms a critical part of 

research studies that use dental tissues as specimens, since the function of preserving tissue 

integrity of the specimens is as important as sterility. The effects of some disinfection 

solutions have been shown to diminish the test results, and some tend to greatly enhance them 

– and neither of these findings contribute to the clinical credibility of the test results. 

Formalin 10% can be identified as a recommended disinfection and storage media from many 

research reports. However, because of its toxicity and carcinogenicity, handling of formalin 

should conform to health and safety guidelines. Safer alternatives to formalin and the need 

for further studies to evaluate their effects on dental tissues are required. Autoclaving 

provides effective sterilization, with its application primarily recommended for the quick 

turn-around time for preclinical educational exercises. Gamma radiation is a reliable 

sterilization method for human tissues, but possible risk of radiation exposure, being 

expensive and time consuming can be limiting factors. For in vitro studies involving chemical 

and micro-mechanical interactions between dental materials and dental tissues, storing teeth 

in 1% chloramine-T or 10% formalin are recommended. The recommendations identified 

from this literature review include limiting storage times to a minimum, maintaining 

hydration of the specimens and control of the storage temperature as critical parameters 

which can affect the results of in vitro studies of whole teeth, enamel and/or dentine 

specimens. However, further studies are required to determine which disinfection and storage 

media are best suitable for tests involving fracture studies of dental specimens.  
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The lack of general agreement as to which storage media most influences the biomechanical 

properties of dental tissues continues. Identifying variables that can affect specimen 

characteristics therefore becomes essential and a prerequisite in research studies so that in 

vitro test results can be recognized as being clinically relevant. 
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Chapter One 

Literature Review – Part 2 

 

 

Effect of Calcium Hydroxide Intra-canal Medicament on 

Fracture Strength of Immature Human Teeth  

 

Introduction 

Calcium hydroxide has been the medicament of choice for many restorative and endodontic 

procedures for many decades since its introduction to dentistry by Hermann in 1920 (1). Even 

though numerous studies have been conducted, its exact mode of action is not completely 

understood. It is generally accepted that the high alkalinity is what imparts its bactericidal 

and hard tissue forming abilities. Calcium hydroxide [Ca(OH)2] remains one of the most 

effective medicaments used in pulp capping, root fracture repairs, apexogenesis, apexification 

and as an interim root canal dressing between appointments for root canal treatment (2). 

However, many in vitro studies have recommended against the long-term use of Ca(OH)2 

paste as an intra-canal medicament (ICM) because of its perceived weakening effect on root 

dentine which may make teeth prone to fracture (3), even though clinical and anecdotal 

evidence does not support this. 

It is generally accepted that root canal treated teeth are inherently weaker than intact teeth 

and they are more susceptible to fracture. The primary cause of this predilection has been 

attributed to exposure to the high pH of Ca(OH)2 and its proteolytic root weakening effects, 

rather than due to the loss of tooth structure from trauma, caries, cavity preparation or 

endodontic access cavity preparation (4,5). Immature teeth were found to be even more prone 
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to fractures following a long-term intra-canal dressing with Ca(OH)2 paste as in cases of 

apexification or apexogenesis, rather than due to the thin dentine walls of incompletely 

developed roots (6). 

The concern remains controversial as to whether long-term exposure to Ca(OH)2  weakens 

radicular dentine and leads to root fractures in real-life situations as well as the length of time 

that teeth can be exposed to Ca(OH)2 before any deleterious effects become evident. This is 

mainly due to few true long-term studies on human teeth and arguably flawed study 

methodology employing slow compressive testing of dentine samples, rather than using a 

more clinically realistic impact test on whole teeth specimens. 

To understand the fracture predilection of teeth a brief background of dental anatomy, the 

constituent tissues of teeth and their mechanical properties are required.  

Structure of enamel and dentine 

Human teeth are composed of three mineralised tissues, enclosing the pulp which is an inner 

core of loose connective tissue. While the pulp and the mineralised tissues of dentine and 

cementum have mesenchymal origin, the enamel is derived from the ectoderm. 

Enamel structure 

Human tooth enamel is the hardest and the most mineralized biological tissue. It is 

predominantly made up of highly organized hydroxyapatite crystals (88-90%) that are 

organised into tightly packed bundles known as enamel prisms or rods. Although this 

mineralized compact structure helps it to withstand the forces of mastication and to resist 

shear and impact forces, it has a low tensile strength and a high modulus of elasticity which 

makes it brittle. However, the high modulus of elasticity and the flexible support of the 

underlying dentine layer minimizes the possibility of fracture.  
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The enamel of a tooth has its maximum thickness at the time of eruption of the tooth and it 

gets thinner with use as it does not undergo replacement or repair. The enamel rods are 

aligned perpendicular to the dentino–enamel junction and microscopically appear as a 

‘keyhole-like’ structure with a diameter of approximately 5 μm (7). Structurally, enamel is 

composed of hexagonal prism hydroxyapatite crystals measuring 68-nm length, 26-nm 

diameter and 2-nm thickness, with a central arrangement along the long axis and peripherally 

at 45o to the rods (8). These crystals meet at sharp angles and form a ‘keyhole-like’ 

appearance referred to as the rod sheath. The crystals are protein rich and relatively hypo-

mineralized compared to other areas of the highly mineralized enamel. This alignment of 

fibre apatite crystals and the composite nature of enamel rods gives the anisotropy to the 

mechanical properties of enamel (9). 

Dentine structure 

Dentine forms the bulk of the tooth and it shapes the roots. It also imparts support and 

strength to the enamel from its biomineral matrix ultrastructure.  Unlike bone, human dentine 

does not remodel, although new reparative tissue can form on the pulp side, as a response to 

wear, trauma or injury. As a tissue, the composition of dentine remains unchanged from that 

of a newly erupted tooth to one that has been in function for many years. Thus it can sustain 

cyclic mechanical load successfully for many years in its original form (10). 

The gross composition of dentine is 70% inorganic, 20% organic and 10% water by weight. 

Dentine exists in a three-stage level arrangement that provides its mechanical properties. At 

the basic microstructural level of dentine are the constituent materials: a carbon 

nanocrystalline apatite mineral phase (~ 50% vol) and a type I collagen network (~ 30% vol). 

The collagen fibrils are roughly 50-100 nm in diameter and randomly arranged in a plane 

perpendicular to the direction of dentine formation. In the collagen network the mineral phase 
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is arranged in two sites, the intertubular phase (arranged between the interstices of the fibres) 

and the more predominant intratubular phase (arranged inside the collagen fibril) (11).  

At the intermediate micro-structural level of organization, dentine demonstrates a continuous 

reinforced composite microstructure with the tubules containing their formative odontoblast 

cells, lined by hypermineralized peritubular dentine cuffs forming the cylindrical fibre 

reinforcement and the intertubular dentine forming the matrix. These tubules radiate and 

extend from the dentine-enamel junction to the pulp chamber in coronal dentine, and from the 

cementum-dentine junction to the root canal in the radicular dentine. This regular and 

uniaxial spatial alignment of the tubules plays an important function in the orientation 

dependence of the mechanical properties of dentine (11). 

At the functional level, the properties of dentine are determined by the complex interactions 

of the constituent materials and its microstructure as a homogeneous composite unit. The 

effective properties depend on the tubular density and orientation, plus the density of the 

mineral phase, which imparts dentine its unique characteristic features of stiffness, tensile and 

compressive strength, and fracture toughness (10,12). 

Biomechanical properties of dentine 

Understanding the mechanical properties of dentine forms a basis for predicting its variations 

in the microstructure due to caries, cavity preparation and age changes. This emphasis is due 

to the lack of published data on the mechanical properties and also the lack of proper 

interpretation of physical measurements of failure (13). 

Mechanical Property Indices of Human Teeth 

The mechanical properties of teeth can be explained as a product of its elasticity, hardness, 

viscoelasticity and fracture strength. Elasticity is a term used to describe the elastic modulus 

and is one of the most studied physical properties of teeth. Hardness is a measure of the 
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ability of a solid material to resist elastic deformation (9). Visco-elasticity is used to describe 

materials that exhibit both viscous and elastic features when an external force is applied. The 

fracture mechanical properties of teeth are used to study the strength, fracture toughness and 

fatigue crack growth (9). These indices are the standards for estimating and understanding the 

mechanical properties of natural teeth and they are a guide to developing new restorative 

materials to replace hard tissues of the teeth. 

Elastic Modulus and Hardness 

The elastic modulus of human teeth indicates the ability of enamel and dentine to resist 

elastic deformation. It is a value used to measure the rigidity of a material and is defined as 

the ratio of stress and strain under an elastic state. This value is designated as its Young’s 

modulus (9). 

Hardness is defined as the resistance to indentation and fracture of a material. The most 

widely used method to measure the hardness and elastic modulus of enamel and dentine is the 

nano-indentation technique, which tests both hardness and elastic modulus. This is measured 

in the nano-scale range with the aid of a Berkovich indenter and a spherical indenter or via 

atomic force microscopy. The conical Vickers hardness tester and Knoop hardness indenter 

are used to measure hardness only (11,13). 

Fracture Mechanical Properties of Enamel and Dentine 

Fracture toughness and measurement methods 

Examining fracture toughness and fatigue crack growth rates are the main features in studies 

involving fracture mechanical properties of natural teeth. The fracture toughness is a measure 

of the ability of a material to resist fracture, so that the higher the fracture toughness, the 

higher the fracture stress and critical crack size (9).  
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Mechanical property testing of fracture strength is usually measured by applying a quasistatic 

load to specimens in a three-point or four-point bending test, to detect the crack growth and 

fracture toughness (9,11,13). The data received can then be used to derive the fracture 

resistance - i.e., tensile stress, flexural strength, fracture strength and fracture energy. 

Fracture properties of enamel 

Studies on the fracture mechanical properties primarily focus on the crack resistance and 

crack growth in enamel. The fracture toughness and crack resistance increase externally to 

internally as internal enamel is more resistant to fracture crack and crack growth becomes 

more difficult from outside to inside. Micro-indentation tests have shown that initial cracks 

appear at their weakest part, at the hypocalcified enamel-dentine junction and enamel tuft 

areas in a semicircular shape and grow along the direction of the enamel rod. They measure 

0.6- 0.7MPa and 1.13–3.93 MPa for external and internal enamel respectively, using the 

fracture mechanical method (14). 

Fracture properties of dentine 

The fracture property of dentine is related to its complex microstructure. A complicated 

internal and external toughening mechanism occurs in the process of crack growth. The 

internal toughening mechanism and plastic deformation primarily describes the large amount 

of microcracks at the crack tip, which induces energy dissipation. The external toughening 

mechanism involves the bridging of cracks with unbroken dentine ligaments which causes 

crack deflection and crack bifurcation. These mechanisms can lower the dentine crack tip 

stress and increase the crack growth resistance (15). 

Factors influencing dentine fracture properties include moisture, age changes in dentine and 

indentation direction (16). Hydrated dentine in young permanent teeth has a lower average 

fatigue crack growth than that of dry dentine. The dentinal tubules of young dentine are 
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relatively open and can prevent microcrack growth by crack bridging, crack deflection and 

crack bifurcation by energy dissipation. For normal coronal dentine, studies have reported a 

value of 3.08 MPa with a 10% standard deviation for the intrinsic fracture toughness (17). In 

older dentine specimens, the tubules are more mineral filled and they have a higher 

peritubular dentine content, making the dentine brittle and prone to crack propagation (18). 

Therefore, unlike coronal dentine, root dentine has a higher fracture resistance because of the 

lack of peritubular dentine. The indentation direction also had a major impact on the fatigue 

crack growth exponent, such that the indentation test values were higher at 90o (m=13.3) than 

at 45o (m=11.5) angulations to the dentinal tubules (19). 

Types of studies that have investigated fractures of tooth roots/dentine 

It is traditionally believed that the exposure of dentine to alkaline endodontic medicaments 

and irrigants produces concentration and time dependent collagen depletion leaving an 

unbound mineral-rich and collagen-sparse fracture prone substrate (2,20–26). 

This topic has been systematically reviewed by several researchers to analyse the mechanical 

effects on the elastic modulus, hardness, compressive strength and flexural strength of 

dentine, conducted and tested on a variety of parameters based on the substrate type, 

exposure length and evaluation methods (26–28). 

In a literature review identifying and analysing the studies related to the effects on tooth roots 

of Ca(OH)2 and similar alkaline materials used in dentistry, it was noted that studies have 

used immature lamb or sheep incisors, bovine teeth and human permanent teeth, in sections 

(dentine discs or cylinders) or as whole teeth (21). The Ca(OH)2 formulations included 

saturated solutions in different vehicles (distilled water, saline, glycerine, methyl cellulose) 

and proprietary products containing different concentrations and vehicles. The specimens 

were either immersed in an aqueous solution or a slurry of Ca(OH)2, or a proprietary paste 
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was placed in the root canals and incubated for different time periods ranging from 2 hours 

(25,29,30) to 540 days (31). They were either mounted in plaster or acrylic blocks, and then 

loaded to fracture. 

The tooth preparation methods varied with some cutting an endodontic access cavity using 

dental burs and doing root canal preparation with hand files (K type hand files) or  with 

sequential canal enlargement using Gates Glidden burs from size 1 to 4 (29) or with NiTi 

rotary instruments (25) in human upper central incisors (29), lower incisors (31) or premolar 

teeth (25).  

The testing methods included examining the edge fracture strength of roots (32), 3-point 

testing of dentine beams (22), 4-point flexure strength (33), vertical loading of roots (9), 

multi-angulated stress distribution test of incisor teeth crowns (34), compressive or 

indentation testing of root dentine discs (35) by continuous force application using a 

Universal testing machine (36), the Zwick Machine (Zwick, Ulm, Germany) (37) or an 

Instron machine (Instron, High Wycombe, UK) (24,26,38,39) with cross head speeds ranging 

from 1mm/min to 5mm/min.  

Use of calcium hydroxide as an intracanal medicament 

The microbial aetiology of pulp and periapical pathosis is well established (40-42). 

Consequently, the elimination of bacteria and their toxins from the root canal system forms a 

major objective of endodontic treatment. This is achieved by a combination of mechanical 

instrumentation, irrigating solutions and inter-appointment antibacterial root canal 

medicaments.  

Mechanical preparation and irrigation with antibacterial solutions cannot reach every part of 

the root canal system, especially in roots with complex anatomy. The limited mechanical 

cleaning along with only relatively brief exposure to irrigating solutions during a treatment 
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appointment does not ensure complete disinfection of the canals or prevent bacterial regrowth 

between appointments (40,41).  

The use of Ca(OH)2  as an intracanal medicament in the treatment of pulpless and infected 

teeth with associated pathosis has been extensively researched and illustrated in in vivo 

studies (42). Ca(OH)2 is routinely used as an intra-canal medicament between root canal 

treatment appointments (41), as well as for apexogenesis, apexification (43,44), management 

of root resorption defects, plus direct and indirect pulp-capping procedures (2,45).  

The anti-bacterial action of Ca(OH)2 is explained by 1) an autocatalytic chain reaction of lipid 

peroxidation of the bacterial cytoplasmic membrane, 2) disruption of cellular metabolism by 

inactivation of biological enzymatic activities 3) damage to the bacterial DNA (2), and 4) 

inactivation of bacterial lipopolysccharide (LPS) (46). 

The mechanism involved in the anti-bacterial action of Ca(OH)2  is mainly attributed to its 

high pH from its hydrolysis into calcium (Ca+) and hydroxyl (OH-) ions when in an aqueous 

solution. The high alkalinity of Ca(OH)2 can promote osteogenic healing and repair, has a 

buffering action on acidic inflammatory media, and also has strong antibacterial effects as 

most microorganisms cannot survive at pH 9.5 and only a few would survive at pH 11 or 

higher (42,47). Intracanal medication with Ca(OH)2 has also been shown to hydrolyse and 

inactivate bacterial endotoxins, thus reducing LPS induced periapical inflammation (46). 

Some studies have also shown its effectiveness against the more resistant bacterial strains 

such as E. faecalis  when contact times of not less than 14 days were maintained, and in 

combinations with chlorhexidine and camphorated paramonochlorophenol (41). The necrotic 

pulp-dissolving effect of Ca(OH)2  has also been reported by denaturation and hydrolysis 

(38). In addition, Ca(OH)2 has the ability to absorb CO2 in the root canal system, thereby 

disrupting bacterial colonies of their nutritional inter-relationships (2). However, its alkalinity 
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alone cannot be attributed to these effects as other materials of comparable pH have failed to 

produce similar results (47). 

When Ca(OH)2  is used as an intracanal medicament, the hydroxyl (OH-) ions diffuse through 

the dentinal tubules, which is primarily dictated by the permeability of the circumpulpal 

dentine. In 2-3 weeks, the entire thickness of the root dentine can be saturated with OH- ions 

and the outer root surface can have a raised pH, a major aspect of its intracanal antibacterial 

ability (2), although its ability to eliminate bacteria inside the dentinal tubules is limited by 

the effects of dentine buffering (48). Apart from the duration of contact, the Ca(OH)2 

formulation and the surface tension of the solvent vehicle can also influence the 

concentration of available free radicals and their diffusion through dentine (49). 

One of the limitations of Ca(OH)2 as an intracanal medicament is its inability to destroy the 

Enterococci species of bacteria, which are frequently associated with infections of previously 

root-filled teeth (2,50). E.faecalis is highly resistant to intracanal medicaments and can 

survive alkalinity of up to pH 11.1, but not of pH 11.5, which occurs on continued presence 

of Ca(OH)2 in the root canal system (51). Ca(OH)2 has low solubility in water, and this serves 

as a good quality for its clinical applications which require prolonged presence in the root 

canals. In the presence of tissue fluids, Ca(OH)2  can be dissolved at a faster rate, so paste 

forms of Ca(OH)2  require frequent replacement in long term treatment procedures such as 

apexification (11). 

Osteogenic potential of Calcium Hydroxide 

One of the challenges in endodontics is the management of immature, necrotic or pulpless, 

permanent teeth, due to their thin dentine walls, large canal size and wide-open apical 

foramina. These types of teeth are more susceptible to fracture from functional stresses, 

especially those applied to the cervical part of the tooth. 
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 The aims of management of such teeth are the healing of the periapical pathosis, control of 

root resorption and being able to adequately fill the root canal(s) without extruding materials 

into the periapical tissues, which may result in early post-operative symptoms or a foreign 

body reaction. 

Apexification is the induction of a natural calcific barrier across the open apical foramen of a 

pulpless tooth by a non-surgical approach. The use of Ca(OH)2  for apexification was first 

introduced by both Heithersay and Frank in 1974 (42,52) and it is still considered as the gold 

standard because of the predictable and efficient results without any adverse periapical 

reactions (53). 

The anti-bacterial capability of Ca(OH)2  caused by its high pH neutralises bacteria and their 

toxins, promotes periapical healing as well as inducing formation of a calcific barrier by 

activating alkaline phosphatase enzymes and increasing the activity of calcium dependent 

pyrophosphatase enzymes (54). The calcific barrier formed will then facilitate placement and 

confinement of a permanent root canal filling and a consequent coronal restoration (43). 

Calcium hydroxide apexification is a predictable and efficient procedure as demonstrated by 

several researchers through long-term clinical studies with success rates ranging between 74–

100% for apical closure (55). Endodontic retreatment of teeth after calcium hydroxide 

apexification is also simple, as gutta percha root filling can be removed with the usual 

solvents and files. However, this procedure has some inherent limitations that include 

treatment time inconsistencies, which primarily depended on the size of the apical foramen. 

An apical foramen up to 2mm wide took an average of just over 6 months and wider foramen 

more than 2mm took up to 11 months for closure. This prolonged treatment completion time 

often left the tooth without a permanent corono-radicular restoration for a long duration, 

which predisposed the tooth to risks of reinfection and further traumatic injuries (53). 
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Apical barrier techniques 

Mineral Trioxide Aggregate (MTA) was first introduced by Torabinejad in 1993 for its 

ability to stimulate cytokine release from bone cells which promote hard tissue formation and 

regeneration (56). This material is biocompatible, antimicrobial, has no cytotoxicity, prevents 

bacterial penetration and is effective even in a moist environment (57–59), when used in pulp 

capping, root perforation repair and apical closure. It has the advantage of providing an 

immediate artificial apical barrier that allows root canal filling without extrusion of filling 

materials into the periapical tissues (56). The use of MTA as an apical barrier significantly 

reduced treatment time compared to apexification with Ca(OH)2. Also, formation of lamina 

dura around the root apices was significantly faster with MTA. However, its long setting time 

(2 hours 45 minutes), hygroscopic setting reaction, limiting the material within the confines 

of the root, and possible tooth discoloration are some of the disadvantages of using MTA. 

Unlike Ca(OH)2, periapically extruded MTA (by >1mm) can cause early post-operative 

tenderness from periapical irritation or foreign body reaction, but in the long term it showed 

no interference to healing or continued symptoms (60). Also, when a potential requirement 

for an endodontic retreatment arises, these hard apical or cervical barrier treatment could 

prove to be a clinical challenge to remove without risking damage to the tooth. Overall, the 

two interventions had no perceivable difference regarding treatment success and apical 

barrier formation, and either Ca(OH)2 or MTA are recommended for the apexification of 

immature teeth (61). 

Newer materials for apexification 

In the continued search for improved materials, Biodentine (Septodont, St Maur des Fosses, 

France) was introduced in 2009. This material can be used as a dentine substitute in coronal 

restorations, pulp capping, pulpotomies, root perforation repairs, apexification procedures 

and as a retrograde root canal filling (62). Chemically, it is composed of tricalcium silicate, 
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calcium carbonate, and zirconium oxide that are mixed with water. Biodentine possesses 

good handling characteristics because of its excellent viscosity with a short setting time of 12 

minutes. It has acceptable mechanical and bioactive properties. Tooth discoloration was not a 

complication with intracanal use of Biodentine, but visualising its presence in radiographs 

was difficult due its low radiopacity (63,64) and so this is a possible disadvantage of the 

material (65,66). 

Revascularisation and repair 

Attempts to revascularize and repair immature teeth with infected and/or necrosed pulp had 

shown predictable periapical healing but limited clinical evidence to demonstrate formation 

of a true pulp-dentine complex, continued root development and a predictable long term 

treatment outcome (67). Kahler et al. examined the effects of regenerative endodontic 

procedures on 16 teeth diagnosed with necrosed pulps. Although the study had a 90.3% 

resolution of periapical radiolucency at 18-month reviews, apical closure (19.4%), changes in 

root maturation in terms of root length (-2.7% - 25.3%) and root dentine thickness (-1.9% - 

72.6%)  showed great variance (68). One study quantitatively analysed root development (in 

terms of root length and thickness), although they claimed an average 5% increase in root 

length and 21 % increase in dentine thickness, the results were only apparent on a computer 

software (69). Actual root growth does not occur either in the revascularize and repair 

processes nor in apexification with Ca(OH)2 or MTA, but radiographic appearance may give 

the impression of a calcific mass.  Also, radiographs could only show evidence of peri-

radicular bone healing but not the type of hard (bone, dentine or cementum) or soft tissues 

(pulp, connective tissue, or fibrous tissue) that formed in the root canals. Histologic findings 

of tissue response to repair procedures in animals have identified tissues and cells that look 

like connective tissue and fibroblasts cells - forming bone-like, dentine-like and cementum-

like tissues, suggesting resemblance but not replication of these tissues (70, 71).  So, it is 
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unlikely that such repaired teeth will have the same micromechanical properties of intact 

teeth with normal dentine.   

In the absence of a clear understanding of the indications for repair procedures or a standard 

treatment method, the repair treatment cannot be validated to be a superior method to 

apexification and apical barrier techniques (71).  

Attempts to reinforce teeth 

When normal tooth development is impaired due to pulp disease at an early age (e.g. due to 

caries, trauma, or developmental defects), there have been attempts to reinforce immature 

teeth from within the root canal using posts, resin cements and bonded root filling techniques 

after endodontic treatment. These treatment methods have often shown mixed results. 

Although, most in vitro studies have claimed root canal filling with adhesive materials, 

combined with fiber-glass posts can improve fracture resistance and stress distribution of 

immature teeth due to its comparable elastic modulus to dentine, their clinical outcomes have 

been less promising. This may be due to the technique sensitive bonding procedures to root 

dentine in a clinical scenario resulting in low bond-strength values (72,73). Similarly, non-

adhesive materials such as MTA and metal posts cemented with conventional cements (such 

as zinc phosphate), have demonstrated no significant increase in fracture resistance as the 

stress concentration on the weakened root occurred along the root surface at the cervical and 

middle thirds rather than along its ‘neutral axis’, which validates the results of studies of 

fracture resistance and modes of fractures (74).  

The complete filling of the root canal with MTA showed marginally enhanced resistance to 

fracture compared to those filled with conventional gutta percha, as MTA was thought to 

induce the expression of TIMP‐2 and thereby possibly prevent destruction of the collagen 

matrix (26). However, its clinical relevance remains questionable, and the same as that with 
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bonded-fiber posts that reinforce tooth structure from within the root canal in in vitro studies 

(73). Thus, it seems that the most important factor determining the strength of the tooth is the 

amount of remaining root dentine and the load required to fracture the tooth is greater with 

increased dentine thickness.  

Cvek’s study on root fractures after Ca(OH)2 intracanal medication 

Most of the studies testing the effects of Ca(OH)2 on root dentine have been based on the two 

pioneering research studies by Cvek (75) and Andreasen et al (38,50). A closer analysis of 

these papers on the treatment of traumatized pulpless immature incisor teeth with Ca(OH)2  

apexification will demonstrate a few debatable issues. 

Cvek observed an increased incidence of cervical root fractures associated with immature 

maxillary incisor teeth treated with Ca(OH)2. The study evaluated 885 subluxated and luxated 

pulpless immature maxillary incisors (784 central incisors and 101 lateral incisors), of which 

296 were subluxated and 589 luxated (including 52 that were intrusively luxated). The teeth 

were treated with a saline-based Ca(OH)2  (Calsept, Scania Dental, Knivsta, Sweden), which 

was replenished every 3 – 6 months for a mean time period of 24 months. They were then 

root filled with laterally condensed gutta percha when periodontal healing and an apical hard 

tissue barrier were seen radiographically and by clinical probing, although the degree of 

repair of any inflammatory resorptive lesions was not reported. The teeth were then followed 

up every 6 months for up to 4 years.  

Root fractures were noted in some teeth in the cervical, middle and the apical thirds of the 

roots, caused mostly by a subsequent injury. The apical and middle third fractures were 

excluded from the study results and of the 168 teeth with cervical fractures, 103 teeth 

happened during Ca(OH)2  treatment and 65 after being root filled. Fractures during normal 
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chewing and biting were recorded in 69 cases between 3 months and 6 years of treatment. 

The remaining 99 teeth fractured as a result of a further traumatic injury. 

Cvek concluded that there was a strong relationship between the stage of root development 

and the incidence of fracture. Fractures occurred significantly more in the immature tooth 

group than in the mature tooth group (P<0.0001). In addition, within the immature group, the 

more immature teeth had higher fracture incidences (77% compared to 28%). In 61% of the 

immature teeth, external resorptive defects were involved in the fracture line, suggesting they 

significantly reduced the fracture resistance (P<0.0001), similar to what was observed in the 

mature teeth with resorption.  

Therefore, the reduced amount of root dentine in an immature tooth, along with the loss of 

further dentine in the resorptive defects, the possible non-standardized instrumentation 

techniques and the incidence of severe and subsequent trauma can be the combined and valid 

reasons for premature tooth fracture. This necessitates the need to re-evaluate the association 

of long-term Ca(OH)2  intracanal medicament as a sole predisposing factor to cervical root 

fractures.  

Unfortunately, Cvek’s study has often been mis-interpreted with many authors claiming the 

fractures were a result of the long-term use of Ca(OH)2  as a medicament, despite there being 

no evidence presented by Cvek to show this. In contrast, Cvek clearly showed that the 

fractures were related to the amount of remaining tooth structure. 

Andreasen’s study on the effect of Ca(OH)2  on sheep teeth  

In 2002, Andreasen et al (38) examined the effect of Ca(OH)2  on radicular dentine and 

concluded that the long-term use of Ca(OH)2  as an intracanal medicament weakened the root 

structure.   
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The mechanism by which dentine was weakened was explained by the changes due to 

disruption of the link between the collagen network and the hydroxyapatite crystals in the 

dentine organic matrix as a result of neutralization, dissolution or denaturing of the acid 

proteins and proteoglycans. This process was thought to have sufficient impact on the dentine 

strength that an association of frequent cervical fracture of immature teeth treated with 

Ca(OH)2  and gutta percha, was established. 

The study used sheep mandibular incisors with immature roots that were disinfected with 1% 

chloramine-T. They were grouped (n=10) according to storage periods (0.5, 1, 2, 3, 6, 9 and 

12 months) and immersed in saline that was replaced every week after the root canals were 

filled with Ca(OH)2  and plugged apically with zinc oxide-eugenol cement (IRM).  These 

groups were compared against a control group which had saline in the roots (replaced every 

week) and an IRM apical plug and stored in saline for 2 months. Teeth samples were 

mounted in plaster and fracture tested using an Instron testing machine with a spade shaped 

tip pointed at the incisal enamel edge with a crosshead speed of 1mm/1min. 

The results of this in vitro study implied that the increased fracture predilection of human 

immature tooth in real life was a direct result of long-term Ca(OH)2  medication, while 

overlooking other possible contributing factors, (such as dentine mineral dissolution from 

extended  saline storage or bio-variability of specimens). The foremost being that the clinical 

scenario on which the conclusions were applied was not comparable, as the samples were  

non-human and the use of continuous loading rather than a more representative impact injury. 

It is known from the study by Cai et al.  (76), that the pH from Ca(OH)2  medication reaches 

its peak at 1 week (time to maximum pH) in inner dentine and 4 weeks in outer dentine and 

tapers down with time if the Ca(OH)2  is not replenished, so a continued denaturing  or 

proteolytic effect on the dentine structure and a resultant progressive decrease in mechanical 
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properties is unlikely to occur as perceived in the Andreasen et al. study (38).  The saline 

storage of teeth specimens over a long period can itself be a contributing factor in the 

progressive and time dependent reduction in mechanical properties of enamel and dentine 

from mineral dissolution (77,78).  

Other studies that have investigated whether Ca(OH)2 weakens teeth or not 

While most of the studies have had similar results on the perceived deleterious effects on the 

physical properties of root dentine from the high alkalinity of Ca(OH)2  from long and short 

term treatment (25,30,31,38,39,79), a few recent in vitro studies have had different 

observations. They have found no significant differences in fracture strength between 

Ca(OH)2  treated sheep incisor roots compared to untreated control groups at the 2-month 

time period (26) as well as over a 6-month period (80). Another more recent in vitro study 

has verified these findings by showing no significant differences in the fracture strength of 

Ca(OH)2  treated immature lamb incisors over a longer 9-month period compared to a saline 

control group (81).  

Two retrospective clinical studies investigating the relevance of root fractures in immature 

teeth following Ca(OH)2 apexification and root canal filling for a period of more than 12 

months (75,82) reported a 40% and 32% incidence of fracture, respectively. However, teeth 

with completed root development demonstrated only a 2% incidence of cervical root fracture 

as opposed to a 77% incidence of fracture where root development was less than 50% 

complete.  Similarly, only 34% of teeth without a healed cervical resorptive defect fractured.  

In an analysis of long-term complications after apexification, secondary trauma was one of 

the major contributing factors in 85% of cases for cervical root fractures, and not factors such 

as restoration type, root canal filling technique, stage of root development or the presence of 

cervical resorptive defects (83). 
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Methodology flaws 

Traditionally, fracture studies on teeth specimens, in whole and/or in sections, have been 

done using low impact or continuous force universal testing machines, such as the Instron, 

Chang Chun, Hounsfield or Lloyds mechanical testing machines. These machines use a cross 

head speed ranging from 0.5mm/min to 500mm/min to load the specimens, but this does not 

mimic functional forces or a traumatic blow to a tooth as happens in real life situations. Also, 

compressive tests using bovine or ovine teeth, especially when root sections have been 

immersed in solutions of Ca(OH)2  over different time periods cannot be considered to be 

entirely clinically relevant.  

The variations with anatomic teeth samples, such as their lack of homogeneity in shape and 

size of crowns and roots is yet another important factor to consider. These inherent variations 

are even greater when human, ovine and bovine teeth of different dimensions and cross-

sectional profiles are compared. Additionally, the effects of storage media on the mechanical 

properties were not considered in most studies, which can significantly contribute to the 

premature failures in fracture studies (25). Longer periods of storage irrespective of the 

disinfection solution had damaging effects on the structural and physical properties of enamel 

and dentine. Also, the area or size of the specimen tested can influence fracture load 

(P=0.0051), such that an increase in area corresponded to an increase in the load required to 

fracture the tooth or root specimen (6).  

The exact mechanism by which teeth become more susceptible to fracture remains 

incompletely understood and is not reflected in clinical treatment outcome studies. Most of 

the in vitro studies testing the mechanical properties of Ca(OH)2  treated radicular dentine 

have been done either on standardized root sections or discs of dentine and not on the whole 

tooth. These tests have been undertaken using micro-tensile fracture methods under 
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continuously increasing compressive forces that load the specimen to fracture. Such 

methodologies do not simulate real life situations and can be argued to be a major cause of 

variation from clinical reality. It may be more likely that apexification cases with the rare 

clinical occurrence of spontaneous root fractures or fractures associated with further trauma 

are a result of the lack of tooth structure rather than any effect of the medicament. Recent and 

appropriately designed studies show no weakening of teeth over time, unlike what was seen 

in earlier in vitro studies (80,81) .  

Any deleterious effects of Ca(OH)2, short or long term, are a clinical concern due to the 

potential for root fracture, which could lead to tooth loss. It is evident from the multitude of 

research findings that a conclusive clinically relevant methodology has not yet been 

established to analyse this anomaly. The contradictions between in vivo and in vitro findings 

are suggestive of this and makes it evident that other contributing factors may be involved. 

Therefore, a more realistic approach will be to use simulated functional or impact force, 

directed at clinically relevant angulations using whole human teeth specimens.  

The combined effects of chemo-mechanical preparation and irrigating solutions are well 

documented. Tooth substance removal, be it gross removal (as in cavity preparation for 

restorative work, endodontic access cavity preparation or even mineral dissolution from 

irrigation solutions) can result in removal  of tooth structure (27,28). Though tooth removal 

during restorative or endodontic access cavity preparation in mature teeth do not significantly 

impact fracture strength (84,85), their impact on an immature teeth with thin radicular dentine 

especially in the cervical region, can be catastrophic to a subsequent impact force.  

In a paper on the effects of NaOCl on dentine as used in endodontics (86), the authors 

examined the current understanding of the deleterious effect of NaOCl on dentine, such as 

possible post-treatment root fractures. A closer visualization of the dentine substrate using 
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transmission electron microscopy revealed 25-35 µm deep and non-uniform collagen 

destruction on the surface and sub-surface when treated with 8% NaOCl for an experimental 

4-hour contact time. NaOCl is ideally used at a concentration of 0.5% to 2.5% for its anti-

bacterial properties, and arguably at higher concentration of up to 5.25% when used for 

dissolving pulp tissues (20). Although this can be considered as a limiting factor of the study 

and not a parameter consistent with the use of NaOCl in clinical endodontic practice, the 

study provided a better understanding of the nature and extent of the deleterious effects of 

NaOCl. 

Considering these and other studies on the effects of similar alkaline endodontic irrigants and 

medicaments on the micromechanical properties of dentine, a further review of the evidence 

is necessary. 

Impact test for fracture studies 

A simulated acute dental traumatic event may yield an entirely different amount of force to 

fracture and a different mode of fracture than with compressive or fatigue forces from slow, 

continuous or cyclic loading applied in vitro. An impact force directed at an angle of 130-

135° to the long axis of the tooth from the lingual/palatal aspect would serve to simulate 

forces that might cause a fracture in vivo of a maxillary anterior tooth in function, whilst an 

impact blow at 90 - 100° to the facial surface will simulate a typical external force from a 

traumatic incident. A possible approach to this would be to use an impact testing machine 

(such as the Izod machine), which may more closely simulate the forces that occur during 

function or a traumatic event. Not many studies have tested the fracture strength of teeth with 

an impact tester. The only studies found in the literature were related to impact testing of 

teeth after crown fragment reattachment by bonding (87) or studies testing dental materials 
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(88). However, no studies have tested fracture strength of teeth in a simulated traumatic 

injury.
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Conclusion 

A careful review of literature and comparisons of earlier and recent in vitro studies shows 

conflicting findings on the perceived deleterious effects of Ca(OH)2 ICM on the fracture 

strength of teeth, especially in immature teeth. There is a distinct lack of high‐quality and 

well‐designed fracture test studies employing human teeth specimens under impact forces. 

Most studies have employed similar methodologies and invariably demonstrated a similar 

type of inference. To recommend such  in vitro test results based on non-human specimens, 

that are fracture tested under a continuous load, overlooking other possible contributing 

factors, poorly translates into providing any clinical relevance. 
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Chapter Two 

Part One Study Manuscript 

 

 

Effect of Disinfection and Storage Media on the Fracture 

Strength of Human Teeth 

Abstract 

Objective 

The aim of this study was to evaluate the effect of disinfection and storage solutions, and 

different time periods on the fracture strength of whole teeth and tooth sections. 

Materials and Method 

One hundred and sixty extracted human teeth were randomly distributed into 16 groups 

(n=10) based on disinfection methods, storage times and tooth types (whole teeth and root 

sections). Teeth samples were measured, and areas calculated. Specimens were then stored 

in groups: Group 1: 10% buffered formalin; Group 2: 0.2% thymol in saline; Group 3: 

5.25% sodium hypochlorite; Group 4: OHCWA disinfection & storage protocol; Group 5: 

distilled water. Each group had sub-groups which were stored for 14, 90 and 180 days. 

Group 6 (control) specimens were frozen in distilled water for 14 days. Specimens were 

compression tested using an Instron Universal testing machine and load at fracture was 

analyzed for statistical significance by comparing three-way interaction of the disinfection 

solutions, storage times and areas of specimens. 

Results 

The sodium hypochlorite group showed significantly lower loads at fracture compared to all 

other storage solutions at corresponding storage times. Distilled water storage for 90 and 



 

64 

 

180 days had significantly lower fracture loads compared to all other solutions and time 

periods, except specimens stored in sodium hypochlorite for 14 and 90 days. The area of the 

specimen tested was significantly associated with the load at fracture (P=0.0051). 

Conclusions 

Sodium hypochlorite storage significantly affected the fracture strength of teeth. Fracture 

resistance of teeth was inversely proportional to the storage time and directly proportional to 

the area of the tooth. 

Keywords 

Disinfection, Storage media, Demineralization, Fracture strength, Biomaterials, Materials 

Science.
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Introduction 

Extracted teeth are ideal for in vitro studies but they need to be disinfected before use. 

Although most disinfection processes provide sterility, their impacts on structural and 

biomechanical properties of teeth are poorly understood. A literature review showed 

overwhelming evidence on the concentration and time dependent effects on enamel and 

dentine with commonly-used chemical disinfection and storage media.(1–5) However, there 

is insufficient evidence regarding which disinfection method and storage medium is 

appropriate or least impacts tissue characteristics and to determine whether changes are 

severe enough to cause significant changes to test results. Hence, it seems sensible to 

question if a universal protocol of disinfection and storage can be followed for all test types 

and for whole teeth and tooth sections.  

Currently used disinfection methods can be grouped into radiation (gamma rays), steam 

(autoclave), liquid chemicals (disinfection and storage solutions), and gaseous chemicals 

(ethylene oxide). Tests involving bond strength (6–13), permeability (13–15), optical 

properties (4) and surface toughness (3–5,16) have different parameters for the specimens 

being tested, some of which could be sensitive to disinfection processes, storage media or 

duration of storage.  

As a lack of agreement exists, identifying variables that affect specimen characteristics 

becomes essential and a prerequisite in research so in vitro tests can be recognized as viable 

and clinically relevant. 

Moisture and mineral depletion are the main concerns with prolonged storage in most 

storage solutions (17,18). This can alter the biomechanical properties of enamel and dentine 

with resultant detrimental effects on physical properties and bonding (8), especially when 

prepared specimens are stored for extended periods (19). 
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Tests of bond strengths to enamel and dentine are common and frequently conducted 

studies. They have proved to serve more as screening tools, rather than as true indicators of 

clinical efficacy (9). Despite enamel being highly mineralized and low in organic content, it 

is critically sensitive to disinfection solutions in in vitro bond strength studies. Extreme low 

bond strengths were found when enamel specimens were stored in ethanol (10% & 70%), 

0.05% thymol in saline (thymol/saline) and 5.25% sodium hypochlorite (NaOCl) (6,7) 

compared to 10% formalin(8), 1% chloramine-T, isotonic saline, and distilled water (DW) 

(10,11,20). 

Dentine bond strength showed extreme variations and low values when stored in 

thymol/saline, methanol, and glutaraldehyde (7). Higher bond strengths with 10% formalin 

were attributed to altered substrate owing to its ability to penetrate and fix the dentinal 

organic tissues (10,11), and the lower bond strengths with the use of 0.05% thymol/saline 

were due to the inhibitory effects of its phenolic compounds on resin polymerization. 

Neither reflects the true characteristics of the material or substrate, nor do they represent 

their expected in vivo test results (12,21). Similarly, 5.25% NaOCl diminished bond 

strengths due to its residual chlorine (6). Other critical parameters which impacted bond 

strengths were longer storage duration (over 6 months) (12,21), storage temperature, and 

non-standardized scoring criteria (10). Comparative studies with steam autoclave and 

ethylene oxide gas sterilization demonstrated little or no significant effects on dentine 

permeability or bond strength (13). 

Chemical disinfection and storage solutions have time and concentration dependent effects 

on the permeability and compositional structure of dental tissues (1,2). Solutions such as 

70% ethanol, distilled-water with thymol, and phosphate-buffered thymol/saline showed 

significant mineral dissolution effects with biomechanical and bonding ability variations 
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(14). Cryopreservation and steam autoclaving had the least effects on permeability and 

functional properties of dentine to effect bond strength tests, even though it caused some 

structural and compositional changes (15). Gamma irradiation is both effective and presents 

no detectable dentine structural or compositional changes (22). 

Variations in enamel and dentine microhardness (to measure their physical properties) have 

been reported when stored in different disinfection and storage solutions for different times. 

Storage in deionized water and calcium chloride solutions showed progressive and rapid 

decrease in microhardness of enamel and dentine, even with short storage periods up to 2 

weeks (3). This contrasted results for storage in de-ionized water, 0.2% glutaraldehyde, 

Hanks' Balanced Salt Solution (HBSS), 0.1% NaOCl and 0.1% thymol/saline, which had no 

significant changes for up to 2 months storage, but substantial changes after 12 months (16). 

Storage in NaOCl had a concentration dependent effect on dentine microhardness (4,5), 

while HBSS (23) and 10% formalin (24) imparted the least alteration in microhardness for 

the same storage duration.  

Two definitive methods of sterilization of extracted teeth are autoclaving with high-pressure 

steam (20psi) and temperature (121°C) for 40 minutes, or immersion in 10% formalin for 14 

days. These sterilization protocols for extracted teeth are accepted by the Centers for Disease 

Control and Prevention (CDC), USA and supported by several studies (24–28). 

Thymol/saline (0.02%) is a proven disinfectant and routinely used as the only solution for 

disinfection and storage of extracted teeth, particularly if teeth are stored for extended time 

periods.(26,27) NaOCl is a strong oxidizer with a pH of 11 at 5% concentration. It  dissolves 

necrotic tissue at low concentrations (0.5% – 1%) and organic tissue and bacteria at higher 

concentrations, making it the recommended irrigant during root canal treatment (26), but a 

weak disinfection agent at most concentrations (1%, 2.6% and 5.25%) (26,28). 
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At the Oral Health Centre of Western Australia (OHCWA) and the UWA Dental School, 

University of Western Australia, the Infection Control Committee has a protocol for 

disinfection and storage of extracted teeth (OHCWA-Protocol). This involves disinfection in 

5.25% NaOCl for two hours after gross debridement, thorough rinsing under running water 

and then immersion in 10% formalin for two weeks. Teeth are then stored in 0.02% solution 

of thymol/saline until used for teaching or research. Although this protocol could satisfy 

disinfection standards, its effects on biomechanical properties of teeth are unknown.  

The current literature review presents significant evidence to suggest a possible influence of 

the disinfection and storage methods and solutions on the biomechanical characteristics of 

dental tissues. To test this hypothesis, the aim of this study was to compare the effects of 

four commonly used disinfection and storage media on fracture strength of whole and 

prepared teeth specimens when stored for different time periods, in order to identify a 

disinfection protocol which least affects specimen characteristics for use in in vitro fracture 

studies. 
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Materials and Methods 

The University of Western Australia’s Human Research Ethics Committee approved the use 

of extracted human teeth. Teeth were collected from participating dentists in the Perth 

region. Only teeth diagnosed and assessed as needing extraction for clinical reasons were 

collected from patients who consented to their teeth being used for research. A detailed 

information guide was provided to the Dentists about the study’s scope and the collection 

and storage procedure to use.  

Participating Dentists were instructed to place teeth in DW and to store them in jars 

provided in a refrigerator until collected and transferred to the laboratory. Specimens were 

then rinsed in running DW to remove blood and attached tissues before being frozen in jars 

at -4oC in moist conditions until further testing. Chemical disinfection of the teeth was 

performed after all specimens were collected so the disinfection processes and storage 

duration were standardized.  

After the 160 teeth specimens were visually examined under magnification (2.5x) and 

confirmed to be free from caries, microcracks, cervical abrasion and restorations, they were 

randomly distributed into 16 groups (n=10) based on disinfection methods and storage times 

(Table 1). Each group had an equal and random distribution of tooth types with a 

combination of single root lower premolar whole teeth (two lower premolars) and tooth root 

sections (four upper molar palatal roots and four lower molar distal roots). Roots were 

sectioned horizontally apical to the furcation with a diamond bur (High Speed Diamond Bur 

881, Komet, Gebr Brasseler, Lemgo, Germany) under air/water spray.  

Each tooth was rinsed in DW and debrided using an ultrasonic piezo scaler (Satelec P5XS 

Newtron, Acteon, France) to remove adhered soft tissue or bone. They were measured 

(mesio-distally and bucco-lingually) using Vernier calipers at the mid-root level for roots 
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and at the cemento-enamel junction for whole teeth.  These measurements were used to 

assess the area of the tooth or root being tested. The measurement sites were marked, and 

these were the points of load application while testing. Specimens were kept hydrated by 

holding with moist gauze while being handled and the time out of solution was minimized.  

Specimens were then stored in their respective disinfection solutions for specified periods of 

times (Group 1 - 10% buffered formalin (Perrigo, Australia), Group 2 - 0.2% thymol/saline 

(Sigma – Aldrich, USA), Group 3 – 5.25% NaOCl (Chem-Supply Pty Ltd, Australia), Group 

4 - OHCWA-Protocol and Group 5 – DW (control group). Storage times were 14, 90 and 

180 days. Group 6 (control) had freshly extracted and frozen teeth, stored for 14 days under 

moist conditions, to simulate teeth in in vivo conditions. Stringent infection control protocols 

were followed when handling and testing these non-sterile specimens in this group. 

At the end of each storage period, specimens were tested by applying compressive forces 

until fracture using an Instron Universal testing machine (ElectroPuls™ E3000 All-Electric 

Dynamic Test Instrument, Instron Engineering Corporation, USA). Specimens were loaded 

on the test platform, so the point of loading was at the same point where size measurements 

were taken. Specimens were subjected to load with a blunt indenting point until fracture at a 

crosshead speed of 0.5mm/min. Load at fracture was recorded in Newtons. Data was 

analysed for statistical significance using linear regression by comparing the three-way 

interaction of the disinfection solutions, number of days in the solution, and area of 

specimen. 
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Results 

The statistical summary of load at break of all sub-groups in relation to specimen area, 

solutions, storage days and controls are presented in Table 1. Linear regression was used to 

compare solutions (excluding control and thymol 0.8%), number of days in the solution as 

well as tooth type with respect to load at break. Teeth stored in NaOCl had significantly 

lower breaking loads for all samples regardless of storage time (Table 2). Load at fracture 

among specimens stored in 0.2% thymol/saline, 10% formalin and the OHCWA-Protocol 

for different time periods were not significantly different. 

NaOCl group showed a significantly lower load at fracture to the OHCWA-protocol at all 

storage periods - 14 days (P=0.0052), 90 days (P=0.0193), 180 days (P=0.0011). Compared 

to 0.2% thymol/saline, significantly lower loads at fracture were found at all storage periods 

- 14 days (P=0.0078), 90 days (P=0.0077), 180 days (P=0.0010).  In comparison to 10% 

formalin, lower fracture loads were recorded between all storage periods - 14 days 

(P=0.0295), 90 days (P=0.0388), 180 days (P=0.0005). Teeth stored in NaOCl for 90 days 

had breaking loads significantly lower than those stored in DW for 90 and 180 days, and in 

NaOCl for 14 days. 

Specimens stored in DW for 90 and 180 days had significantly lower fracture loads 

compared to all other solutions and time periods, except specimens stored in 5.25% NaOCl 

for 14 and 90 days. No significant differences in fracture loads were observed between the 

DW and control group at 14 days storage (P=0.8655) (Table 3). Summary statistics for load 

at break and area, in relation to solutions and tooth type are in Table 5. The area of specimen 

tested was significantly associated with load at fracture (P=0.0051), with an increase in area 

corresponding to increase in load to fracture the tooth or root. Regarding the type of tooth 

specimen, lower molar distal roots (LM-D) in 5.25% NaOCl or DW had significantly lower 
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fracture loads than the same specimen type stored in 10% formalin or the OHCWA-Protocol 

(Table 5).  

Discussion 

An ideal storage solution or method should disinfect and preserve tissue properties so in 

vitro test results are standardized and reproducible. However, there is sufficient evidence 

from the literature that suggests disinfection and storage protocols can alter specimen 

characteristics and thereby influence test results. Teeth specimens were more prone to 

alterations when tooth or root sections rather than whole teeth were used (2,6). This study 

compared the effects on fracture resistance of whole teeth to root sections when treated with 

four disinfection solutions over three time periods and found significant correlations. 

Overall, there were no statistically significant interactions between fracture strength of 

specimens in the solutions, number of days and tooth types. However, teeth stored in 5.25% 

NaOCl for 90 days (Group 3b) had significantly lower fracture loads. In addition, this group 

had fracture loads significantly lower than those stored for 14 (Group 3a) and 180 (Group 

3c) days in the same solution. Specimens stored in DW for 90 and 180 days also had 

significantly lower fracture loads compared to all other solutions and time periods, except 

those stored in NaOCl for 14 and 90 days.  

Exposure to NaOCl has been reported to cause significant reduction to mechanical 

properties of enamel and dentine due to demineralization (4,5,16,24,26). Fracture resistance 

of teeth in this study when stored in 5.25% NaOCl had the lowest values compared to other 

solutions for the same storage duration. The effects of NaOCl were concentration and 

duration dependent as demonstrated by Slutzky-Goldberg et al. (4).  Exposure to a higher 

concentration of NaOCl (6%) and longer duration caused significant reduction of dentine 

microhardness (4,5). These effects were greater in superficial dentine layers where there are 
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wider dentinal tubules and thinner peritubular dentine, which allowed more collagen 

exposure to the solution (2). This could be another reason for lower fracture strength of root 

sections apart from their size as in this study.  

The surface area of specimens had a significant effect on overall strength of the specimen 

being tested, with whole teeth showing higher fracture resistance compared to root sections. 

The area of the specimen tested was significantly associated with load at fracture, and the 

load to fracture was directly proportional to the area of the specimen. Within the root types, 

the smaller lower molar distal roots showed lower fracture strengths compared to upper 

molar palatal roots, signifying that dentine thickness plays a role in fracture resistance. Apart 

from thickness of dentine, the permeability and area of dentine exposed to the disinfection 

solutions predisposes to the demineralizing effects of solutions, especially with higher 

concentrations and prolonged exposure (3–5). Although the sample sizes involving single 

whole rooted premolars and root sections (upper molar palatal root and lower molar distal 

root) in this study were small with significant bio-variability, the observations serve as a 

pilot investigation for future research involving larger sample sizes to validate the findings. 

The control group (Group 6) had freshly extracted non-sterile teeth frozen at -4oC in DW for 

14 days, to simulate in vivo conditions for teeth rather than of dentine after disinfection or 

any chemical storage. Contrary to what could be thought, specimens of this group (Group 6) 

had no significant differences in fracture resistance compared to other groups stored for the 

same duration, including those stored in DW at room temperature (Group 5a, 5b, 5c)., 

Although disinfection is not applicable, freezing is a recommended storage method for 

preserving extracted teeth and prevent biomechanical changes in dentine. This is comparable 

to the study by Habelitz et al. (3), where there was a rapid and substantial decrease in 

hardness and elastic modulus of enamel and dentine after 2 weeks storage in deionized 

water, especially when dentine sections were used. However, minimal biomechanical and 
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compositional variations can be expected from teeth specimens stored in HBSS for more 

than 2 months owing to its high mineral ion concentration, comparable to the mineral phases 

of enamel and dentine (16). 

Sterilization by autoclaving is a protocol recommended by the CDC (26). However, 

sterilization involving heat (moist or dry) had damaging effects on the biomechanical 

properties of dental tissues, thus its use is best reserved for tests not involving physical 

properties, materials that are not heat sensitive and do not contain amalgam (26). 

Sterilization by immersion in 10% buffered formalin for 2 weeks is the recommended 

method, as it is known to fix and maintain the compositional structure of dental tissues (26). 

Autoclaving was found to produce consistent and comparable bond strengths to dentine 

when compared to chemical disinfection (29). 

Dentine specimens were prone to moisture loss and resultant increased brittleness and 

decreased strain at fracture when stored for more than 2 months, even when stored in DW 

(18). Dehydration was more evident in sectioned specimens than whole teeth (19). Although 

dentine brittleness from moisture loss was reversible on rehydration (17), compositional 

changes from mineral leach-out was significant in most solutions when stored for 45 days, 

except in HBSS (2,18).  

As per CDC guidelines, immersion of whole teeth in 10% formalin for 14 days or 

autoclaving and minimal storage time for prepared specimens are the ideal disinfection 

protocols for effective tissue fixation and minimal structural alterations of dentine (24,26). 

The sterilization potency of NaOCl and that of thymol/saline were shown to be ineffective. 

Newer products such as Gigasept-PA (Schülke UK, Sheffield, UK) are safer and effective 

alternatives to formalin for sterilizing extracted teeth (26). 

The results of this study show a direct correlation of disinfection and storage methods to the 

biomechanical properties of dental tissues to the extent that choosing a compatible 
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disinfection protocol forms an important prerequisite for research methodology to obtain 

clinically relevant test results. However, the limitations of specimen numbers, physiological 

variations, donor ages, developmental and acquired defects must be factored into studies on 

fracture strength.  
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Conclusions 

NaOCl (5.25%) is not recommended as a disinfection and storage solution for specimens 

intended for testing physical properties of extracted teeth. Formalin (10%) is a potent 

disinfection solution and preserves the compositional structure of teeth, so it is the best 

solution for in vitro testing of fracture strength. Fracture resistance of specimens stored in 

0.2% thymol/saline, 10% formalin and the OHCWA-Protocol for different time periods 

were not significantly different. Longer periods of storage, irrespective of the solution, had 

damaging effects on the physical properties of enamel and dentine. The area or size of the 

specimen tested was significantly associated with load at fracture, with increased area 

corresponding to increased load required to fracture the tooth or root.  
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Tables 

 

Table 1:  Summary statistics for load at break and area (calculated as B L length x M D length) broken down by 

Solution and tooth type. 

Solution 
Sample 

size 

Days 

Variables Mean (N) Std. Dev Min (N) Max (N) 

(Groups) 

10% 

Formalin 

10 
14 

Load at 
Break 

1007.85 295.26 689.98 1666.91 

(Group 1a) Area 28.42 7.11 18.98 45.38 

10 
90 

Load at 

Break 
922.26 316.08 609.45 1628.01 

(Group 1b) Area 27.43 5.23 20.12 37.83 

10 
180 

Load at 

Break 
1180.18 247.15 854.82 1636.66 

(Group 1c) Area 28.89 4.1 25.04 35.62 

0.2% Thymol 

in saline 

10 
14 

Load at 
Break 

1094.67 274.78 831.41 1777.64 

(Group 2a) Area 29.65 7.29 19.72 45.12 

10 
90 

Load at 

Break 
1042.03 339.66 628.57 1630.15 

(Group 2b) Area 27.76 4.17 21.95 34.9 

10 
180 

Load at 

Break 
1225.28 207.7 811.16 1413.66 

(Group 2c) Area 33.67 6.94 22.51 48.86 

5.25% 

Sodium 
Hypochlorite 

10 
14 

Load at 
Break 

1033.25 337.84 619.54 1591.1 

(Group 3a) Area 29.56 8.7 20.11 41.46 

10 
90 

Load at 

Break 
761.67 191.08 432.9 1009.35 

(Group 3b) Area 29.06 5.17 23.84 36.95 

10 
180 

Load at 

Break 
861.05 330.48 430.68 1273.12 

(Group 3c) Area 28.08 3.83 22.84 32.63 

OHCWA 

disinfection 

10 
14 

Load at 
Break 

1141.18 292.91 555.27 1547.07 

(Group 4a) Area 31.48 4.79 22.23 39.18 

10 
90 

Load at 

Break 
970.91 162.1 767.41 1281.67 

(Group 4b) Area 27.07 4.59 19.57 35.19 

10 
180 

Load at 

Break 
1102 311.18 469.74 1622.77 

(Group 4c) Area 27.02 5.31 19.6 33.97 

Distilled 

water 

10 
14 

Load at 

Break 
933.79 355.58 317.49 1372.69 

(Group 5a) Area 27.94 5.34 18.08 36.43 

10 
90 

Load at 

Break 
960.22 317.6 633.93 1670.36 

(Group 5b) Area 28.51 6.86 19.32 41.5 

10 
180 

Load at 

Break 
945.15 174.36 752.68 1348.39 

(Group 5c) Area 27.53 5.59 21.11 36.73 

Control 10 
14 

Load at 
Break 

811.03 155.96 615.44 1144.98 

(Group 6) Area 25.51 4.9 18.71 34.61 

Control 5 
90 

Load at 

Break 
964.44 44.46 921.04 1028.05 

Thymol 0.2% Area 26.36 7.2 18.6 36.55 
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Table 2: P-values for all comparisons of solutions.

SOLUTIONS 

0.2% Thymol in 

saline 

10% Formalin 

5.25% Sodium 

Hypochlorite 

OHCWA 

Disinfection 

Distilled Water 

0.2% Thymol in 

saline 

  0.6782 0.0044 0.8988 0.1203 

10% Formalin     0.0179 0.6048 0.2686 

5.25% Sodium 

Hypochlorite 

      0.005 0.1832 

OHCWA 

Disinfection 

        0.107 

Distilled Water           
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SOLUTION  

AND DAY 

0.2%  

Thymol-  

saline  

90 days 

0.2% 

Thymol- 

 saline 

180 days 

0.2% 

Thymol- 

saline  

14 days 

10% 

Formalin 

90 days 

10% 

Formalin 

180 days 

10% 

Formalin 

14 days 

5.25% 

NaOCl  

90 days 

5.25% 

NaOCl  

180 days 

5.25% 

NaOCl  

14 days 

OHCWA 

protocol  

90 days 

OHCWA 

protocol  

180 days 

OHCWA 

protocol  

14 days 

DW 90 

days 

DW 

180 

days 

DW 14 

days 

0.2% Thymol 

in saline 90 

days 

 0.5142 0.9923 0.7025 0.3996 0.6107 0.0077 0.2171 0.6705 0.8067 0.5378 0.6440 0.4923 0.6265 0.3674 

0.2% Thymol 

in saline 180 

days 

  0.5036 0.3259 0.8595 0.2464 0.0010 0.0617 0.2764 0.3879 0.9636 0.9072 0.1795 0.2581 0.1250 

0.2% Thymol 

in saline 14 

days 

   0.7086 0.3952 0.6177 0.0078 0.2218 0.6770 0.8151 0.5340 0.6381 0.4983 0.6348 0.3746 

10% 

Formalin 90 

days 

    0.2508 0.9346 0.0388 0.4589 0.9974 0.8831 0.3475 0.4404 0.8094 0.9536 0.6629 

10% 

Formalin 180 

days 

     0.1767 0.0005 0.0377 0.2029 0.2895 0.8205 0.7836 0.1249 0.1817 0.0805 

10% 

Formalin 14 

days 

      0.0295 0.4692 0.9306 0.8044 0.2612 0.3636 0.8617 0.9787 0.6972 

5.25% 

NaOCl 90 

days 

       0.1390 0.0227 0.0193 0.0011 0.0052 0.0430 0.0268 0.0707 

5.25% 

NaOCl 180 

days 

        0.4146 0.3426 0.0639 0.1229 0.5792 0.4493 0.7357 

5.25% 

NaOCl 14 

days 

         0.8691 0.2976 0.4023 0.7922 0.9515 0.6322 

OHCWA 

protocol 90 

days 

          0.3984 0.5055 0.6766 0.8223 0.5304 

OHCWA 

protocol 180 

days 

           0.9390 0.1922 0.2670 0.1273 

OHCWA 

protocol 14 

days 

            0.2865 0.3734 0.2106 

DW 90 days              0.8398 0.8282 

DW 180 days               0.6746 

DW 14 days                               

 

Table 3: P-values for all comparisons of solution by day. Significant comparisons (P<0.05) are highlighted
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SOLUTION 

AND 

TOOTH 

TYPE 

0.2% 

Thymol-

saline for 

LM-D 

0.2% 

Thymol-

saline for 

UM-P 

0.2% 

Thymol-

saline for 

PM 

10% 

Formalin 

for LM-D 

10% 

Formalin 

for UM-P 

10% 

Formalin 

for PM 

5.25% 

NaOCl 

for LM-D 

5.25% 

NaOCl 

for UM-P 

5.25% 

NaOCl 

for PM 

OHCWA 

protocol 

for LM-D 

OHCWA 

protocol 

for UM-P 

OHCWA 

protocol 

for PM 

DW 

for 

LM-D 

DW 

for 

UM-P 

DW 

for PM 

0.2% Thymol 

in saline for 

LM-D  0.3309 0.6134 0.6034 0.9065 0.9492 0.0752 0.2744 0.3822 0.5239 0.9179 0.3952 0.0800 0.9492 0.7560 

0.2% Thymol 

in saline for 

UM-P   0.7635 0.6581 0.3527 0.4937 0.0037 0.0264 0.0823 0.7659 0.4644 0.9438 0.0038 0.2791 0.6116 

0.2% Thymol 

in saline for 

PM    0.9488 0.6760 0.7175 0.0408 0.1474 0.2168 0.9620 0.7232 0.7534 0.0433 0.5777 0.8615 

10% Formalin 

for LM-D     0.6722 0.7310 0.0186 0.1011 0.1821 0.8959 0.7345 0.6742 0.0200 0.5586 0.8937 

10% Formalin 

for UM-P      0.9789 0.0487 0.1678 0.3205 0.5791 0.9945 0.4245 0.0490 0.8397 0.8252 

10% Formalin 

for PM       0.1460 0.3519 0.4327 0.6594 0.9773 0.5153 0.1522 0.9092 0.8414 

5.25% NaOCl 

for LM-D        0.5251 0.5257 0.0149 0.1075 0.0174 0.9767 0.0896 0.0646 

5.25% NaOCl 

for UM-P         0.9354 0.0788 0.2634 0.0651 0.5373 0.2540 0.2029 

5.25% NaOCl 

for PM          0.1543 0.3888 0.1251 0.5420 0.4188 0.2890 

OHCWA 

protocol for 

LM-D           0.6540 0.7598 0.0158 0.4771 0.8079 

OHCWA 

protocol for 

UM-P            0.4968 0.1091 0.8654 0.8540 

OHCWA 

protocol for 

PM             0.0180 0.3510 0.6246 

DW for  

LM-D              0.0900 0.0678 

DW for  

UM-P               0.7123 

DW for PM                               

 

Table 4: P-values for all comparisons of solution by tooth type. Significant comparisons (P<0.05) are highlighted.
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Table 5:  Summary statistics for load at break and area broken down by Solution and tooth type. 

Group 
Tooth 

type 

Sample 

size 
Variables Mean (N) Std. Dev Min (N) Max (N) 

10% Formalin 

LM-D 11 

Load at 

Break 
1124.1 306.62 726.64 1666.91 

Area 31.12 6.46 21.48 45.38 

PM 5 

Load at 
Break 

1020.83 224.72 720.07 1306.85 

Area 30.59 4.59 25.04 37.83 

UM-P 14 

Load at 

Break 
973.84 315.72 609.45 1636.66 

Area 25.15 2.89 18.98 29.12 

0.2% Thymol 
in saline 

LM-D 10 

Load at 
Break 

1079.36 262.07 628.57 1413.66 

Area 32.06 3.8 26.74 37.83 

PM 6 

Load at 

Break 
1140.84 256.21 872.56 1573.77 

Area 31.96 3.37 26.09 34.9 

UM-P 14 

Load at 

Break 
1141.51 317.72 752.63 1777.64 

Area 28.46 8.63 19.72 48.86 

5.25% Sodium 
Hypochlorite 

LM-D 12 

Load at 

Break 
885.79 325.26 430.68 1527.46 

Area 31.87 5.54 22.84 41.36 

PM 6 

Load at 

Break 
996.17 432.48 545.95 1591.1 

Area 32.43 5.86 25.73 41.46 

UM-P 12 

Load at 
Break 

829.43 214.54 432.9 1093.74 

Area 24.16 3.08 20.11 31.72 

OHCWA 

disinfection 

LM-D 13 

Load at 

Break 
1151.29 293.44 555.27 1622.77 

Area 31.16 2.9 25.93 35.46 

PM 6 

Load at 

Break 
1131.63 198.17 767.41 1312.96 

Area 28.3 5.75 23.6 39.18 

UM-P 11 

Load at 

Break 
944.02 229.41 469.74 1281.67 

Area 25.54 5.72 19.57 35.19 

Distilled water 

LM-D 12 

Load at 

Break 
859.22 274.93 384.84 1372.69 

Area 30.8 3.91 24.29 36.43 

PM 6 

Load at 

Break 
1070.16 121.46 919.33 1242.53 

Area 30.6 7.08 23.13 41.5 

UM-P 12 

Load at 

Break 
971.66 333.97 317.49 1670.36 

Area 23.89 4.37 18.08 34.6 

Control 

LM-D 2 

Load at 
Break 

746.28 103.08 673.39 819.17 

Area 22.69 5.64 18.71 26.68 

PM 4 

Load at 

Break 
758.77 128.78 615.44 919.42 

Area 28.51 4.27 24.69 34.61 

UM-P 4 

Load at 
Break 

895.67 191.97 703.03 1144.98 

Area 23.92 4.74 19.07 30.12 

Thymol 0.2% 

LM-D 2 

Load at 

Break 
928.84 11.02 921.04 936.63 

Area 33.18 4.76 29.82 36.55 

PM 1 

Load at 

Break 
992.47 . 992.47 992.47 

Area 26.04 . 26.04 26.04 

UM-P 2 

Load at 

Break 
986.04 59.42 944.02 1028.05 

Area 19.69 1.54 18.6 20.78 
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Chapter Three 

Part Two Study Manuscript  

 

Effect of Calcium Hydroxide Intra-canal Medicament on 

Fracture Strength of Immature Human Teeth 

Abstract 

Objective 

The aim of this study was to examine the effect of calcium hydroxide [Ca(OH)2] paste used 

as an intra-canal medicament for 1 month and 12 months, on the force required to fracture 

whole human immature and mature teeth when tested under simulated traumatic forces using 

an impact machine. 

Materials and Method 

One hundred permanent upper central incisor teeth, extracted for periodontal reasons were 

collected and randomly allocated into 10 study groups (n=10). Only teeth that were free of 

caries, cracks, restorations or obvious structural and morphological variations were selected. 

They were disinfected by 14 days immersion in 10% formalin and cleaned using ultrasonic 

instruments. Sixty specimens were prepared to simulate an immature tooth with open apices 

and wide canals, and the remaining 40 specimens were used as mature teeth. The 10 groups 

were: Group 1: Immature (Intact - Control); Group 2: Immature + access cavity; Group 3: 

Immature + access cavity + 1m Ca(OH)2; Group 4: Immature + access cavity + 12m 

Ca(OH)2; Group 5: Immature + no access cavity + 1m Ca(OH)2; Group 6: Immature + no 

access cavity + 12m Ca(OH)2; Group 7: Mature + access cavity + 1m Ca(OH)2; Group 8: 

Mature + access cavity + 12m Ca(OH)2; Group 9: Mature (Intact - Control); and Group 10: 
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Mature + access cavity. Specimens were tested using an Izod Impact testing machine, and the 

impact energy required to fracture the specimen was recorded and analyzed for statistical 

significance using an Independent Samples T Test. The results were compared pairwise 

between groups to evaluate the effects of tooth maturity, access cavity and the presence and 

duration of Ca(OH)2 using the Independent Samples T-test (Fisher’s exact). 

Results 

Mature teeth had the highest fracture resistance compared to immature teeth. Coronal access 

cavities significantly influenced the fracture strength of immature teeth but not mature teeth. 

The presence and duration Ca(OH)2 as a medicament did not significantly affect the fracture 

strength of mature or immature teeth over 1 month or 12 months. The combined effect of a 

coronal access cavity and Ca(OH)2 medicament was significant for the fracture strength of 

immature teeth at 1 month compared to the immature control group. 

Conclusions 

Fracture strength of teeth increased with maturity. Mature teeth had significantly higher 

fracture strength overall than their immature counterparts. Neither the presence of Ca(OH)2 

nor its duration of use significantly affected the fracture strength of immature or mature teeth. 

The combined effect of Ca(OH)2 and a coronal access cavity only affected the fracture 

strength of immature teeth with 1m Ca(OH)2 when compared to intact immature teeth. 

Keywords 

Immature teeth,  Ca(OH)2 intra canal medicament, coronal access cavity, fracture strength.
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Introduction 

Calcium hydroxide has been the medicament of choice in many restorative and endodontic 

procedures for many decades since its introduction to dentistry by Hermann in 1920 (1). 

Despite numerous studies, its exact mode of action is not completely understood, but it is 

generally accepted that the high alkalinity is what imparts its bactericidal and hard tissue 

forming abilities. Calcium hydroxide [Ca(OH)2] remains one of the most effective 

medicaments used for pulp capping, root fracture repairs, apexogenesis, apexification and as 

an interim root canal dressing between appointments for root canal treatment (2). However, 

many in vitro studies have recommended against the long-term use of Ca(OH)2 paste as an 

intra-canal medicament (ICM) because of its perceived weakening effect on root dentine 

which may make teeth prone to fracture (3), even though clinical and anecdotal evidence 

does not support this. 

It is generally accepted that root canal treated teeth are inherently weaker than intact teeth 

and they are more susceptible to fracture. The primary cause of this predilection has been 

attributed to the amount of remaining tooth structure. More recently, there have been claims 

that root canal treated teeth may also be weakened by exposure to the high pH of Ca(OH)2 

and its proteolytic root weakening effects (4,5). The fracture vulnerability was thought to be 

more pronounced with long-term dressing with Ca(OH)2 paste as in cases of apexification or 

apexogenesis of immature teeth, where such teeth were found to fracture spontaneously or 

during normal function (6–8). This fracture-prone effect was thought be due to the tooth 

weakening effects of Ca(OH)2 ICM, rather than due to loss of tooth structure from trauma, 

caries, cavity preparation, endodontic access or cavity preparation, or due to the thin dentine 

walls of immature roots (7). 
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Recent studies that had compared different formulations of Ca(OH)2 ICM for time periods 

ranging from 0, 3, 6 and 9 months, were not able to find any significant changes to fracture 

strength of root dentine (in sections) on compressive testing with an Instron machine (9,10). 

Although the earlier seminal studies showed a time dependent decrease in dentine fracture 

strength on Ca(OH)2 exposure over periods up to 12 months (7,8), their findings can be 

argued to be a result of differences in test methodologies and biomechanical variations of the 

test specimens, giving differing results. Thus, the concern remains controversial as to whether 

long-term exposure to Ca(OH)2  weakens radicular dentine and leads to root fractures in real-

life situations as well as the length of time that teeth can be exposed to Ca(OH)2 before any 

deleterious effects become evident. 

Traumatic dental injuries and fracture modes 

Traumatic dental injuries are very common and have an incidence more than that of dental 

caries and periodontal disease in young people (11). The teeth most commonly affected by 

traumatic dental injuries are the maxillary central incisors, and the most common type of 

traumatic injuries are fractures of the tooth crown (12). Crown fractures can present as 

enamel fractures, enamel and dentine fractures, or complicated crown fractures involving 

enamel, dentine and pulp (13). The incidence of traumatic dental injuries is highest in the age 

groups 2 – 4 years and 8 – 12 years, with a higher incidence in boys (1.28:1) (14). Single 

tooth injury involving the maxillary central incisors was a predominant finding in 69.4% by 

Jokic et al (15). In the < 10 years age group, the permanent maxillary central incisors are not 

always fully developed. Hence, when traumatized, they often fracture at the cervical region, 

where the crown converges into the thin underdeveloped roots (16).  

Cervical crown or root fractures pose a greater challenge in management due to post-

treatment mobility of the coronal fragment and potential bacterial contamination of the 
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fracture site from the gingival sulcus. Complications that cause tooth loss with a healed 

cervical fracture were significantly more frequent in teeth with horizontal cervical fractures 

rather than with oblique fractures (8). 

Use of an Impact test for fracture studies 

This method of testing is relatively unique as not many studies have tested the fracture 

strength of teeth with an impact tester. The few studies found in the literature were related to 

impact testing of bond strengths of restorations in teeth after crown fragment reattachment 

using resin composites and dentine bonding agents (17) or studies testing impact resistance of 

dental materials (18). However, a notable study by Hood et al. (19), compared the fracture 

patterns on impact testing of maxillary incisor teeth with proximal bonded composite 

restorations and unrestored proximal cavities to intact teeth. They reportedfracture patterns 

unique to each group that were similar to those clinically recorded in traumatic injuries (14).  

The intentions of this study were to provide an insight into the controversies involving 

fracture susceptibility of immature teeth, to identify the factors involved and to relate the 

findings to the clinical situation of traumatic teeth fractures, especially of immature teeth 

undergoing long term Ca(OH)2 treatment. In the absence of a more effective and validated 

substitute for Ca(OH)2 from both an antibacterial point of view and as a hard tissue stimulant 

for apexification, it makes sense to test the material in a clinically relevant perspective on 

whole human immature and mature anterior teeth under simulated labially directed impact 

forces which are similar to a traumatic event rather than continuously loading the teeth until 

they fracture.  
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Aim of the Study 

The aim of this study was to examine the effect of Ca(OH)2 paste used as an intra-canal 

medicament for 1 month and 12 months, on the force required to fracture whole human 

immature and mature teeth when tested under simulated traumatic forces using an impact 

machine.  

Materials and Methods 

Specimen selection and storage 

Approval for the study to use extracted human teeth was granted by the University of 

Western Australia’s Human Research Ethics Committee (Ref: RA/4/1/7179). Extracted teeth 

were collected from participating dentists in the greater Perth region. Only teeth diagnosed 

and assessed as needing extraction for periodontal reasons were collected from patients who 

consented to their teeth being used for research purposes. A detailed information guide was 

provided to the participating Dentists about the scope of the study and the collection and 

storage procedures to be used for the extracted teeth.  

The participating Dentists were instructed to place the teeth in distilled water and to store the 

specimens in jars provided in a refrigerator until collected. The Dentists were visited 

periodically, and the specimens were collected and transferred to the research laboratory. The 

specimens were then rinsed in running distilled water to remove blood and attached tissues 

before being frozen in jars at -4oC in moist conditions until further testing. Freezing teeth 

immediately after harvesting is one of the recommended methods of preserving tissues and 

preventing post-mortem changes occurring in dentine (20). Chemical treatments for 

disinfection of the teeth were performed after all specimens in each study group had been 

collected, so that the disinfection process and duration of storage were standardized.  



 

92 

 

Teeth specimens were rinsed in distilled water and the external root surface was debrided 

using an ultrasonic piezo scaler (Satelec P5XS Newtron, Acteon, France) to remove adhered 

soft tissue or bone. They were then visually examined with magnifying loupes at 2.5x 

magnification and confirmed to be free from caries, microcracks, cervical abrasion and 

restorations. All teeth were measured using Dental Iwanson gauge calipers in a bucco-lingual 

and mesio-distal direction just below the cemento-enamel junction (CEJ). The mean 

dimension of specimens was measured as 6.0 +/- 0.5 mm bucco-lingually and 8.0 +/- 0.5 mm 

mesio-distally. Teeth with more than 20% deviation from the mean value were excluded. The 

teeth were also radiographed pre-operatively to rule out aberrant anatomical morphology and 

fractures if found susceptible on visual inspection. All teeth were then randomly divided into 

control and experimental groups (Table.1) as they became available in sufficient numbers. 

Group 

No. TOOTH 

ACCESS 

CAVITY 

Ca(OH)2 

ICM 

ICM TIME 

(Months) 

No of 

SPECIMENS 

1 Immature (Intact - Control) No No 0 10 

2 Immature Coronal No 0 10 

      

3 Immature Coronal Ca(OH)2 1 10 

4 Immature Coronal Ca(OH)2 12 10 

      

5 Immature No Ca(OH)2 1 10 

6 Immature No Ca(OH)2 12 10 

      

7 Mature Coronal Ca(OH)2 1 10 

8 Mature Coronal Ca(OH)2 12 10 

      

9 Mature (Intact – Control) No No 0 10 

10 Mature Coronal No 0 10 

 Total = 100 

Table 1: Distribution of the teeth into 10 groups according to maturity, presence or absence of an access cavity, 

use of Ca(OH)2 intracanal medicament (ICM) and time of its use.  

 



 

93 

 

Specimen preparation 

In Groups 1 to 6, teeth samples were uniformly instrumented to simulate an immature 

permanent upper central incisor tooth with thin root walls, resembling stage 3 root 

development (according to Cvek’s classification of root development – Appendix 3) (21). 

Teeth preparations were standardized using burs (Komet Dental, Brasseler, Lemgo, 

Germany), Gates Glidden burs (no: #1 to #6, Dentsply-Maillefer, Ballaigues, Switzerland) 

and Peeso reamers (no: #1 to #6 - Dentsply-Maillefer, Ballaigues, Switzerland), Muller burs 

and hand files (no: #15 to #100 Hedström file - Dentsply-Maillefer, Ballaigues, Switzerland) 

for access, coronal flare and apical preparation. Coronal access cavity preparations were done 

with a high-speed tungsten carbide #330 bur (Komet Dental, Brasseler, Lemgo, Germany) on 

the palatal aspect of the teeth to allow straight line access to the root canal and to facilitate 

measurement of root dentine thickness at the CEJ using calipers (Spring 7 caliper-gauge, 

Iwanson, Hu-Friedy, Chicago, IL, USA).  

The root lengths were standardized by resection of the apical tip to achieve a root length of ~ 

12mm, measured from the facial CEJ. The root canals were enlarged corono-apically using a 

high-speed handpiece and a #330 bur under air and water spray until a uniform root wall 

thicknesses of 2.5mm proximal, palatal and labial at the CEJ were achieved. To simulate 

immature teeth, the root canals were instrumented with Peeso reamers sizes #1 to #6 and 

Muller burs ( Hager & Meisinger GmbH, Neuss, Germany) sequentially under continuous 

saline irrigation, until a size #6 Peeso reamer (1.7 mm diameter, Dentsply-Maillefer, 

Ballaigues, Switzerland) could be passed 1 mm beyond the apex, and so that the mesio-distal 

root-to-canal ratio at the CEJ was kept at an approximate 1:1 dimension. The remaining 

thicknesses of the root canal walls (labial, lingual, mesial and distal) near the root apex were 

measured with the calipers and they were standardized at 0.1–0.2 mm. The root canals were 

irrigated with 5ml of 17% ethylene diamine tetra-acetic acid with cetrimide (EDTA-C, 
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Endosure EDTA-C, DentaLife, Victoria, Australia) for 2 minutes, then with 5ml of 2% 

sodium hypochlorite (NaOCl, Hypocelle, DentaLife, Victoria, Australia) for 2 minutes and 

again with 5ml of 17% EDTA-C for 2 minutes in conjunction with light instrumentation with 

a size #100 Hedström-file (Dentsply-Maillefer, Ballaigues, Switzerland). The roots were then 

dried using paper points (Dentsply, Maillefer) to remove any remnants of irrigating solutions. 

Groups 5 and 6 were prepared to simulate an immature tooth without coronal access via a 

retrograde preparation approach (Fig.15). The apical 2mm of the roots were sectioned and the 

apical foramen and root canal were located. The root canal was initially accessed by a size 

#10 H file and sequentially enlarged apico-coronally until resistance was detected at the 

coronal pulp chamber level, to size #15H and #20H files under saline irrigation. Once the 

apical access had been enlarged to introduce a Peeso reamer size #1, the roots were 

instrumented with Peeso reamers sizes #1 up to #6 and Muller burs sequentially under 

continuous saline irrigation, until a size #6 Peeso reamer could reach the pulp chamber. The 

remaining thicknesses of the root canal walls (labial, lingual, mesial and distal) near the root 

apex were measured with the calipers and they were standardized at 0.1–0.2 mm. The root 

canals were irrigated with 5ml of 17% EDTA-C for 2 minutes, then with 5ml of 2% NaOCl 

for 2 minutes and again with 5ml of 17% EDTA-C for 2 minutes in conjunction with light 

instrumentation with a size #100 H-file. The root canals were then dried with paper points.  

Groups 3 - 8 had Ca(OH)2 intra-canal medicament (ICM) (Pulpdent Paste, Pulpdent 

Corporation, Watertown, MA, USA) introduced into the root canal space using a red spiral 

filler (Dentsply Sirona, Charlotte, NC, USA) and compacted using moist cotton pellets. In 

groups 3, 4, 7 and 8, the ICM was placed via the coronal access cavity, while in groups 5 and 

6, it was placed via the apical foramen and compacted in the same manner. All instrumented 

teeth had a retrograde root canal filling placed using 2mm Cavit (3M™ ESPE, Munich, 
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Germany), as an apical barrier. The coronal access cavities in specimens of Groups 2, 3, 4, 7, 

8 and 10 had a cotton pellet placed in the pulp chamber and IRM (Dentsply Sirona, Charlotte, 

NC, USA) was used to fill the cavity (Fig.14). 

Groups 3, 5 and 7 had Ca(OH)2 ICM for 1 month and Groups 4, 6, and 8 had Ca(OH)2 ICM 

for 12 months. All specimens were wrapped in gauze that was moistened with saline and 

stored at room temperature until tested. The 12 months groups had the Ca(OH)2 ICM replaced 

after irrigation of the canals with 2ml EDTA-C every 3 months, as for the clinical 

apexification procedure. The moist gauze was reviewed every 2-3 weeks and replaced.  

Mounting teeth specimens 

When the teeth were ready to be tested (i.e. after 1 or 12 months), they were individually 

mounted in a heavy body impression material (Imprint 3, 3M™ ESPE, Munich, Germany) in 

such a way that the crown was completely submerged to the CEJ. Cylindrical stainless-steel 

rings were placed over the exposed roots and auto-polymerizing acrylic resin (Ivoclar 

Vivadent, NY, USA) was poured into these metal cylinders. The thickness of the acrylic resin 

was kept uniform around the roots. When cured, the acrylic resin had the tooth roots 

embedded in it to the CEJ and this securely held each tooth in place during impact testing 

(Fig. 1). The mounted specimens were then ready to be tested.  

Izod Impact Test 

The samples in the impact testing groups were vertically mounted as above in the stainless-

steel cylinder moulds with acrylic resin. The moulds were placed on the jig (Fig. 2) of the 

testing machine (XBL Izod Impact Tester, Dongguan Kunlun Testing Instrument Co. Ltd. 

Dongguan City, GD, China) (Fig. 3) with a maximum load of 50J and an accuracy of 0.5J. 

The crosshead impacted the labial surface of the teeth 3 mm incisal to the CEJ at the middle 

third with a 3.6kg pendulum load at a speed of 2.9m/s from a 40cm height and pitch angle of 
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150o, impacting the specimen at a 90o angle, relative to the long axis of the tooth in the labio-

lingual direction (Fig. 4). The amount of energy absorbed to fracture each tooth was 

determined. The loads at fracture and the modes of fracture of each tooth specimen were 

recorded.   

The data were analysed for comparison between groups for statistical significance using an 

independent samples t test. 

 

   

 

 

 

 

 

 

Figure 1: Izod Impact machine     

 

                     

 

Figure 3: Tooth held in jig for 90o impact  

Figure 2: Tooth mounted for 90o impact 

 

 

Figure 4: Tooth mounted in acrylic and 

stainless-steel cylinder 
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Results 

The specimens were tested for fracture resistance using an Izod impact tester and data were 

collected. The impact strengths of specimens were recorded in joules per square meter area 

(KJ/m2). The mean values and standard deviations of energy lost per unit cross-sectional area 

for Groups 1 to 10 are shown in Table 1. The data was tested for statistical significance using 

an Independent Samples T Test (Fisher’s exact) and results compared pairwise between 

groups to evaluate the effects of tooth maturity, access cavity and the duration of Ca(OH)2 

ICM. 

 

Descriptive Statistics 

Groups Mean St.Dev 

Group 1 1.8950 0.30 

Group 2 1.1030 0.21 

Group 3 1.4126 0.58 

Group 4 1.5127 0.76 

Group 5 1.7435 0.40 

Group 6 1.9999 0.48 

Group 7 2.3041 0.29 

Group 8 2.0723 0.32 

Group 9 2.3546 0.39 

Group 10 2.3338 0.40 

 

Table 2: Descriptive statistics for all groups, n = 10 
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Statistical comparisons were performed to determine the effects of tooth structure (immature 

vs mature), presence or absence of an endodontic access cavity, time of use of Ca(OH)2 (1 

month vs 12 months), and the combined effect of both access cavity and Ca(OH)2 ICM. 

Statistical pairwise comparisons were performed to determine the effects of the following on 

tooth fracture strength: 

 

1. Comparison 1 – effect of tooth structure (immature vs mature) 

2. Comparison 2 – effect of presence or absence of endodontic access cavities 

3. Comparison 3 – effect of Ca(OH)2 ICM use on immature teeth 

4. Comparison 4 – effect of time of use of Ca(OH)2 (1 month vs 12 months) 

5. Comparison 5 – combined effect of endodontic access cavity and Ca(OH)2 ICM 
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Comparison 1 - Effect of tooth structure (Immature vs Mature) 

Groups 3 and 7, 4 and 8, and 2 and 10 were compared in pairs to determine the effect of the 

amount of the tooth structure on tooth fracture strength. Figure. 5 and Table. 3 represent the 

test data and comparison results. 

 

 

Figure 5: Comparison of Izod test results for mature and immature teeth groups. 

Effect of Maturity 
     

Group Mean SD t-cal t-crit df p Decision 

1 
Group 3 1.41 0.58 

4.36 2.45 18 <0.001 
Significantly different 

(Gr7 > Gr3) Group 7 2.30 0.29 

2 
Group 4 1.51 0.76 

2.14 2.10 18 0.05 
Significantly different 

(Gr8 > Gr4) Group 8 2.07 0.32 

3 
Group 2 1.10 0.21 

8.73 2.10 18 <0.001 
Significantly different 

(Gr10 > Gr2) Group 10 2.33 0.40 

Table 3: Pairwise comparison of fracture strength for mature and immature teeth groups. 
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i. Group 3 vs Group 7 ~ 1-month Ca(OH)2 

The comparison of Group 3 - immature teeth with access cavity and 1-month Ca(OH)2 ICM -

and Group 7 - mature teeth with access cavity and 1-month Ca(OH)2 ICM - showed a 

significant difference, indicating that there is evidence that the Group 7 samples have higher 

fracture strength than Group 3 – that is, the mature teeth had higher fracture strength. 

ii. Group 4 vs Group 8 ~ 12-month Ca(OH)2 

The comparison of Group 4 - immature teeth with access cavity and 12-month Ca(OH)2 ICM 

- and Group 8 - mature teeth with access cavity and 12-months Ca(OH)2 ICM - showed a 

significant difference, indicating that there is evidence that the Group 8 samples have higher 

fracture strength than Group 4 - that is, the mature teeth had higher fracture strength. 

iii. Group 2 vs Group 10 ~  Mature vs Immature   

The comparison of Group 2 - immature teeth with access cavity - and Group 10 - mature 

teeth with access cavity, - showed a significant difference, indicating that there was evidence 

that the Group 10 samples have higher fracture strength than Group 2 - that is, the mature 

teeth had higher fracture strength. 

In summary, the above tests show that the amount of tooth structure had a significant effect 

on the fracture strength of the specimens with mature teeth requiring a higher impact force to 

fracture them. 
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Comparison 2 - Effect of endodontic access cavity 

Groups 1 and 2, 5 and 3, 6 and 4, and 9 and 10 were compared in pairs to determine the effect 

of endodontic access cavities on tooth fracture strength. Figure. 6 and Table. 4 represent the 

test data and comparison results. 

 

Figure 6: Comparison of Izod test results for teeth with and without access cavities. 

 

Table 4: Pairwise comparison of fracture strength for teeth with and without access cavities.
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Group 1 1.90 0.30 
6.83 2.10 18 <0.001 

Significantly different 

(Gr1 > Gr2) 
Group 2 1.10 0.21 

Group 5 1.71 0.40 
1.49 2.10 18 0.15 

No significant 

difference 
Group 3 1.41 0.58 

Group 6 2.00 0.48 
1.71 2.10 18 0.10 

No significant 

difference 
Group 4 1.51 0.76 

M
at
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Group 9 2.35 0.39 

0.12 2.10 18 0.91 
No significant 

difference 
Group 10 

2.33 0.40 
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i. Group 1 vs Group 2 ~ on Immature teeth 

The comparison of Group 1 - immature control teeth - and Group 2 - immature teeth with 

access cavity and no Ca(OH)2 ICM - showed a significant difference, indicating that Group 1 

samples had higher fracture strength than Group 2 - that is, immature control teeth had higher 

fracture strength compared to immature teeth with an access cavity. 

ii. Group 3 vs Group 5 ~ 1-month ICM 

The comparison of Group 3 - immature teeth with access cavity and 1-month Ca(OH)2 ICM -

and Group 5 - immature teeth without access cavity and 1-month Ca(OH)2 ICM - showed no 

significant difference, indicating that there was no significant difference in the fracture 

strength of Group 3 and Group 5. 

iii. Group 4 vs Group 6 ~ 12-month ICM 

The comparison of Group 4 - immature teeth with access cavity and 12-months Ca(OH)2 

ICM - and Group 6 - immature teeth without access cavity and 12-month Ca(OH)2 ICM - 

showed no significant difference, indicating that there was no significant difference in the 

fracture strength of Group 4 and Group 6. 

iv. Group 9 vs Group 10  ~ on Mature teeth 

The comparison of Group 9 - mature control teeth - and Group 10 - mature teeth with access 

cavity (no Ca(OH)2 ICM) - showed no significant difference, indicating that there was no 

significant difference in the fracture strength of mature control teeth compared to mature 

teeth with an access cavity. 

In summary, the above tests show that the presence of endodontic access cavity did not have 

a significant effect on the fracture strength of mature or immature teeth specimens, except for 

the comparison of Groups 1 and 2, where immature control teeth (Group 1) had significantly 

higher fracture strength compared to immature teeth with an access cavity (Group 2). 
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Comparison 3 - Effect of Ca(OH)2 on Immature Teeth 

Groups 1 and 5, and 1 and 6 were compared in pairs to determine the effect of Ca(OH)2 ICM 

use on the fracture strength of immature teeth. Figure. 7 and Table. 5 represent the test data 

and comparison results. 

 

Figure 7: Comparison of Izod test results for immature teeth with and without Ca(OH)2 ICM 

Effect of Ca(OH)2 ICM on Immature Teeth     

Group Mean SD t-cal t-crit df p Decision 
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Group 1 1.90 0.30 
0.96 2.10 18 0.35 

No significant 

difference 
Group 5 1.74 0.40 

Group 1 1.90 0.30 
0.59 2.10 18 0.57 

No significant 

difference 
Group 6 2.00 0.48 

Table 5: Pairwise comparison of fracture strength for teeth with and without Ca(OH)2 ICM 
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i. Group 1 vs Group 5 ~ 1-month Ca(OH)2 

The fracture strength comparison of Group 1 - immature control teeth - and Group 5 - 

immature teeth without access cavity and 1 month Ca(OH)2 ICM - showed no significant 

difference, indicating that there was no statistical difference between the fracture strength of 

samples of Group 1 and Group 5. 

ii. Group 1 vs Group 6 ~ 12-month Ca(OH)2 

The comparison of Group 1 - immature control teeth - and Group 6 - immature teeth without 

access cavity and 12-months Ca(OH)2 ICM - showed no significant difference indicating that 

there was no statistical difference between the fracture strength of samples of Group 1 and 

Group 6. 

In summary, the above tests show that use of Ca(OH)2 ICM did not have a significant effect 

on the fracture strength of immature teeth specimens. 
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Comparison 4 - Effect of time of use of Ca(OH)2  (1 month vs 12 months) 

Groups 3 and 4, and 7 and 8 were compared in pairs to determine the combined effect of 

endodontic access cavity and Ca(OH)2 ICM on the fracture strength. Figure. 8 and Table. 6 

represent the test data and comparison results. 

 

Figure 8: Comparison of Izod test results for teeth with 1m and 12m Ca(OH)2 ICM. 

Effect of Ca(OH)2 ICM duration      

Group Mean SD t-cal t-crit df p Decision 
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Group 3 1.41 0.58 

0.33 2.10 18 0.75 No significant difference 

Group 4 1.51 0.76 

M
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Group 7 2.30 0.29 

1.71 2.10 18 0.10 No significant difference 

Group 8 2.07 0.32 

Table 6: Pairwise comparison of fracture strength for teeth with 1m and 12m Ca(OH)2 ICM.  
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i. Group 3 vs Group 4 ~ immature teeth 

The comparison of Group 3 - immature teeth with access cavity and 1-month Ca(OH)2 ICM -

and Group 4 - immature teeth with access cavity and 12-months Ca(OH)2 ICM - showed no 

significant difference, indicating that there was no significant difference in the fracture 

strength of Group 3 and Group 4. 

ii. Group 7 vs Group 8 ~ mature teeth 

The fracture strength comparison of Group 7 - mature teeth with access cavity and 1-month 

Ca(OH)2 ICM and Group 8 - mature teeth with access cavity and 12-months Ca(OH)2 ICM -

showed no significant difference, indicating that there was no significant difference in the 

fracture strength of Group 7 and Group 8. 

In summary, the above tests show that 1-month and 12-month Ca(OH)2 ICM did not have a  

significant effect on the fracture strength of either mature or immature teeth specimens. 



 

107 

 

Comparison 5 - Combined effect of access cavity and Ca(OH)2 

Groups 1 and 3, 1 and 4, 7 and 9, and 8 and 9 were compared in pairs to determine the 

combined effect of endodontic access cavity and Ca(OH)2 ICM on the fracture strength. 

Figure. 9 and Table. 7 represent the test data and comparison results. 

 

Figure 9: Comparison of Izod test results for teeth with/without access cavities and Ca(OH)2 ICM. 

Effect of Access Cavity and Ca(OH)2 ICM     

Group Mean SD t-cal t-crit df p Decision 

Im
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Group 1 1.90 0.30 
2.34 2.10 18 0.03 

Significantly different 

(Gr1 > Gr3) 
Group 3 1.41 0.58 

Group 1 1.90 0.30 
1.47 2.10 18 0.13 No significant difference 

Group 4 1.51 0.76 

M
at

u
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Group 7 2.30 0.29 
0.33 2.10 18 0.75 No significant difference 

Group 9 2.35 0.39 

Group 8 2.07 0.32 
1.79 2.10 18 0.09 No significant difference 

Group 9 2.35 0.39 

Table 7: Pairwise comparison of fracture strength for teeth with/without access cavities and Ca(OH)2 ICM. 
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i. Group 1 vs Group 3 ~ 1-month ICM 

The comparison of Group 1 - immature control teeth - and Group 3 - immature teeth with 

access cavity and 1-month Ca(OH)2 ICM - showed a significant difference, indicating Group 

1 specimens had higher fracture strength than Group 3 - that is, control immature teeth had 

higher fracture strength than immature teeth with coronal access cavity and 1-month Ca(OH)2 

ICM. 

ii. Group 1 vs Group 4 ~ 12-month ICM 

The comparison of Group 1 - immature control teeth - and Group 4 - immature teeth with 

access cavity and 12-months Ca(OH)2 ICM - showed no significant difference, indicating that 

there was no significant difference in the fracture strength of Group 1 and 4, however there 

was a moderate effect size. 

iii. Group 7 vs Group  9 ~ 1-month ICM 

The comparison of Group 7 - mature teeth with access cavity and 1-month Ca(OH)2 ICM - 

and Group 9 - mature control teeth - showed no significant difference, indicating that there 

was no significant difference in the fracture strength of Group 7 and Group 9. 

iv. Group 8 vs Group 9 ~ 12-month ICM 

The comparison of Group 8 - mature teeth with access cavity and 12-months Ca(OH)2 ICM - 

and Group 9 - mature control teeth - showed no significant difference, indicating that there 

was no significant difference in the fracture strength of Group 8 and Group 9. 

In summary, the above tests show that the combined effect of access cavity and Ca(OH)2 

ICM did not have a significant effect on the fracture strength of the specimens, except for the 

comparison of Groups 1 and 3, where control immature teeth (Group 1) had significantly 

higher fracture strength than immature teeth with coronal access cavity and 1-month Ca(OH)2 

ICM (Group 3). 
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Fracture Modes 

Table 8 shows the distribution of the different types of fracture modes on each group. The 

fractures were classified as: A) oblique fractures from the labial aspect at the cervical level to 

a sub-gingival level on the palatal aspect (Fig.10); B) oblique fractures from the labial aspect 

at the cervical level to an equi-gingival level on the palatal side (Fig.11); C) oblique fracture 

from a sub-gingival level on the labial aspect to a cervical level on the palatal side; or D) 

Root fractures in the cervical (Fig. 12), middle or apical thirds of the root. No specimens had 

fracture modes C or D-apical.   

 

Groups 
Fracture Mode 

A B C D-Cervical D-Mid D-Apical 

Group 1 3 5 - 2 - -- 

Group 2 9 - - 1 - - 

Group 3 8 - - 2 - - 

Group 4 6 3 - 1 - - 

Group 5 7 - - 3 - - 

Group 6 8 2 - - - - 

Group 7 9 1 - - - - 

Group 8 8 - - 2 - - 

Group 9 8 1 - 1 - - 

Group 10 4 2 - 2 2 - 

TOTALS: 70 14 0 14 2 0 

Fracture Modes 

A = Oblique fracture – Cervical labial to sub-gingival palatal 

B = Oblique fracture – Cervical labial to equi-gingival palatal 

C = Oblique fracture – Subgingival labial to cervical palatal 

D = Root fracture – Cervical, Middle, Apical 

Table 8: Distribution of fracture modes for all groups, n=10 
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Figure 10: Fracture mode A – Cervical labial to sub-gingival palatal 

 

 

Figure 11: Fracture mode B – Cervical labial to equi-gingival palatal 

 

 

Figure 12: Fracture mode D-Cervical – Root fracture (Cervical) 
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Discussion 

Effect of tooth maturity 

The statistical analysis of the test results suggests that mature teeth have higher fracture 

strength than immature teeth. This was observed in pairwise comparisons with samples that 

had access cavities and Ca(OH)2 ICM for both 1 month (Group 3 vs Group 7) and 12 months 

(Group 4 and 8). In teeth with access cavities but without Ca(OH)2 ICM, as in Groups 2 and 

10, the same inference was observed, only this time the average difference was much greater 

at more than 50% (Figure. 5). Hence, there is evidence that tooth maturity has a highly 

significant influence on tooth fracture strength, regardless of whether Ca(OH)2 ICM is used 

or not.  

These results are in accordance with the clinical findings of Cvek (21) and Al-Jundi (22). In 

their studies investigating the incidence of root fractures in immature teeth following 

Ca(OH)2 apexification for a period of more than 12 months, they reported 40% and 32% 

incidences of fracture, respectively. However, teeth with completed root development had 

only 2% incidence of cervical root fracture compared to 77% where root development was 

less than 50% complete. Cvek concluded that the incidence of fracture had a strong 

relationship with the stage of root development and that external resorptive defects further 

reduced the fracture resistance, similar to what was observed in mature teeth with resorption.  

The presence of coronal endodontic access cavities further reduced the tooth mass, thereby 

significantly impacting the fracture strength, especially in immature teeth (Group 1 vs Group 

2). The effects of access cavities were not significant in mature teeth when compared to the 

mature control group, regardless of the presence of Ca(OH)2 ICM  (Table: 4). 
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Therefore, the reduced fracture strength of immature teeth can be primarily attributed to the 

reduced amount of root dentine and further tooth structure loss from endodontic access cavity 

preparation and resorptive defects.  

Effect of endodontic access cavity  

The comparison of Group 1 - immature control teeth - and Group 2 - immature teeth with 

access cavity and no Ca(OH)2 ICM - showed a significant difference (p<0.001), indicating 

that immature control teeth had higher fracture strength compared to immature teeth with 

access cavity.  

This was in contrast with the comparison of Group 9 - mature control teeth and Group 10 - 

mature teeth with access cavity and no Ca(OH)2 ICM - which  showed no significant 

difference, indicating that endodontic coronal access cavity did not make any significant 

effect to the fracture strength of mature control teeth.   

This finding is similar to other studies that have investigated the effects of access cavities 

(conventional vs conservative) on mature teeth and concluded that the presence or type of 

access cavities did not affect the fracture strength of teeth, but the amount of remaining tooth 

structure did, in a significant way (23,24). Cvek’s paper also concluded that the high 

incidence of tooth fractures in immature teeth were associated with the reduced amount of 

root dentine (along with resorptive lesions), and not due to the probable root weakening 

effect from the high alkalinity of Ca(OH)2 ICM (21). 

Effect of Ca(OH)2 ICM (1m and 12m) 

Comparisons of the immature control group (Group 1) with immature teeth that had either 1 

month or 12 months Ca(OH)2 ICM without access cavities prepared (Groups 5 and 6), the 

influence of Ca(OH)2 ICM on fracture strength was isolated. These comparisons 

demonstrated that having Ca(OH)2 ICM for either time periods in immature teeth did not 
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produce a significant reduction in fracture strength compared to the immature control group 

(Table: 5).  

Although many in vitro studies have supported the reduction of the physical properties of root 

dentine after exposure to Ca(OH)2, none have been able to address the exact mechanism of 

action behind this effect. The presumed dissolution and denaturing of collagen and other 

proteoglycans in dentine due to the high alkaline pH of Ca(OH)2 were thought to be the 

reasons for leaving the radicular dentine more prone to fractures (7). Another postulate 

suggested that breakdown of the inorganic structure or denaturing of the dentine collagen 

fibrils may be the probable cause for the weakening effect, especially with long term 

exposure (25). Nevertheless, these remain as postulates only and further studies are needed to 

examine the exact mechanism behind the reduction in mechanical properties of dentine after 

exposure to Ca(OH)2.  

It is interesting to note that while many studies have reported a reduction in the mechanical 

properties of root dentine, others have found no such association with short- or long-term use 

of Ca(OH)2 ICM. This may partly be due to factors associated with the anatomical variations 

of specimens, especially when animal teeth were used, and the results have been extrapolated 

to human teeth. Other variables such as disinfection and storage media, use of sections of 

teeth rather than whole teeth, use of compressive tests rather than an impact test may also 

play a role. These methodological variations may not produce results that are clinically 

relevant. 

Effect of combined Access cavity and Ca(OH)2 ICM  

Comparisons of fracture strength of control groups (Group 1 and Group 9) with the teeth 

specimens that had both Ca(OH)2 ICM and access cavities (Groups 3, 4, 7 and 8), 

demonstrated that their combined effects for either time periods (1 month and 12 months) in 
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mature and immature teeth did not produce a significant reduction in fracture strength (Table: 

5), except for the comparison of Groups 1 and 3 (p=0.03). These results further indicate that 

Ca(OH)2 ICM does not affect the fracture strength when subjected to an impact force. A 

possible explanation for the difference in results of Groups 1 and 3 from the other group 

comparisons could be the inability to incorporate larger variations in the micro- and macro-

structure of the teeth due to a small sample size, which is one of the limitations of the study.  

The higher variability of fracture strength in immature teeth (Group 4 – SD 0.76) could be 

due to the simulation model – i.e. dentine in an older tooth with the aged microstructure when 

simulated to be an immature tooth. A simulation model is necessary as it is not possible to 

gain sufficient sample numbers of immature teeth, and may still have this variability.  

Clinical use of Ca(OH)2 ICM in Immature teeth 

Although the initial cleaning of root canals performed by mechanical instrumentation 

removes the bulk of the infected pulp tissue, necrotic debris, and bacterial biofilms or a 

previous root filling, this process serves only to create a “space” that will be filled ideally by 

a root canal cement and gutta percha. Substantial parts of the root canal walls that are left 

untouched by mechanical instrumentation, need to be disinfected entirely by the irrigation 

solutions and ICM (26–30). Heithersay investigated the clinical use of Ca(OH)2 as an 

intracanal medicament and reported effective treatment outcomes for the management of 

periapical exudation (2-3 months), large periapical lesions (6-9 months), apical resorptive 

defects (3-10 months), external inflammatory root resorption secondary to trauma (3-6 

months), internal and external root resorptive defects and perforation repairs (6-10 months), 

and apexification procedures (6-18 months) (28). 

Most of the clinical and in vitro studies that have researched the effect of Ca(OH)2 ICM on 

the mechanical properties of root dentine were for shorter periods of time (3-6 months). The 
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reviews following long-term Ca(OH)2 medication were either based on fracture testing of 

non-human teeth specimens or teeth specimens used as sections of enamel or dentine rather 

than the whole tooth. Furthermore, an impact test suggests a more realistic simulation of a 

traumatic injury, which justifies the rationale for the test methodology and time periods of 

Ca(OH)2 medication employed in this study. 

Disinfection of the root canals using irrigation solutions (NaOCl and EDTA-C) and ICM 

(containing antibiotics, corticosteroids, Ca(OH)2 or their combinations) are effective and 

predictable contributors for periapical healing. A disinfected root canal system can remain 

relatively sterile even in the absence of a root canal filling as long as an adequate coronal 

restoration is placed during and after the root canal treatment (21). Hence, a period of 

disinfection becomes inevitable for the long-term prognosis of endodontic treatment.  

Periapical healing and apical calcific barrier formation using long term Ca(OH)2, as in 

apexification, is a proven and well documented treatment procedure (31). The higher 

incidence of cervical root fractures in immature teeth following Ca(OH)2 ICM, based on the 

studies by Cvek and Andreasen, was primarily due to the thin dentine walls typical of stage 1 

and 2 root development of immature teeth (Cvek classification) and possible cervical 

resorptive defects, when exposed to subsequent trauma, rather than any weakening effect of 

Ca(OH)2.  

The attempts at ‘pulp regeneration’ by activating the Hertwig’s epithelial root sheath and 

apical papilla cells to attain continued apical root development (thickening of the apical canal 

walls, increased root length and apical closure), have not been shown to produce any 

significant clinical results, especially in the cervical region where root fractures are the most 

prevalent in immature teeth (32). Therefore, the inability to expect any hard tissue deposition 

to reinforce immature teeth at the cervical region remains with all currently available 
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treatment methods (33) – i.e. Ca(OH)2 apexification, MTA apical plug, or repair 

(regeneration) procedures. 

The healing of apical periodontitis after Ca(OH)2 apexification and regenerative endodontic 

procedures, which can be more appropriately termed as a repair process and not actual 

regeneration, appears to produce similar clinical results. In addition, the apical barrier 

formation with Ca(OH)2 apexification is more predictable (33) and has the obvious advantage 

of being able to do retreatment, if and when indicated.  

Fracture modes  

Interestingly, this in vitro study demonstrated that the oblique labio-palatal cervical fractures 

(Types A and B)  were the most common fracture mode in immature maxillary incisor teeth, 

similar to what is observed in real life traumatic injuries (15). The second most common 

modes of fracture were cervical root fractures (Type D-Cervical) (Table: 8, Fig’s: 10-12). 

These fracture modes happened at the fulcrum of the tooth relative to the impact force and at 

the cervical level, where the dentine was thinnest compared to the rest of the crown.  

The choice of the maxillary central incisors as the preferred specimen type for the study 

matches with the type of teeth that is most prone to trauma and the stage of development 

(Cvek’s stage 3 root development) corresponds to the age of the highest incidence of 

traumatic injuries in children (8). 

Limitations of the study 

Ideally, having freshly extracted immature human teeth that were intact with no caries and no 

fractures would have been the best samples for this study, but as they are almost impossible 

to obtain, immature teeth were simulated. The specimen preparation method has been used 

for simulation of immature teeth in prior studies (34–37) and is known to have a few 

limitations. Although simulated specimens resemble immature teeth morphologically and 
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radiographically, they do differ somewhat in terms of the structural and physiological 

properties of adult and adolescent dentine. To minimize the effect of different individuals’ 

teeth in terms of tissue structure and the enamel, dentine and cementum thickness on the test 

results, samples were randomly distributed into 10 groups.  

The study could have used a larger sample size, which may have included and represented 

more anatomic and inherent tissue sample variations. A larger sample size could also have 

included a larger variation in the micro- and macro-structure of the teeth, as it is known that 

the biomechanical properties of enamel and dentine are determined by their intrinsic and 

extrinsic qualities. This may have given different results especially for the comparisons of 

Groups 1 vs 4 and Groups 3 vs 4, which had a moderate effect size on statistical analysis.  

Another limiting factor of the study was the possible influence of the disinfection and storage 

process and dehydration on the biomechanical properties of teeth specimens. This issue was 

effectively dealt with by following the disinfection and storage protocol from Part 1 of this 

study, which showed immersion in 10 % formalin for 14 days was the best method for 

effective disinfection as well as preservation of the physical and compositional structure of 

teeth for in vitro fracture testing.  

During the teeth mounting process, no silicone coating was used on the root surface to 

simulate the periodontal ligament (PDL) as it cushioned the impact and hampered the transfer 

of impact energy in the pre-test samples when designing this study. In addition, the teeth 

were not effectively retained in the acrylic blocks when a simulated PDL was used because of 

the conical shape of the tooth roots.   

This study provides new information and adds to the understanding of the influence of impact 

forces on teeth from other forms of dental trauma. However, the findings should also be 

considered within the limitations of an in vitro study since they may not accurately reflect a 
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real-life trauma situation. The behaviour of human teeth inside a functioning oral cavity 

within a unique specialized periodontium is different from the behaviour of teeth samples 

under standardized in vitro experimental conditions (38). Furthermore, the amount, speed and 

direction of an applied mechanical force in in vitro studies may not replicate the typical 

physiological forces experienced by teeth. The forces used in in vitro studies are mainly 

compressive, tensile, flexural or other complex forces applied to a cylinder, bar, slab, disc of 

dentine or teeth that were embedded in plaster or acrylic blocks. 

This study employed the use of an Izod impact testing machine. Testing the mechanical 

properties of teeth with an impact tester is not a very commonly used method, and a literature 

search revealed only a few articles that have mostly tested the mechanical properties of dental 

materials and one article which tested the impact fracture strength of bonded tooth fragments 

(17,36).  The methodology of this study attempted to simulate a traumatic incident in terms of 

the type of teeth (upper anterior teeth), the direction of force (labio-lingual) and the type of 

force (impact) involved.  

The use of an Izod impact tester, which involves a targeted mid-labial impact delivery to an 

incisor tooth at a 90o angle relative to the longitudinal axis in the labio-lingual direction, 

using a non-resilient metallic pendulum, can be argued to simulate a traumatic injury which is 

different from a blunt injury such as that caused by a tennis or cricket ball or any resilient 

object. The force of an injury can also be blunted to some degree when soft tissues (e.g. the 

lips) are involved or when a mouthguard is worn. This testing method does not represent such 

impacts and a different variation of testing methodology needs to be adapted to test such 

scenarios.  
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Conclusions  

When teeth were tested in an impact testing machine to simulate a traumatic injury:  

1. Mature teeth had higher fracture strength than immature teeth. 

2. Coronal access cavities only reduced the fracture strength of immature teeth but not 

for mature teeth. 

3. Ca(OH)2 ICM had no effect on the fracture strength of mature or immature teeth. 

4. Ca(OH)2 ICM time periods of 1 and 12 months had no effect on the fracture strength 

of immature and mature teeth.  

5. The combination of an access cavity and  Ca(OH)2 ICM over 1 month and 12 months 

did not produce a significant reduction in fracture strength in mature and immature 

teeth, except in immature teeth with 1 month Ca(OH)2 ICM compared to immature 

control teeth (p=0.03). 
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Chapter Four 

Summary and Conclusions 

 

Conclusions: Part 1 study 

NaOCl (5.25%) is not recommended as a disinfection and storage solution for 

specimens intended for testing physical properties of extracted teeth. Formalin (10%) is a 

potent disinfection solution and preserves the compositional structure of teeth, so it remains 

the preferred solution for in vitro testing of fracture strength. Fracture resistance among 

specimens stored in 0.2% thymol/saline, 10% formalin and the OHCWA-Protocol for 

different time periods were not significantly different. Longer periods of storage, irrespective 

of the solution, had damaging effects on the physical properties of enamel and dentine. The 

area or size of the specimen tested was significantly associated with load at fracture, with 

increased area corresponding to increased load required to fracture the tooth or root. 

Conclusions: Part 2 study 

When teeth were tested in an impact testing machine to simulate a traumatic injury: 

Mature teeth had significantly higher fracture resistance compared to immature teeth. Coronal 

access cavities significantly impacted the fracture strength of immature teeth but not mature 

teeth. Neither the presence of Ca(OH)2 nor its duration of use (1 month or 12 months) 

significantly impacted the fracture strength of immature or mature teeth. The combination of 

access cavity and  Ca(OH)2 ICM over 1 month and 12 months did not produce a significant 

reduction in fracture strength in mature and immature teeth groups, except in immature teeth 

with 1 month Ca(OH)2 ICM, compared to immature control teeth (p=0.03).  
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Appendix 1 

Summary of test results – Part 1 study 

 

 

 

Fig 1: Box and whisker plot showing load at break by Groups and Days 

 

 

Fig 2: Box and whisker plot showing load break by Groups and Tooth Type 
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Fig 3: Box and whisker plot showing load break by Groups, Tooth Type, and Days
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Appendix 2 

Summary of test results – Part 2 study 

 

Effect of Maturity       

Group Mean SD t-cal t-crit df p Decision 

1 
Group 3 1.41 0.58 

4.36 2.45 18 <0.001 
Significantly different 

(Gr7 > Gr3)  Group 7 2.30 0.29 

2 
Group 4 1.51 0.76 

2.14 2.10 18 0.05 
Significantly different 

(Gr8 > Gr4)  Group 8 2.07 0.32 

3 
Group 2 1.10 0.21 

8.73 2.10 18 <0.001 
Significantly different 

(Gr10 > Gr2)  Group 10 2.33 0.40 

Effect of Access Cavity      

Group Mean SD t-cal t-crit df p Decision 

Im
m

at
u

re
 

Group 1 1.90 0.30 
6.83 2.10 18 <0.001 

Significantly different 

(Gr1 > Gr2)  Group 2 1.10 0.21 

Group 5 1.71 0.40 
1.49 2.10 18 0.15 No significant difference 

Group 3 1.41 0.58 

Group 6 2.00 0.48 
1.71 2.10 18 0.10 No significant difference 

Group 4 1.51 0.76 

M
at

u
re

 

Group 9 2.35 0.39 
0.12 2.10 18 0.91 No significant difference 

Group 10 2.33 0.40 

Effect of Ca(OH)2 ICM on Immature Teeth     

Group Mean SD t-cal t-crit df p Decision 

Im
m

at
u

re
 Group 1 1.90 0.30 

0.96 2.10 18 0.35 No significant difference 
Group 5 1.74 0.40 

Group 1 1.90 0.30 
0.59 2.10 18 0.57 No significant difference 

Group 6 2.00 0.48 

Effect of Access Cavity and Ca(OH)2 ICM      

Group Mean SD t-cal t-crit df p Decision 

Im
m

at
u

re
 Group 1 1.90 0.30 

2.34 2.10 18 0.03 
Significantly different 

(Gr1 > Gr3)  Group 3 1.41 0.58 

Group 1 1.90 0.30 
1.47 2.10 18 0.13 No significant difference 

Group 4 1.51 0.76 

M
at

u
re

 Group 7 2.30 0.29 
0.33 2.10 18 0.75 No significant difference 

Group 9 2.35 0.39 

Group 8 2.07 0.32 
1.79 2.10 18 0.09 No significant difference 

Group 9 2.35 0.39 

Effect of Ca(OH)2 ICM duration      

Group Mean SD t-cal t-crit df p Decision 

Im
m

at
u

re
 

Group 3 1.41 0.58 
0.33 2.10 18 0.75 No significant difference 

Group 4 1.51 0.76 

M
at

u
re

 

Group 7 2.30 0.29 
1.71 2.10 18 0.10 No significant difference 

Group 8 2.07 0.32 
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Appendix 3 

Radiographic images of specimens – Part 2 study 

            
 

Fig 1: Simulated Immature teeth with coronal access cavity. Labio-palatal view. 

 

 

 

 
 

Fig 2: Simulated immature teeth with coronal access cavities. Mesio-distal view. 

 

 

 
 

Fig 3: Simulated immature teeth with coronal access cavities and Ca(OH)2 ICM. 

 

 

 
 

Fig 4: Simulated Immature teeth without coronal access cavities. 
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Fig 5: Tooth preparation reference -  Stage 3 Cvek’s classification of root 

development  
 




