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Abstract 

 

Objective:  The aim of this study was to compare the efficacy of continuous flow ultrasonic 

irrigation systems to conventional syringe irrigation in removing debris and smear layer in 

straight and curved root canals.  

Methods: Twenty-four maxillary recently extracted anterior teeth of curvature less than 10 

degrees and 24 mesial roots of mandibular molars with a curvature between 15-30 degrees 

were instrumented to size 40, 0.04 taper and 35, 0.04 taper, respectively, using 3% sodium 

hypochlorite. The teeth were divided into three experimental groups according to the final 

irrigation technique: conventional syringe irrigation with a 30 gauge side vented needle, the 

PiezoFlow Ultrasonic irrigation system, and the VPro StreamClean Ultrasonic irrigation 

system.  In all experimental groups, 15 mL of 3% sodium hypochlorite was used after 

instrumentation.  Both ultrasonic systems were set at a flow rate of 15 mL/min and used for 1 

minute at the ultrasonic power setting recommended by the manufacturer. This was followed 

by 3 mL of 17% EDTA for 2 minutes and 2 mL of sterile water. The teeth were sectioned 

and prepared for scanning electron microscope observation to assess the presence of debris 

and smear layer at the apical level (1, 3, 5 mm) with 200x and 1000x magnification, 

respectively.  The debris was graded using Adobe Photoshop CS5 and two calibrated 

observers using a five-score scale graded the smear. All grading was blinded. The debris data 

was analyzed using one-way analysis of variance with Dunett’s test and the smear layer 

scores were analyzed using Kruskal Wallis.   

Results: Concerning debris removal, no significant differences among groups were detected, 

however, the PiezoFlow Ultrasonic system approached significance at the 1 and 3 mm levels 
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in the straight canals.  The PiezoFlow Ultrasonic system resulted in significantly more smear 

layer removal at the 1 mm level in the straight canals compared to conventional syringe 

irrigation.  

Conclusion. The final irrigation techniques were unable to completely remove debris or 

smear layer from the apical 5 mm of the straight and curved canals, however, the PiezoFlow 

removed significantly more smear layer at the 1 mm level in straight canals. 
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Chapter  1: Introduction 

 

  The role of microorganisms and their by-products in the pathogenesis of pulp necrosis and 

apical periodontitis has been well established (Kakehashi et al, 1965; Bergenholtz, 1974; 

Sundqvist, 1976; Möller et al 1981). Apical periodontitis is an inflammatory process that 

presents as a host defense response to the microbial challenge of the infected root canal 

system (Nair, 2004).  This encounter results in rapid destruction of the periradicular tissues; 

therefore, the goal of endodontic therapy is the prevention and treatment of apical 

periodontitis (Ørstavik & Pitt Ford, 2008). Controlling the pulpal and periradicular infections 

can create an environment conducive to healing.  Traditionally, this is achieved with the use 

of instruments, irrigants, and intracanal medicaments to mechanically and chemically debride 

the root canal system (Haapasalo et al, 2005).  Hand and rotary instrumentation techniques 

shape the root canal, remove infected dentin, and facilitate the delivery of irrigants 

throughout the root canal system (Siqueira et al, 1999). The instrumentation must be 

complemented with irrigation that will flush out pulp tissue, dentin debris and microbes, in 

addition to decreasing the microbial load chemically (Haapasalo et al, 2010).  Therefore, 

chemomechanical preparation is considered to be one of the most important factors for root 

canal disinfection.  However, with the use of existing endodontic instruments, techniques and 

materials it is impossible to shape and clean the root canal system completely, even when the 

highest standards are followed (Siqueira et al, 1997;Siqueira et al, 2002).  Consequently, 

endodontic failure can still occur as there are regions in the root canal system that cannot 

properly be disinfected (Nair et al, 2005).   
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  The root canal morphology is a complex system consisting of a lateral canals, isthmuses, 

fins, anastomoses, apical deltas and accessory canals, in addition to the main canal (Hess & 

Zürcher, 1925). This complex nature makes complete debridement and disinfection 

extremely challenging as the instruments and irrigants fail to penetrate into the confined 

areas, allowing bacteria to survive. There is substantial evidence that apical periodontitis is a 

biofilm-induced disease (Ricucci & Siqueira, 2010). A biofilm community is incredibly 

adaptive and persistent, enabling survival in a hostile environment, while maintaining the 

ability to express its pathogenicity upon the host (Costerton & Stewart, 1999).  A significant 

feature of biofilms is the ability to resist antimicrobial agents, as bacteria in this community 

can be 100 to 1000 times more resistant to certain antibiotics compared to their planktonic 

counterparts (Ceri et al., 1999). Consequently, disruption and removal of biofilms has proven 

to be challenging and remains an obstacle in endodontic treatment (Siqueira, 2008). 

Disinfection difficulties are further accentuated in the apical one third due to the limitations 

of modern instrumentation (Peters, 2004) and the inability of the irrigant to penetrate the 

narrow regions of the root canal system (Senia et al, 1971). The penetration of an irrigant in 

to the apical third of the root canal system is dependent on the size of the apical preparation 

(Falk & Sedgley, 2005; Hsieh et al., 2007), the depth of the irrigating needle (Hsieh et al., 

2007; Sedgley et al, 2005),  the volume of irrigation (Baker et al 1975; Sedgley et al, 2004),  

and the diameter of the irrigating needle (Chow, 1983; Hsieh et al, 2007). In addition, it is 

often difficult for irrigants to penetrate the apical portion of the root canal system due to the 

vapor lock effect (Tay et al, 2010). Traditional syringe and needle irrigation is relatively 

inefficient due to the limited mechanical flushing of debris in the apical third (Boutsioukis et 

al, 2010a), as well as the inability to deliver irrigant more than 1-1.5mm beyond the tip of the 
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needle (Boutsioukis et al, 2009). For an irrigating solution to be effective it must be in direct 

contact with the contents of the canal system.  Therefore, effective irrigation depends not 

only on the chemical ability of the irrigants but also upon the ability to deliver the irrigant 

throughout the entire root canal system, particularly the apical third.  Furthermore, the 

irrigation system should be capable of debriding areas that were inaccessible by mechanical 

instrumentation, including the fins, lateral canals and isthmi, in a safe manner.   

  Numerous irrigation delivery systems are available for enhancing the distribution and 

streaming of irrigants (Goodman et al, 1985; Gu et al, 2009). A key feature among the 

various systems is the ability to agitate or activate irrigating solutions as agitation of irrigants 

has been shown to improve the effectiveness of irrigation (Moorer & Wesselink, 1982).  One 

such way to enhance the action of irrigants is by employing the use of ultrasound energy.  

Previous studies have demonstrated irrigation delivery can be enhanced by using ultrasonic 

energy (Goodman et al, 1985; Sjögren & Sundqvist, 1987; Archer et al, 1992; Jensen et al, 

1999; Lee & Wu, 2004;).  However, the efficacy of newer generation irrigation delivery 

systems to debride and disinfect the root canal has not been thoroughly evaluated. There is 

promise in these devices, however, further quantification is required and the impact on the 

outcome of endodontic treatment is still uncertain.   

 

1.1 Outcome of Endodontic Treatment 

  Successful endodontic outcome requires both clinical and radiographic normalcy. 

Strindberg incorporated a stringent set of criteria for success and failure based on the 

presence or absence of periapical rarefaction (Strindberg, 1956).  Many of the current criteria 

for outcome assessment have been adopted from the strict criteria set by Strindberg.  Further 



 4 

to this, the European Society of Endodontic has set forth guidelines regarding outcome that 

states root-filled teeth should be reviewed radiographically at 1 year and then subsequently as 

required for up to 4 years to assess whether treatment has been successful (European Society 

of Endodontology, 2006).  Numerous studies have been published that have evaluated the 

outcome of endodontic treatment in controlled clinical environments.  Strindberg’s classic 

study in 1956 evaluated 254 patients with 529 teeth over a 6 year period (Strindberg, 1956). 

The recall period was between 6 months and 10 years with 97.5% being followed for at least 

2 years. The success rate of initial treatment was 91.6% with no initial periapical lesion and 

82.4% with an initial periapical lesion.  Sjögren looked at the various factors that may affect 

the outcome of endodontic treatment in (Sjögren et al, 1990) . The follow-up period was 8-10 

years with an overall success rate of 91%.  In cases where no initial periapical lesion was 

present the success was 96% and with an initial periapical lesion the success dropped to 86%.  

In 2003, Phase I of the Toronto Study was published (Friedman et al, 2003).  The objective 

of the Toronto Study project was to prospectively assess the 4- to 6-yr outcome of 

endodontic treatment performed in a university graduate-clinic environment. Phase I 

presented an overall healed rate of 81%.  The healed rate was significantly higher without 

apical periodontitis (92%) than with apical periodontitis (74%).  The Toronto Study Phase 

IV, which was pooled with data from Phases I-III, showed an overall healed rate of 86% and 

similarly, the healed rate varied with the presence or absence of a preoperative periapical 

radiolucency (93 vs 82%) (Farzaneh et al, 2004; Marquis et al, 2006; de Chevigny et al, 

2008).  This study also reported that 95% of the teeth remained asymptomatic and functional.  

The clinical outcome of endodontic treatment of teeth with apical periodontitis was evaluated 

by Siqueira (Siqueira et al, 2008) .  A standardized microbial protocol was utilized with a 1-4 
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year follow-up period and a combined healed and healing rate of 95% was observed.  The 

conclusion of this study was that high success rates were observed when an evidence-based 

antimicrobial strategy was used during endodontic treatment of teeth with apical 

periodontitis.   

  These controlled clinical studies, many of which are University based, demonstrate success 

rates as high as 96%.  However, epidemiologic studies performed in different countries 

reveal a different picture with periapical disease present in 35-65% of root canal treated teeth 

(Eckerbom et al, 1987; De Cleen et al, 1993; De Moor et al, 2000; Kirkevang et al, 2001; 

Dugas et al, 2003).  Evidently, there is a large dichotomy between what is achievable and 

what is actually observed in regards to endodontic outcome. The large discrepancy may be a 

function of poor disinfection treatment protocols.  Increase in endodontic outcome is directly 

related to our ability to efficiently, predictably and safely disinfect the root canal system.   

Effective evidence based treatment protocols provide favorable outcomes and it is unlikely 

that these protocols are being utilized in the general dentist population.   

 

1.2 A Brief History of Irrigation 

  With the works of Pasteur, Lister, and Koch, there became a growing acceptance of an 

association between microorganisms and infection in the 19th century.  The establishment of 

the germ theory of disease was followed by efforts to prevent infection with Koch 

demonstrating the eradication of bacteria with hypochlorites (Sedgley, 2004). These 

developments along with the establishment of the Baltimore College of Dental Surgery in 

1840, greatly impacted dentistry as the use of broaches and intracanal dressings became more 

prevalent.   The practice of wiping root canals with disinfectants to achieve sterilization was 
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commonly practiced.  The need for frequent for syringing of the root canal appears to have 

been first advocated by Jonathan Taft in 1859, with the purpose of treating the slough or 

discharge through the tooth (Taft, 1868). Nitrates of silver, creosotes and tannin, or chlorid or 

sodium were commonly used to wash the innermost portion of the cavity. Willoughby 

Dayton Miller published a series of papers from 1891-1894 that showed the role of 

microorganisms in pulpal and periapical disease (Miller, 1891a; 1891b; 1894).  Miller’s work 

led to the realization that the root canal treatment required an aseptic approach as he showed 

a strong association between microorganisms and infections related to teeth.  A variety of 

empirical recommendations on the use of medicaments to clean root canals were made 

throughout this period (Sedgley, 2004). Arsenic was introduced in 1836 to treat the nerves of 

teeth. Callahan suggested 20-50% sulfuric acid to help clean and widen the root canal 

followed by a bicarbonate solution to cause an effervescent reaction and neutralizing the acid 

(Callahan, 1894).  One method involved placing potassium and sodium metals in the root 

canal resulting in a volatile reaction which purportedly removed necrotic pulps.  In a dental 

medicine manual by Gorgas, treatment for alveolar abscess entailed cleansing of the root 

canal by injecting chlorid of sodium or hydrogen peroxide, which was followed by sulfuric 

acid to destroy any remaining tissue in the canal (Gorgas, 1889).  G.V. Black advocated the 

use of medicaments such as oil of cloves, oil of cinnamon, Beechwood Creosote, and Black’s 

1,2,3 to clean root canals and discouraged the use of stronger antiseptics due to irritation 

concerns (Black, 1915).  Hydrogen peroxide was frequently recommended in the early 

1900’s with the thought that the effervescence that was created would provide disinfection of 

the root canal. In 1915, Dakin introduced the use of a 0.5% sodium hypochlorite solution for 

the irrigation of wounds during World War I (Dakin, 1915). This prompted the introduction 
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of sodium hypochlorite to endodontics with the earliest published reports by Coolidge and 

Crane (Coolidge, 1919; Crane, 1920).  Walker further recommended the use of sodium 

hypochlorite in 1936 (Walker, 1936) and this was followed by a classic article from 

Grossman based on experimental work on root canal irrigation that confirmed the 

effectiveness of sodium hypochlorite as a pulp tissue solvent (Grossman, 1943).  Grossman 

strongly recommended chlorinated soda alternated with hydrogen peroxide. In describing the 

technique of irrigation, Grossman stated that mechanical instrumentation should be followed 

by this irrigation combination to wash out fragments of pulp tissue and dentinal shavings 

from the root canal. Another significant event was the introduction of chelating agents into 

endodontics as an aid for the preparation of narrow and calcified root canals in1957 by 

Nygaard-Ostby (Nygaard-Østby, 1957). With the establishment of the American Association 

of Endodontics in 1943, irrigation research has grown with many of Grossman’s principle 

about irrigation still utilized today. 

 

1.3 Endodontic Treatment 

 

1.3.1 Mechanical Preparation of the Root Canal 

  The main purpose of root canal instrumentation is the mechanical debridement of the root 

canal system. This involves the removal of vital and necrotic tissue, as well as hard tissue 

from the root canal system, creation of sufficient space for delivery of irrigants and intracanal 

medications, preparation of an adequate shape that will allow placement of a high quality 

obturation material within the confines of the root, avoidance of iatrogenic damage of the 

root canal system, and prevention of further damage to the periapical region (Haapasalo et al, 
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2005; Hülsmann et al, 2005).  Furthermore, the ultimate biological goal of mechanical 

instrumentation is the eradication of bacteria from the root canal system, and prevention and 

treatment of endodontic disease.  Root canal preparation instruments and techniques have 

evolved over time and include the use of manual preparation with stainless handfiles, 

automated root canal instrumentation, sonic and ultrasonic preparation, the use of nickel-

titanium hand and rotary files, and the use of lasers in endodontics.  

  Numerous studies have been performed on the mechanical reduction of bacteria by 

instrumentation. Ingle and Zeldow evaluated the role of mechanical instrumentation alone in 

the reduction of bacteria in the root canal system (Ingle & Zeldow, 1958).  Using hand 

instrumentation with large reamers and irrigation with distilled sterile water, they found 80% 

of the root canals had a positive culture after the first appointment. At the start of the second 

appointment 95.4% yielded a positive culture.   He noted that the difference between his 

results and a similar one by Stewart, and concluded the difference was due to the use of 

sterile water as the irrigant.  Stewart reported negative cultures in 76% of the infected teeth 

after chemomechanical preparation of the root canals using 3% hydrogen peroxide and 

sodium hypochlorite (Stewart, 1955).   Bystrom and Sundqvist, using then state-of-the-art 

anaerobic bacteriological techniques, were able to demonstrate that mechanical debridement 

of the canal, while using only sterile saline as an irrigant, was capable of reducing the 

number of microorganisms by 100-1000 fold (Byström & Sundqvist, 1981). However, 

despite the multiple appointments, only 53% of the root canals were rendered bacteria-free 

with a negative culture.  Their conclusion was that mechanical instrumentation and irrigation 

with saline reduced the number of bacteria in the root canal and the supporting action of 

disinfectants would be necessary for successful removal of the remaining bacteria.  Bystrom 
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and Sundqvist published a succeeding paper and they utilized 0.5% hypochlorite as the 

irrigant along with mechanical instrumentation (Byström & Sundqvist, 1983).  This resulted 

in 83% of the root canals showing a negative culture and reinforced the limitation of the use 

of mechanical instrumentation alone for disinfection.  Orstavik published a clinical study 

demonstrating the effects of mechanical instrumentation with saline as the irrigant. (Ørstavik 

et al, 1991).  Although, there was a reduction in the bacterial load of the root canals, he 

concluded that the mechanical instrumentation was relatively inefficient. He did note 

however, that there was increased bacterial reduction with larger apical sizes.  Wu compared 

3 instrumentation techniques in curved mesio-buccal canals of mandibular molars (Wu & 

Wesselink, 1995).  He concluded that none of the techniques were able to completely debride 

the apical portion, however the technique that created larger apical sizes had less debris 

remaining in the apical third.  Similarly, Siqueira compared 5 instrumentation techniques and 

the apical third of the root canals was assessed using histological examination (Siqueira et al., 

1997).  He demonstrated that regardless of the technique used, complete debridement of the 

root canal system was not observed.   

  The introduction of Nickel Titanium Rotary instrumentation was a significant advancement 

as it offered several advantages over traditional hand instrumentation to facilitate the 

cleaning and shaping process such as faster canal preparation, less debris extrusion, less 

transportation, centering ability, and reduced iatrogenic errors (Bergmans et al, 2001).  

Dalton’s clinical study of 48 teeth with apical periodontitis measured the bacterial reduction 

using either stainless steel handfiles or nickel-titanium rotary instrumentation (Profile .04 

taper), with sterile saline as the irrigant (Dalton et al, 1998).  Only 28% of the samples were 

bacteria free, however, no significant difference in intracanal bacterial reduction was 
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detected between hand and rotary instrumentation.  Increasing bacterial reduction with 

increasing instrument size, regardless of the file type, was also observed. Siqueira also 

evaluated reduction of the bacterial population in the root canal system by the mechanical 

action of instrumentation and irrigation with sterile saline (Siqueira et al, 1999). Canals 

inoculated with an Enterococcus faecalis suspension were cleaned and shaped using hand Ni-

Ti Flex files, Greater Taper files, and Profile 0.06 taper series 29 rotary instruments.  There 

was no significant difference among the three techniques in bacterial reduction.  Teeth that 

were enlarged to size 40 did have an increased bacterial reduction.  Siqueira concluded that 

mechanical instrumentation is insufficient to completely eradicate root canal infection and 

the use of irrigation solutions possessing antibacterial properties is essential to proper 

disinfection.   In spite of the advances in mechanical instrumentation with the use of nickel 

titanium rotary instruments, the studies did not show and increase in disinfection.  Based on 

the findings of these studies on the mechanical preparation of root canals, it is evident that 

mechanical instrumentation, regardless of technique, with saline is insufficient to predictably 

disinfect the root canal system and supplementation with a strong antimicrobial irrigating 

solution is highly necessary.   

 

1.3.2 The Importance of Chemomechanical Preparation 

  The main goal of chemomechanical preparation is to clean and disinfect the entire root 

canal system by eliminating bacteria as well as any sources of nutrient supply, such as the 

tissue remnants.  Cleaning and disinfecting procedures are highly dependent on the 

mechanical and chemical effects of the irrigants.  Regardless of the type of irrigant used, 

there is a significant bacterial reduction in the root canals just by the mechanical effects of 
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irrigation (Siqueira et al, 1999). Irrigants work mechanically, via the flow and backflow of 

the solutions, to loosen debris and bacteria and flush them from the root canal system.  The 

antibacterial effects of an irrigant will enhance bacterial reduction throughout the root canal 

system and especially in areas inaccessible to mechanical debridement.  Therefore, 

chemomechanical preparation will remove bacteria from the root canal by the mechanical 

action of instruments, the flow and movement of irrigant solutions, as well as the 

antibacterial effects of irrigants. Svec and Harrison evaluated the effectiveness of 

chemomechanical preparation with normal saline solution against a combination of 5.25% 

sodium hypochlorite and 3% hydrogen peroxide in extracted single rooted teeth (Svec & 

Harrison, 1977). They concluded that the sodium hypochlorite and hydrogen peroxide 

combination was more effective at debriding the canals in the apical 3 mm, however, neither 

solution was able to render the canals completely free of tissue debris.  Based on the 

recommendations of their earlier study, Byström and Sundqvist compared the antibacterial 

properties of 0.5% sodium hypochlorite and sterile saline irrigants in infected root canals 

(Byström & Sundqvist, 1983).  The use of sodium hypochlorite irrigation coupled with 

mechanical instrumentation rendered 80% of the canals bacteria-free after the fifth and final 

appointment, while saline irrigation was only able to render 53% of the canals bacteria free. 

In 1985, Bystrom compared the antibacterial effects of 0.5%, 5% sodium hypochlorite and a 

combination of 5% sodium hypochlorite and 17% EDTA (Bystrom & Sundqvist, 1985).  

There was no difference between the two concentrations of sodium hypochlorite, however 

the 5% sodium hypochlorite with the EDTA was the most effective, but attaining complete 

eradication of the microorganisms was still unachievable.  Siqueira compared the effects of 

instrumentation and 3 of different concentrations of sodium hypochlorite (1%, 2.5%, and 
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5.25%) against saline on intracanal bacterial reduction (Siqueira et al, 2000).  There was a 

considerable bacterial reduction with the use of different sodium hypochlorite concentrations 

compared to saline in the root canals. There was no difference between the 3 sodium 

hypochlorite groups. The results of this study suggest that regular exchange and the use of 

large amounts of irrigant should maintain the antibacterial effectiveness of the sodium 

hypochlorite, compensating for the effects of concentration.   Nevertheless, bacteria were 

never completely eliminated from the root canals.  Shuping evaluated the extent of bacterial 

reduction with nickel-titanium rotary instrumentation and 1.25% sodium hypochlorite 

irrigation (Shuping et al, 2000).  The study also incorporated larger apical sizes in the 

mechanical instrumentation protocol.  There was a significantly greater reduction of bacteria 

when sodium hypochlorite was used as an irrigant, compared with sterile saline. After 

instrumentation with sodium hypochlorite as the irrigant, 61.9% of canals were rendered free 

of bacteria.  However, this was increased to 92.5% with the use of calcium hydroxide as an 

intra-canal medicament.  Peters evaluated the effect of instrumentation with 2% sodium 

hypochlorite on the fate of intracanal bacteria on teeth with necrotic pulps and periapical 

lesions and showed 76% of the teeth had a negative culture after cleaning and disinfection in 

the first visit (Peters et al, 2002).  However, in this study there was not further reduction of 

negative cultures with a 4-week application of calcium hydroxide.  McGurkin-Smith’s 

clinical study of teeth with apical periodontitis evaluated the bacterial reduction using nickel-

titanium rotary files and a strict irrigation protocol utilizing 5.25% sodium hypochlorite and 

17% EDTA (McGurkin-Smith et al, 2005).  Following this protocol, 47% of the teeth did not 

culture bacteria after the instrumentation and irrigation protocol.  However, this was 

increased to 86% after a one-week treatment of calcium hydroxide. It was concluded the 
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protocol significantly reduced the number of bacteria in the canal but failed to render the 

canal bacteria free in more than half of the cases and large apical preparations removed more 

bacteria than small apical preparations.  Siqueira’s study in 2007 assessed the effect of 

chemomechanical preparation with 2.5% sodium hypochlorite and an intracanal medication 

(Siqueira et al, 2007).  A significant reduction in the number of intracanal canal bacteria 

following the protocol was observed.  No cultivable bacteria were isolated from 54.5% of the 

canals after instrumentation with hand NiTi files and irrigation with 2.5% sodium 

hypochlorite. This was further increased to 81.8% after a 7-day application of calcium 

hydroxide.  However, Siqueira concluded that despite the reduction in bacteria, some cases 

still harbored bacteria after chemomechanical preparation and more effective strategies need 

to be developed to predictably render canals free of bacteria.  Altogether, the studies show 

the inability to achieve bacteria free root canal systems with chemomechanical preparation, 

and puts into question outcome of endodontic treatment, as the success is dependent upon 

achieving complete elimination of bacteria from the root canal system before obturation 

(Sjögren et al, 1997).   

 

1.3.3 Treatment Considerations 

  As mentioned, mechanical preparation has its limitations, as it is unable to significantly 

reduce the bacteria within the canal. Despite advances in mechanical preparation with nickel 

titanium rotary instrumentation, much of the root canal space remains untouched by 

instruments and can harbor bacteria after seemingly adequate mechanical preparation.  The 

use of micro-computed tomography technology has aided in quantifying the effects of 

instrumentation on the root canal walls. Peters’ study in 2001 compared the effects of 4 
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instrumentation techniques on the changes in root canal geometry of maxillary molars.  He 

demonstrated that	
  all 4 instrumentation techniques left 35% or more of the canals’ surface 

area unchanged (Peters et al, 2001b).  In fact, the palatal canals of maxillary molars had as 

high as 57% of the canal walls untouched by instruments (Peters et al, 2001a).  Peters 

evaluated the effect of Protaper rotary instruments on the canal geometry of maxillary molars 

and found that 33-49% of the canal walls were left untouched (Peters et al, 2003).  Paque 

compared the effect of 4 instrumentation techniques on the prepared surfaces of oval-shaped 

distal canals of mandibular molars and showed that showed untreated areas of the canal 

ranged from 59.6% to 79.9% for the total canal length and 65.2% to 74.7% for the apical 

canal portion, respectively (Paque et al, 2010).  These findings reinforce the understanding of 

the limitations of mechanical preparation in the complexities of the root canal system, 

especially in the apical 4 mm, and stress the importance of chemical disinfection with 

antimicrobial irrigants. 

 Conversely, when root canals are instrumented a layer of material composed of dentine, 

remnants of pulp tissue and odontoblastic processes, and bacteria are always formed on the 

root canal wall (Şen et al, 1995).  This layer is referred to as the smear layer and was first 

described by McComb in 1975 (McComb & Smith, 1975). McComb recognized, with the use 

of scanning electron microscopy, that standard instrumentation techniques produced this 

layer on root canal walls.  This study examined various combinations of irrigants and 

demonstrated that the use of EDTA and REDTA following instrumentation produced the 

canals that were the most smear and debris free.  Mader showed that the smear layer was 1-2 

microns thick and that it had two components: a friable superficial layer and smeared layer 

that was packed into the dentinal tubules up to 40 microns in depth (Mader et al, 1984).   
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Several studies have shown that the most effective means to remove the smear layer is a 

combination of sodium hypochlorite and EDTA (Baumgartner & Mader, 1987; Goldman et 

al, 1982; Yamada et al, 1983).  There are conflicting reports regarding the decision to remove 

the smear layer.  This layer covers the instrumented walls and may prevent the penetration of 

irrigants and intracanal medicaments into the dentinal tubules and interfere with the close 

adaptation of root filling materials to canal walls.  However, the data appears to point in the 

direction of smear layer removal as this can facilitate more thorough disinfection of the root 

canal system and better adaptation of materials to the canal walls (Violich & Chandler, 

2010). 

 

1.3.4 Desired Properties of Irrigants 

  Ideally, root canal irrigants should: 

• Have a broad antimicrobial spectrum and high efficacy against high anaerobic and 

facultative bacteria organized into biofilms 

• Dissolve organic matter such as necrotic pulp tissue 

• Act as a lubricant in the root canal 

• Mechanical flush debris from the root canal 

• Inactivate endotoxin 

• Prevent the formation of a smear layer during instrumentation or dissolve the latter 

once it has formed 

• Be systemically nontoxic, non-caustic to periodontal tissues and have little potential 

to cause an anaphylactic reaction 
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  Unfortunately, one such irrigant does not exist therefore the combination use of various 

irrigants in a proper sequence is essential to achieving thorough disinfection of the root canal 

system ( Zehnder, 2006; Haapasalo et al, 2010). 

 

1.3.5 Sodium Hypochlorite 

  Sodium hypochlorite is the most widely used irrigation solution in endodontics today 

mainly due to its marked antimicrobial effect and tissue dissolving ability (Zehnder, 2006).  

In addition, it is cheap, readily available, and has a long-lasting shelf life.  Sodium 

hypochlorite is a strong base with a pH >11 and is commonly used in concentrations between 

0.5-6%.  Sodium hypochlorite dissociates in water into Na+ and the hypochlorite ion (OCl-), 

establishing equilibrium with hypochlorous acid (HOCl), as shown by the following reaction: 

 

NaOCl + H2O ↔ NaOH + HOCl ↔ Na+ + OH- + H+ + OCl− 

 

At a neutral or acidic pH chlorine exists predominantly as HOCl and at pH 9 or above, OCl- 

is the dominant form.  Hypochlorous acid is the form that is responsible for the antimicrobial 

activity and it exerts its germicidal effect by oxidative action on sulphydryl groups of 

essential bacterial enzymes. The inhibition of these enzymes results in interference with 

metabolic functions, which then presumably result in the death of these bacteria. The 

antimicrobial effectiveness of sodium hypochlorite is also based on its high pH due to the 

hydroxyl ions action, which is similar to the mechanism of action of calcium hydroxide. 
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The high pH of sodium hypochlorite interferes in the cytoplasmic membrane integrity with 

an irreversible enzymatic inhibition, biosynthetic alterations in cellular metabolism and 

phospholipid degradation (Estrela et al., 2002). 

 Estrela proposed that 3 chemical reactions can occur between sodium hypochlorite and 

organic tissue (Estrela et al., 2002).  The first is a saponification reaction in which fatty acids 

are broken down to soap and glycerol, which decreases surface tension of the liquid.  A 

neutralization reaction can occur that will break down amino acids to form salt and water, 

and causes an increase in pH by the release of hydroxyl ions. The last reaction that may occur 

is a chloramination reaction, where hypochlorous acid will react with organic tissue to form 

chloramines that interfere in cell metabolism of bacteria. Therefore, the antimicrobial activity 

exhibited by sodium hypochlorite is due to formation of hypochlorous acid, hydroxyl ions 

and the chloramines, which act on the bacterial essential enzymatic sites promoting 

irreversible inactivation.  The breakdown of organic tissue can be accounted for by the 

saponification reaction of lipids and fatty acids (Mohammadi, 2008). 

 

1.3.5.1 Tissue Dissolving Effects 

  The tissue dissolving abilities of sodium hypochlorite have been well studied.  Grossman 

showed the ability of sodium hypochlorite to dissolve necrotic tissue and recommended its 

use as part of his irrigation protocol (Grossman, 1941).  Senia evaluated the tissue dissolving 

ability of 5.25% sodium hypochlorite compared to saline in extracted mesial roots of 

mandibular molars (Senia et al, 1971).  After histologic preparation, he showed the sodium 

hypochlorite was more effective than saline but the effects were limited in the apical 3mm of 

the root canals.  He concluded maximum contact with the tissue was required and this may 
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have been limited in the small apical areas of the mesial roots.  Rosenfeld also showed the 

tissue dissolution effect of sodium hypochlorite on intact vital pulps, and also concluded that 

the effects were limited in the apical thirds of the teeth (Rosenfeld et al, 1978). Hand 

compared the tissue dissolution properties of various concentrations of sodium hypochlorite 

on necrotic tissue in rat pulps (Hand & Smith, 1978).  5.25% sodium hypochlorite was shown 

to be significantly more effective as a tissue solvent than any other of the tested solutions 

Abou-Rass studied the effects of varying concentrations and temperature on the tissue 

dissolution properties of sodium hypochlorite (Abou-Rass & Oglesby, 1981).  In addition, 

they evaluated the influence of the tissue condition (fresh, fixed, or necrotic) on dissolution 

effectiveness.  He concluded that the higher concentration was the most effective, heating the 

solution was more effective regardless of concentration, and that the dissolution was the 

greatest on fresh tissue.  Moorer and Wesselink showed that tissue dissolution was dependent 

on three factors: frequency of agitation, amount of organic matter in relation to the amount of 

irrigant in the system and surface area of tissue that was available (Moorer & Wesselink, 

1982). Naenni evaluated the soft tissue dissolution ability of various irrigants commonly used 

in endodontics and found that only 1% sodium hypochlorite was able to dissolve major 

amounts of tissue (Naenni et al, 2004). Stojicic evaluated the effect of concentration, 

temperature and agitation on the tissue dissolution ability of sodium hypochlorite (Stojicic et 

al, 2010). In addition, a hypochlorite product with an added surface active agent was 

compared with conventional hypochlorite solutions.  This study concluded that an increase in 

concentration and temperature of sodium hypochlorite greatly increased its efficacy in tissue 

dissolution.  Also, agitation of the hypochlorite solution, preferably continuous, resulted in a 

marked increase in the effect of the hypochlorite. The sodium hypochlorite product with 
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added surface active agent was the most effective in tissue dissolution at all concentrations 

and temperatures.   

 

1.3.5.2 Antibacterial Effect 

  Sodium hypochlorite was shown to be a powerful germicide since its introduction into the 

medical field by Dakin (Dakin, 1915).  In 1970, Shih conducted a laboratory study to assess 

the antibacterial efficiency of sodium hypochlorite as a root canal irrigant (Shih et al, 1970). 

This study looked at the effect of the 5.25% sodium hypochlorite on Streptococcus faecalis 

and Staphlyococcus Aureus.  The study concluded that it is necessary to use 5.25 % sodium 

hypochlorite to obtain an immediate sterilizing effect in the infected root canals of extracted 

human teeth. Siqueira  evaluated the antibacterial effect of endodontic irrigants against four 

black-pigmented Gram- negative anaerobes and four facultative anaerobic bacteria by means 

of the agar diffusion test (Siqueira et al, 1998).  He compared various concentrations of 

sodium hypochlorite and chlorhexidine, as well as citric acid and EDTA. The 4% sodium 

hypochlorite solution provided the largest average zone of bacterial inhibition in this study 

when compared to all the other solutions.  Berber compared the efficacy of 0.5%, 2.5% and 

5.25% sodium hypochlorite as intracanal irrigants associated with hand and rotary 

instrumentation techniques against Enterococcus faecalis within root canals and dentinal 

tubules (Berber et al, 2006).  Extracted human premolar teeth were infected with 

Enterococcus faecalis and subjected to various combinations of instrumentation and 

irrigation.  After analysis, the results of the present study suggest that 5.25% sodium 

hypochlorite has a greater antibacterial activity inside the dentinal tubules infected with 

Enterococcus faecalis than the other concentrations tested.  Clegg evaluated the effectiveness 
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of different concentrations of sodium hypochlorite and several other commonly used 

endodontic irrigants on the eradication of biofilms from dentin sections (Clegg et al, 2006).  

He concluded that 6% sodium hypochlorite was the only irrigant capable of both eliminating 

the bacteria and physically removing the biofilm.   

 

1.3.5.3 Limitations of Sodium Hypochlorite 

  There is no consensus on the safest concentration of sodium hypochlorite to use in 

endodontics as the range is 0.5-6%. Spangberg evaluated the cytoxicity and antibacterial 

effectiveness of sodium hypochlorite and recommended the use of a 0.5% concentration 

(Spangberg et al, 1973).  This concentration demonstrated an optimal level of cell 

compatibility while dissolving necrotic tissue along with retaining an adequate antimicrobial 

effectiveness.  Safety is an important consideration as complications with its use can occur.   

The use of sodium hypochlorite can result in accidental injection beyond the root apex which 

can cause violent tissue reactions characterized by pain, swelling, hemorrhage, and in some 

cases the development of secondary infection and paresthesia (Mohammadi, 2008).  

Therefore, extreme care should be used when using sodium hypochlorite during endodontic 

irrigation. 

  Sodium hypochlorite cannot dissolve inorganic dentin particles, therefore the formation of a 

smear layer during instrumentation cannot be prevented (McComb & Smith, 1975).  The use 

of a chelating solution in conjunction with sodium hypochlorite is recommended to remove 

the smear layer that is formed during instrumentation (Violich & Chandler, 2010).  Sodium 

hypochlorite has show to have its effectiveness reduced in the presence of dentin and other 

organic compounds within the root canal system. Haapasalo demonstrated a reduction in the 
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effectiveness of sodium hypochlorite against Enterococcus faecalis in the presence of dentin 

powder (Haapasalo et al, 2000).  Pappen demonstrated that the antimicrobial activity of 

sodium hypochlorite against various microbes was inhibited by the presence of bovine serum 

albumin (Pappen et al, 2010) .  These findings may explain the poorer results obtained from 

in vivo studies compared to in vitro ones. 

 

1.3.6 EDTA 

  EDTA is a common chelating solution that reacts with the calcium ions in dentine and 

forms soluble calcium chelates. It is available in a paste or liquid form and is readily used in 

endodontics, however, it does not possess any antibacterial properties (Zehnder, 2006). The 

disodium salt of EDTA is most commonly used as a neutralized 17% solution with a pH of 7, 

although varying concentrations and different formulations have been used in endodontics 

(Violich & Chandler, 2010).  EDTA is effective in removing the smear layer that is created 

after mechanical instrumentation, as sodium hypochlorite by itself is unable to remove the 

smear layer (Yamada et al., 1983). The removal of the inorganic debris by EDTA allows 

sodium hypochlorite to access and dissolve any remaining organic debris. This is 

demonstrated in a study by Baumgartner in which he evaluated 4 irrigation regimens for 

debridement and found that the combination of sodium hypochlorite and EDTA used 

alternately completely removed the smear layer from the instrumented root canal surfaces 

(Baumgartner & Mader, 1987).  Due to concerns regarding the strong demineralizing effects 

of EDTA, the effect on the properties of dentin and the clinical implications are not fully 

understood.  Calt and Serper examined the time dependent effect of EDTA on smear layer 

removal as excessive erosive effects were observed with dissolution of peritubular and 
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intertubular dentin in other studies (Calt & Serper, 2002).  Based on their findings a 1-minute 

application of EDTA was recommended to remove smear layer as application for longer than 

this would lead to excessive erosion and potentially weaken the tooth.  Mello evaluated the 

influence of the volume of 17% EDTA on smear layer removal in different parts of the tooth 

(Mello et al, 2008).  The results of this study showed that 5 mL of 17% EDTA per canal 

provided good smear layer removal, with root canal walls free of debris and mostly open 

dentinal tubules.  Mello also evaluated the final rinse technique on the ability to remove 

smear layer using 17% EDTA (Mello et al, 2010).  He compared a continuous rinse 

technique against a rinse and soak technique in extracted teeth. The study concluded that a 

continuous rinse with 5 mL of 17% EDTA for 3 minutes was more efficient in the smear 

layer removal from all areas of root canal walls.   

 

1.4 The Dynamics of Irrigation 

  Irrigation and the irrigant accomplish multiple roles in the various phases of root canal 

preparation with the objective being mechanical and chemical cleaning of the entire root 

canal system.  The mechanical action involves flushing of pulp tissue, bacteria (planktonic or 

biofilms), dentin debris and smear layer out of the root canal system, the creation of effective 

flow to disperse the irrigant in the root canal system, reduction of instrument friction during 

preparation, and disruption of biofilm from the root canal wall.  The chemical action entails 

dissolution and inactivation of pulp tissue, bacteria (planktonic or biofilm), dentin debris and 

smear layer in the root canal system, while limiting cytotoxic action to the host tissues. 

Effective irrigation is dependent upon 2 factors, the irrigant and the irrigant delivery system.  

Irrigants have been previously discussed and the evidence shows that the currently used 
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irrigant regimens are effective when they are brought into direct contact with the desired 

surfaces (Zehnder, 2006).  The method of irrigation delivery is a key determining factor in 

the irrigation dynamics within the root canal system, however, irrigation dynamics is not well 

understood.  Irrigation dynamics involves the flow patterns, velocity, penetration and the 

exchange of irrigants within the root canal system, as well as the forces created.  The flow 

created within the root canal system is directed towards the apical region as well as the lateral 

walls of the root canal.  The velocity of the irrigant flow will determine whether the flow is 

laminar or turbulent in nature, and the forces that are created are responsible for the 

mechanical effects of irrigation.  In addition, these forces will determine the extent of the 

penetration and exchange of the irrigant within the root canal and the chemical effects of the 

irrigant will be dependent upon this.  Therefore, recognition of the importance of irrigation 

dynamics is essential as even the most powerful irrigant will be of no use if it cannot 

penetrate the apical portions of the root canal. 

 

1.4.1 Apical Preparation Size and Penetration of Irrigants 

  Early studies by Senia recognized the limitations of irrigation as they reported the 

effectiveness of the irrigant was limited in the apical 3 mm of the teeth (Senia et al, 1971).   

Chlorox was able to dissolve tissue effectively only at the 5mm level, compared to saline, 

therefore the delivery of the irrigant was poor in the apical 3mm.  Salzgeber’s in vivo study 

looked at the penetration of irrigating solutions with the use of radiopaque dye (Salzgeber & 

Brilliant, 1977).  He showed penetration of the irrigant to the apex in vital and necrotic teeth 

when they were prepared to size 35 and irrigated with a 23-gauge needle open-ended needle.  

This was achieved without forceful pressure during the irrigation.  Ram also assessed the 
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delivery of irrigant throughout the root canal system in extracted teeth using a radiopaque 

dye and determined that the key factor was the apical preparation (Ram, 1977).  He stated 

that effective irrigation would not occur unless the apical preparation was size 40 or greater, 

as this would allow penetration of the needle to the apex to facilitate better cleaning and 

exchange of the irrigant. Falk evaluated the mechanical efficacy of irrigation in the removal 

of intracanal bacterial and determined that the efficacy of irrigation was significantly 

improved with a size 60 apical preparation compared to size 36, however, size 77 offered no 

additional benefit (Falk & Sedgley, 2005). In a more recent study, Khademi evaluated the 

minimal apical size required for effective irrigant penetration and elimination of debris and 

smear layer in apical region of extracted teeth (Khademi et al, 2006).  He concluded that an 

apical size of 30 with a taper of .06 was effective for debris and smear removal in the apical 

area. Hsieh used a thermal image analysis system to assess various factors on the flow 

distribution of irrigants in the prepared root canals (Hsieh et al, 2007).  The extracted teeth 

were prepared to varying apical sizes and irrigated with varying size irrigating needles, which 

were placed at varying depths. The study showed that the flow distribution was significantly 

influenced by the size of the apical preparation.  Boutsioukis evaluated the effect of apical 

preparation size on irrigant flow inside a root canal during final irrigation using a 

Computational Fluid Dynamics model (Boutsioukis et al, 2010a).  He concluded that apical 

preparation size was found to affect the extent of irrigant replacement, the shear stress on the 

canal wall and the pressure at the apical foramen. In addition, root canal enlargement to sizes 

larger than 25 improved the performance of syringe irrigation.  
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1.4.2 Depth of Needle Placement and Needle Size 

  Abou-Rass evaluated the effectiveness of different irrigation techniques on the removal of 

dentinal debris from root canals (Abou-Rass & Piccinino, 1982).  The study used extracted 

teeth and examined the influence of differing needle sizes, 2 different apical preparations 

(size 25 and 40), and different irrigant combinations on the removal of a radiopaque medium 

from root canals. He concluded that the needle delivering the solution must come in close 

proximity to the apex to remove debris, a size 25 apical preparation could be flushed of 

debris if there was adequate taper in the preparation to allow needle placement, and that 30-

gauge needles were more effective than 23-gauge needles. Chow’s in vitro study in 1983 

assessed the mechanical effect of irrigation in root canals (Chow, 1983).  The experiments 

looked at several variables including needle size, depth of placement, canal size (test tube 

size), and flushing and displacement of artificial particles.  He concluded that the 

effectiveness of irrigation appears to be dependent upon the depth of the insertion of the 

needle. In addition, smaller size needles were more effective than larger ones, as the finer 

needles were able to reach the apex without binding and remove particles, which facilitated 

cleaning.  In Ram’s study, he also noted that smaller needles appear to be more effective as 

they penetrate further into the canal and promote better exchange and cleaning (Ram, 1977).  

An in vitro study by Kahn, evaluated the efficacy of various irrigating devices in clearing dye 

from plastic blocks (Kahn et al, 1995).  Kahn concluded that the 30 gauge Max-i-probe 

(Dentsply International, New York, USA) irrigating needles were significantly more 

effective in dye clearance due to the needle design and ability to penetrate further in smaller 

canal preparations. Sedgley assessed the influence of needle depth in prepared root canals by 

bacterial reduction (Sedgley et al, 2005).  The needle was placed either 1mm or 5mm from 



 26 

working length and irrigated with 2 different volumes of non-antimicrobial irrigant. The 

mechanical efficacy of 6 mL of irrigant in reducing intracanal bacteria was significantly 

greater when delivered 1 mm compared with 5 mm from working length.  Hsieh’s study in 

2007, which assessed apical preparation size, also evaluated needle size and depth of 

placement from working length (Hsieh et al, 2007).  The study concluded that the flow 

distribution of root canal irrigation was adversely affected by needles of larger diameter and 

by increased distance of the needle from the working length. 

 

1.4.3 Influence of Canal Taper 

  The influence of the taper of the root canal preparation on irrigation dynamics has not been 

extensively examined. Nickel-Titanium rotary file systems are now incorporating multiple 

tapers into the design and this may influence the efficacy of root canal irrigation.  Abou-Rass 

demonstrated that an increased coronal taper would increase irrigation efficacy in teeth that 

were only prepared to size 25 by allowing further penetration of the irrigating needle (Abou-

Rass & Piccinino, 1982).  Albrecht examined the effect of taper, with 2 different apical sizes, 

on the ability of irrigant to remove debris from the root canal (Albrecht et al, 2004).  The 

tapers tested were .04, .06, .08, and .10 in the Profile GT system and it was determined when 

a taper of .10 can be produced at the apical extent of the canal, there was no difference in 

debris removal between the two preparations sizes. They speculated that this could be due to 

the increased penetration of the irrigation needle and subsequent improvement in the 

effectiveness of irrigation.  Huang evaluated the influence of canal dimensions and irrigation 

variables on the efficacy of irrigation using a bio-molecular film model and concluded that 

the apical size and taper of the canal preparation had a significant influence on the outcome 
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of irrigation (Huang et al, 2008) .  Bronnec assessed the irrigant penetration and renewal in 

an ex vivo model and found that the 10% taper allowed greater penetration of the irrigating 

needle than the 7% taper and significantly increased the solution penetration (Bronnec et al, 

2010).  

 

1.4.4 Volume of Irrigant 

  The influence of the volume of irrigant on irrigation efficacy has been evaluated and 

appears to show a positive effect. An early study by Baker examined the effectiveness of 

various solutions used to irrigate and clean root canals by scanning electron microscopy 

(Baker et al, 1975). There was no evident difference in the ability of the various agents to 

debride root canals and the removal of debris appeared to be a function of quantity of 

irrigating solution, not the type of solution.  Sedgley used real-time imaging to observe the 

effect of 3 and 6 ml of irrigating solution on bioluminescent bacteria in prepared root canals 

(Sedgley et al, 2004).  This novel method demonstrated a significant difference in bacterial 

reduction with 6 ml of irrigant compared to 3 ml.  Bronnec’s study, which assessed irrigant 

penetration renewal, showed that the volume of irrigant used had a significant effect on 

irrigation penetration, as measured by clearance of radiopaque dye from the curved mesial 

roots of extracted mandibular molars (Bronnec et al, 2010).   

 

1.4.5 Needle Type and Design 

  The impact of varying needle designs on irrigation effectiveness has not been widely 

evaluated in the literature. Early studies utilized only open-ended hypodermic needles and 

often the effect of the needle was not examined.  As variations in needle designs were 
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introduced, studies were performed to assess their influence, however the evaluation of the 

effect was too macroscopic and many confounding factors existed (Goldman et al, 1979; 

Sinanan et al, 1983).  Recently, a Computational Fluid Dynamics (CFD) model was proposed 

for the evaluation of irrigant flow in the root canal system (Boutsioukis et al, 2009). This 

model provided information in regards to the velocity field, shear stress, and pressure in areas 

that could not be performed by conventional experiments.  Boutsioukis used this model to 

evaluate the effect of needle tip design on the irrigant flow inside a prepared root canal 

during final irrigation (Boutsioukis et al, 2010b). The study evaluated 6 types of needle 

design and found differences in the irrigant flow.  The open-ended needle design had 

increased irrigant exchange in front of the needle and towards the apex compared to the 

closed-ended needle.  However, the open-ended needles created more apical pressure, which 

may be a potential safety concern, due to apical extrusion of irrigant.  The close-ended side 

venting needles created more shear stress on the walls that were adjacent to the opening, and 

this may be advantageous in the removal of debris and biofilms from the root canal walls.  In 

a similar study, Shen evaluated the effect of needle tip design on irrigant flow pattern via a 

CFD model (Shen et al, 2010).  4 needle designs were compared: notched, side venting close-

ended, side-venting open-ended, and a beveled needle.  The irrigation needle tip design 

influences flow pattern, flow velocity, and apical wall pressure. The apical pressure was 

highest with the beveled needle and lowest with the side-venting needles. 

 

1.5 Current Limitations in Irrigation 

  Conventional syringe irrigation with needles is widely utilized in root canal treatment.  It is 

simple, cheap, and easily performed.  However, several limitations exist with this technique.  
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The complex anatomy severely limits the ability of the irrigant to penetrate within the 

confines of the root canal system.  The mechanical flushing action created by the 

conventional hand-held syringe is relatively weak.  The velocity of the irrigant is very high in 

the lumen of the needle but once it passes out the opening, the velocity drastically decreases 

in the open area.  Consequently, the attenuated irrigant flow has limited effects apically and 

minimal dislodging forces on the root canal walls (Shen et al, 2010). There exists a 

stagnation plane or dead water zone in which the irrigant cannot pass beyond after it exits the 

needle (Gulabivala et al, 2010).  The penetration of irrigant was not much beyond the needle 

tip, and the region apical to this was undisturbed ( Ram, 1977; Chow, 1983). Boutsioukis and 

Shen both demonstrated, with a 30 gauge side-venting needle, the irrigant did not reach 

further than 1-1.5 mm apically during irrigation (Boutsioukis et al, 2009; Shen et al, 2010).  

The root canal behaves as a closed-end channel that causes gas entrapment at its closed end.  

Consequently, it is often difficult for the irrigant to reach the apical region of the root canal 

due to this vapor lock effect, which was confirmed in the root canal system by Tay (Tay et al, 

2010).  Chow stated that “ For the solution to be mechanically effective in removing all the 

particles, it has to: (a) reach the apex; (b) create a current or force; and (c) carry the particles 

away (Chow, 1983).  This seemingly simple goal is not consistently achieved with syringe 

and needle irrigation and the literature has consistently shown that syringe irrigation, when 

used in combination with mechanical instrumentation, fails to thoroughly eliminate the 

bacteria, dentinal debris, and tissue remnants from the root canal system.   Therefore, there 

has been a large-scale effort to overcome these limitations by enhancing the mass dispersal of 

irrigants with various methods.  
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1.6 Ultrasound Energy 

  Ultrasound refers to a cyclic sound pressure wave with a frequency greater than that of the 

upper limit human hearing, which is 20 kHz or 20000 cycles/second.  The production of 

ultrasound is used in many different fields, typically to penetrate a medium and reveal details 

about the inner composition or provide focused energy.  Common medical uses are in areas 

such as diagnostic imaging and physiotherapy.  Ultrasound waves are produced by the 

conversion of one form of energy (usually electrical) to sound waves by transduction of the 

energy.  There are two methods to produce ultrasound energy, magnetoconstriction and the 

piezoelectric principle.  Magnetoconstriction converts electromagnetic energy into 

mechanical energy.  Within a handpiece, a stack of magnetostrictive metal strips is subjected 

to a standing and alternating magnetic field, which results in the production of vibrations 

from the handpiece (Mozo et al, 2012).  This type of unit creates a figure eight (elliptical) 

motion, which is not ideal for endodontic purposes.  In addition, magnetoconstriction 

generates heat and the units will require adequate cooling.  The piezoelectric principle relies 

on the deformation of a crystal due to the application of an electrical charge.  When the 

crystal deforms, it goes into mechanical oscillation without producing heat.  These units 

produce a linear motion that is more suited for endodontics.  The piezoelectric units also 

produce more cycles per second than the magnetoconstrictive counterparts, 40 kHz compared 

to 24 kHz (Plotino et al, 2007). 

 

1.6.1 History of Ultrasonics in Dentistry 

  The age of ultrasonics in dentistry officially began in November 1952 when an ultrasonic 

industrial impact grinder was experimentally used to drill extracted teeth (Catuna, 1953).  
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Catuna reported on the potential use of ultrasonics for cavity preparation and one year later 

Oman and Applebaum reported on the successful use of an ultrasonic device for cavity 

preparation in the teeth of patients at Columbia University (Oman & Applebaum, 1954).  

These units were magnetoconstrictive and worked by vibrating a tool that prepared cavity 

preparations with the use of an abrasive slurry (Balamuth, 1963).  Over the next 3 years, 

numerous reports appeared in the literature presenting the advantages of ultrasonic cavity 

preparation (Postle, 1958).  However, ultrasonic cavity preparation never became popular 

due to the inconvenient use of the abrasive slurry and the relatively low cutting speed.  The 

introduction of the high speed rotary drill in 1957 ended the use of ultrasonics for cavity 

preparation, although it continued to be used in periodontal applications (Street, 1959).  The 

application of ultrasonics for endodontic treatment was first introduced by Richman in 1957 

(Richman, 1957).  He used an ultrasonic dental unit with a special root canal attachment to 

open, enlarge, and clean out the contents of the root canal before filling.  The special 

attachment allowed the use of various sizes of broaches, reamers and files to transmit the 

mechanical vibrations to the root canal.   In addition, an ultrasonic chisel attachment allowed 

apical surgery to be performed in an efficient and gentle manner.   

 

1.6.2 Ultrasonics in Endodontics 

  After Richman first introduced ultrasonics into endodontics, there was no reported literature 

until 1976 when Martin demonstrated the bactericidal effects of ultrasonics in extracted teeth 

(Martin, 1976).  He inoculated sterile, prepared molars with 4 different test organisms that 

were frequently cultured from root canals during endodontic treatment.  The goal was to 

determine quantitatively the bactericidal efficiency of ultrasonics when used with endodontic 
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irrigants. The study showed that ultrasonics with a neutral phosphate buffered solution had a 

reducing effect on the bacteria but coupling it with a antibacterial agent led to more efficient 

disinfection of the root canal system.  This was described as a sonosynergistic system for 

endodontic irrigation as the combined effects of ultrasonics and bactericidal irrigants were 

shown to be effective in achieving disinfection and ultimately increase endodontic success.  

Based on previous studies in oral surgery, Martin postulated that ultrasound lavage would 

create waves that would force the solution into all the complexities of a root canal system.  

He stated that the chemical effects of ultrasonics are based upon bonding, dissociation 

effects, activation of radicals and oxidation.  In addition, he noted that the physical biologic 

aspects of ultrasonics were produced by cavitation of the solution (Martin, 1976).  Based on 

this finding, Martin and Cunningham further explored the use of ultrasound in root canal 

debridement.  In 1980, Martin attached K-type files to an ultrasonic unit to facilitate the 

instrumentation of the root canal.  Extracted teeth were prepared by either hand filing or by 

the K-files attached to the ultrasonic source. When compared against hand instrumentation of 

root canal dentine, the ultrasonically powered K-type file was found to be superior to hand 

filed in total dentin removal (Martin et al, 1980b). The results of this study indicate that 

ultrasonic energizing of a K type file may have application in endodontics for removal of 

dentin from the root canal.  This study was repeated but diamond endodontic files and K-type 

files were compared for their ability to remove dentin when powered both by hand and by 

ultrasound (Martin et al, 1980a). The diamond files were significantly superior dentin-

removing instruments, especially when energized by ultrasound.  In a later study, 

Cunningham used eleven pairs of extracted teeth and compared hand instrumentation with 

ultrasonic instrumentation with a size 15 K-file (Cunningham et al, 1982). The irrigant was 
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2.5% sodium hypochlorite and the instrumentation time was 3 minutes for both methods.  

Histological examination of the apical area revealed significantly more debris removal with 

the ultrasonic technique compared to hand filing.  In a similar study, Cunningham used a 

scanning electron microscope to compare the chemomechanical debridement of the root 

canal surface by hand filing and the endosonic ultrasonic technique (Cunningham & Martin, 

1982). The study concluded that the ultrasonically prepared specimens were significantly 

cleaner, and the smear layer was greatly reduced.  Martin also examined the effect of the 

ultrasonic technique on the amount of root canal debris extruded (Martin & Cunningham, 

1982).  The study used 38 extracted teeth and compared the effect of ultrasound preparation 

against hand preparation on debris extrusion.  Martin concluded that whether the teeth were 

prepared within the confines of the root canal or overinstrumented, the ultrasonic technique 

produced significantly less extruded material than did hand filing.    

  The series of studies by Martin and Cunningham, demonstrating the superiority of 

ultrasound debridement, led to an increasing popularity in their technique.  The result of their 

research and clinical success led to the advent of what they termed “endosonic endodontics-

an ultrasonic synergistic system”.  Their paper in 1984 described how endosonics improved 

canal debridement, cleansing, disinfection and shaping (Martin & Cunningham, 1984).  The 

Cavitron unit and endosonic handpiece transfers the ultrasound to the attached file.  In 

addition, the unit had a separate irrigation cylinder, which dispersed the antibacterial irrigant 

to the handpiece and along the file into the canal. This allowed simultaneous debridement, 

irrigation, cleaning and disinfection of the root canal.  The use of a diamond coated file with 

the system led to efficient and rapid preparation.  They concluded by stating “use of this 
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combination enables the dentist to perform endodontic treatment expeditiously while 

adhering to biologic principles”. 

 

1.6.3 Mechanism of Action 

  While much of the early work focused on studying the effectiveness of the endosonic 

endodontic system, very little work was done in regards to the actual mechanism of action of 

the ultrasonic energy in the root canal system.  Many of the thoughts were based on studies in 

other areas such as physics, water sterilization, and instrument sterilization, however, 

concrete evidence in endodontics was lacking.  Martin had stated that the mechanism of 

action of ultrasound in root canal disinfection was due to the accelerated chemical activity of 

the antibacterial solution and the physical biologic effects (Martin, 1976).  The physical 

biologic effects were due mainly to cavitation which is the formation of submicroscopic 

voids, due to shearing of the fluid medium by the alternating pressure sound waves generated 

by the ultrasonic instrument tip.  As successive waves pass along, the acoustical shearing 

effect develops an enlarged bubble that grows until implosion occurs. The implosion effect 

creates a void that is filled with the surrounding solution under extreme hydrodynamic 

pressure, which causes radiating shock waves. These shock waves can rupture a cell wall or 

create a most effective scrubbing and cleaning mechanism due to the irregular agitation.  

Ahmad setup up an elaborate experimental design to examine the validity of the claims that 

cavitation was the key mechanism involved in ultrasonic cleaning of root canals (Ahmad & 

Ford, 1987).  A photometric detection system was setup to record the emission of light that 

occurs when cavitation bubbles collapse violently. The findings suggested that cavitation did 

not play a role in root canal debridement with the ultrasonic system. Walmsley also evaluated 



 35 

the biophysical actions of ultrasound in root canal treatment and their possible roles 

(Walmsley, 1987).  He explained that it is theoretically possible that cavitation activity may 

be induced by ultrasonic instrument in the root canal, however, the development of 

sufficiently high sound pressure fields around the oscillating file is unlikely to occur.  

Lumley investigated the generation of cavitational activity during ultrasonic instrumentation 

and the results showed that cavitational activity could be detected with the endosonic 

instrument, but did not occur along the length of the file (Lumley et al, 1988).  He concluded 

that cavitation probably only provides minor benefit in ultrasonic root canal preparation. Roy 

also quantified the presence of cavitation during ultrasonic instrumentation with files and 

observed that transient cavitation activity generally occurred near the tip of the file, provided 

that the wall contact did not inhibit the motion (Roy et al, 1994).  In cases where there was 

excessive contact with the root canal walls, no cavitation was observed. However, he added 

that the hydrodynamic response of an oscillating file in a root canal system is extremely 

complex and multiple phenomena most likely contribute to the cleaning effects in a root 

canal. In a recent review paper, cavitation and its possible role was discussed however there 

still remains uncertainty as to the level at which it may contribute to ultrasonic cleaning of 

the root canal system (van der Sluis et al, 2007). 

 Acoustic streaming is the rapid movement of particles of fluid in a vortex-like motion about 

a vibrating object (Ahmad & Ford, 1987).  This streaming is commonly associated with a 

vibrating file within a root canal system and has been described as acoustic microstreaming.  

The ultrasound energy that is transferred to the file results in a transverse oscillation along 

the main axis of the file. The distance of the oscillation is proportional to the amount of 

energy applied to the file (Ahmad et al, 1987).  When the vibrating file is immersed in liquid, 



 36 

these streaming patterns are formed close to the file.  This streaming pattern is not random 

but corresponds to the characteristic pattern of nodes and antinodes along the length of the 

oscillating file (Walmsley, 1987). The nodes refer to the area of the file where the oscillation 

is minimal, while the greatest oscillation occurs at the antinodes.  

 

 

Figure 1. Ultrasonically activated tip. Diagrammatic representation showing the transverse oscillations 
with the antinodes (A) and nodes (N)  
 

  Acoustic streaming generates fluid motion within root canal, which creates large shear 

stresses on the radicular walls of the root canal. Therefore, the resulting hydrodynamic shear 

stresses are the dominant physical mechanism by which the surface of the root canal walls 

are cleaned when ultrasonic activated irrigation is applied (van der Sluis et al, 2007).  The 
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streaming velocity can measure the movement of the liquid, which is a function of the 

acoustic microstreaming.  The streaming velocity can be described by the equation: 

     v= ωε2/a 

where v is the liquid streaming velocity, ω is 2π times the driving frequency, ε is the 

displacement amplitude of the file and a is the radius of the file.  Therefore, a thinner file, 

higher frequency and greater displacement amplitude of the file will result in an increase in 

the streaming velocity (van der Sluis et al, 2007).   

     

 

Figure 2. Acoustic streaming pattern created around a file in liquid 

 

Ahmad’s study in 1987 examined the mechanisms that may be involved with ultrasonic 

debridement of root canals using the endosonic files (Ahmad & Ford, 1987). The file was 
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activated in a plastic container filled with methylene blue solution.  Polystyrene spheres that 

were 15 microns in diameter were placed as a thin film on the liquid surface.  The file was 

oscillated at various settings in the solution and the spheres illuminated so that they appeared 

as bright white particles on a dark background. The recordings revealed acoustic streaming 

along the file as soon as the power was engaged.  Also, fluid movement from the apical end 

to the coronal end of the file was observed, and this occurred in close proximity to the file 

surface.  Additionally, an irregular array of eddying motions were observed close to the file 

concentrated at the apical half of the file, with the most rapid eddying occurring at the tip of 

the file.  This study also determined that little difference in debridement existed between root 

canals prepared by hand and ultrasonically, with one possible reason being the dampening of 

the ultrasonically activated file by contact with the canal wall. In a subsequent study, Ahmad 

showed that smaller files (size #15), which had greater transverse displacement, generated 

relatively greater acoustic streaming and the streaming velocity was increased with 

increasing power (Ahmad et al, 1987). In addition, a modified root canal technique was 

employed to debride the root canals. Upon completion of instrumentation, a #15 endosonic 

file was inserted into the canal to full working length and allowed to oscillate for 5 minutes 

with a free flow of 1% sodium hypochlorite. This technique produced the cleanest canals.  

Walmsley’s review also described how acoustic streaming is effective during ultrasonic use 

as it creates continuous movement of the irrigant around the canal which may potentially 

disrupt bacteria and debris (Walmsley, 1987).  He agreed with Ahmad that the effectiveness 

will depend on the oscillation of the file within the root canal and this will be attenuated as 

contact with the walls occurs.  Lumley also described the acoustic streaming pattern observed  
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around oscillating files by visually showed the disturbance created in plaster (Lumley et al, 

1991).  He concluded the ultrasonic systems produce distinctive streaming patterns with the 

streaming occurring in front and back of the file and the largest effect at the tip.  The 

streaming fields are also a function of the power output and amount of restraint applied to the 

file.  Ahmad setup another set of experiments to observe the effects of an ultrasonic file in a 

free field and a small channel (simulating a root canal) with different parameters (Ahmad et 

al, 1992).  The results showed that in both groups acoustic streaming was observed with the 

streaming velocity higher with increasing displacement amplitude and decreasing file size.  

The size of the vortices was smaller in the small channels while light physical contact with 

the walls dampened the streaming and severe contact completely inhibited the streaming.  

The study concluded that it is possible to generate acoustic streaming in a confined space 

such as a root canal, as long as severe wall contact is avoided.   It was also recommended that 

at some stage of the treatment that the file is allowed to vibrate freely to generate streaming 

in the root canal.  It is recognized that the mechanisms in play are complex and many factors 

determine the pattern, intensity, and velocity of streaming that occurs within the root canal 

system. 

 

1.6.4 Passive Ultrasonic Irrigation 

  Numerous studies followed the work of Martin and Cunningham to further test the validity 

of the endosonic technique and the reports of its superior cleaning by a combination of 

simultaneous ultrasonic irrigation and instrumentation. However, much of the literature 

supported the stance that ultrasonic instrumentation was no more effective than conventional 

hand instrumentation as a primary cleaning and shaping technique (Cymerman et al, 1983; 
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Goodman et al, 1985; Ahmad & Ford, 1987; Archer et al, 1992).  In fact, it was reported that 

this technique had several shortcomings.  It was difficult to control the shape of the prepared 

root canal as apical perforations and irregular shapes were produced (Stock, 1991; van der 

Sluis et al, 2007). As well, the ultrasonic debridement becomes inefficient due to constraint 

within the root canal, especially in curved canals (Walmsley & Williams, 1989).  A critical 

study was done by Weller who compared the efficacy various techniques for debridement of 

the root canal system (Weller et al, 1980).  Using extracted teeth and resin blocks filled with 

radioactive gelatin, instrumentation was performed with hand filing alone, ultrasonic 

instrumentation, or hand filing followed by ultrasonic cleaning.  The results showed that 

there was no difference between hand instrumentation and ultrasonic instrumentation alone 

as both techniques reduced radioactivity by 79% and 77% respectively.  However, the 

combination of the hand instrumentation followed by the ultrasonic was the most efficient 

method and reduced the radioactivity by 88%.  Weller recommended that ultrasonic 

activation should be used as an adjunct to conventional hand instrumentation to improve the 

efficiency of debridement, and not be used as an alternative.  This technique became known 

as passive ultrasonic irrigation (PUI) since the activated ultrasonic file is not used to 

instrument or actively cut the root canal walls (van der Sluis et al, 2007).  After the root canal 

has been instrumented to the master apical size, irrigant is placed into the canal. An 

ultrasonic handpiece with a #15 file is introduced into the root canal and placed to the 

working length.  The ultrasonic unit is energized and the oscillating file will transfer energy 

to activate the irrigant.  This results in the formation of acoustic of the irrigant, which can 

improve the removal of debris, bacteria, and tissue within the root canal system, particularly 
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the apical region (Krell et al, 1988).  Since there is no cutting of the canal walls with the file, 

the potential to create iatrogenic errors within the tooth is reduced.  

 

1.6.4.1 Flushing Methods with Passive Ultrasonic Irrigation 

  The literature shows that there are two flushing methods that can be used during PUI, a 

continuous flush of irrigant from the ultrasonic handpiece or an intermittent flush technique 

by using syringe delivery (Gu et al, 2009).  Most of the literature has evaluated PUI with the 

intermittent flush technique. The efficacy of the continuous flow method will be discussed 

later. In the intermittent flushing method, the irrigant is delivered into the root canal by a 

syringe needle and then activated by an oscillating ultrasonic file. The root canal is then 

flushed with fresh irrigant to remove the loose debris and tissue remnants from the canal 

walls. This cycle can be repeated several times to optimize the cleaning.  van der Sluis 

compared the flushing methods during PUI to remove artificially replaced debris from the 

apical portion of the root (van der Sluis et al, 2010).  He concluded that there was no 

difference between intermittent and continuous flushing.  Zeltner evaluated temperature 

changes associated with PUI in extracted teeth (Zeltner et al, 2009).  The experimental design 

recorded the temperature changes during PUI with continuous flow and intermittent flushing.  

The intermittent method showed raised irrigation solution temperatures during the PUI while 

the continuous flow seemed to negate any increases in temperature of the irrigant.  Increasing 

the temperature has been associated with increased effectiveness of sodium hypochlorite, 

however the effects of increased temperature to the surrounding tissues is unknown 

(Cameron, 1988) 
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1.6.4.2 The Effectiveness of Passive Ultrasonic Irrigation 

  Goodman compared the effectiveness of hand instrumentation against a preparation that 

used hand instrumentation followed by ultrasonic energy on the tissue removal from the 

mesial root canals of 60 extracted human mandibular molars (Goodman et al, 1985).  A size 

15 K-type file was attached to the ultrasonic unit and activated for 3 minutes per canal after 

completion of hand instrumentation. Histological analysis was employed to measure the 

tissue removal in the canal and isthmuses at the 1 mm and 3 mm level.  The results showed 

that the hand instrumentation followed by ultrasonic activation produced significantly cleaner 

isthmuses at both levels and canals at the 1 mm level, compared to the hand instrumentation 

alone.  Archer also compared the debridement efficacy of the hand instrumentation against 

hand preparation with ultrasonics in an in vivo studying using mandibular molars (Archer et 

al, 1992).  Following extraction and histological preparation, 0.2-micron cross-sections from 

the 1- to 3-mm apical levels of the canal and isthmus were evaluated for percentage of tissue 

removal.  Canal and isthmus cleanliness was significantly higher at all levels with the 

ultrasonic irrigation technique. Jensen compared the cleaning efficacy of passive ultrasonic 

irrigation in curved roots of extracted molar teeth using photomicrographs (Jensen et al, 

1999).  The canals were shaped to an apical size of 35 and PUI was applied for 2 minutes, 

using a size #15 file attached to the ultrasonic unit.  The remaining debris was significantly 

lower for the PUI groups compared to hand filing alone.  Sabins evaluated the effectiveness 

of sonic and ultrasonic passive irrigation in maxillary molars, after hand instrumentation, to 

reduce debris when used for as little as 30 or 60 seconds (Sabins et al, 2003). He concluded 

that PUI, for as little as 30 seconds after hand instrumentation, produced canals with 

significantly less debris than canals instrumented by hand instrumentation and without PUI.   
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Spoleti evaluated the effectiveness of PUI in a bacteriologic study using extracted canines 

and sterile saline as the irrigant (Spoleti & Siragusa, 2003). The results showed that PUI led 

to less surviving bacteria in the root canals.  He concluded that ultrasound seems to improve 

the disinfection of infected root canals probably because organic tissues entering the 

streaming field generated by ultrasonic activation are disrupted.  To assess debris removal, 

Lee created a split tooth model using extracted canines with artificially made grooves and 

depressions at 2, 4, and 6 mm from the apex (Lee & Wu, 2004).  With this model, the 

effectiveness of dentin debris removal with PUI and syringe irrigation was compared. After 

application of the irrigation protocols, microscopic images were recorded and the debris 

removal in the teeth was graded. The results indicated that ultrasonic irrigation was capable 

of removing more artificially placed dentine debris from simulated canal irregularities in 

straight, wide root canals than syringe irrigation. Rodig looked at the cleaning efficacy of 

different irrigant agitation techniques on debris and smear layer removal in curved root 

canals (Rödig et al, 2010).  Scanning electron microscopy was used to analyze the samples 

and the results revealed no significant differences in debris removal at any level regardless of 

the technique used, including ultrasonics. There was a significant improvement in smear 

layer removal with the agitation techniques, but only at the straight coronal portion of the 

canal. 

  A recent study compared the effectiveness of ultrasonic activated irrigation on debris 

removal in curved and straight canals (Amato et al, 2011). Amato examined 6 straight and 6 

curved roots with a split model design. Artificially created grooves were placed in the dentin 

walls at 2, 4, and 6 mm from the apex.  These grooves were filled with dentin debris and the 

effectiveness of a 30 gauge syringe needle, PUI and a hydrodynamic device was evaluated. 
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The results showed that the PUI was significantly more effective for debris removal in the 

straight canals compared to syringe irrigation, however, the hydrodynamic device was 

significantly more effective in the curved canals.  There was no significant difference 

between PUI and syringe irrigation in the curved canals and this may be attributed to contact 

with the canal walls, which may dampen the ultrasonic effect.   Overall, the literature 

supports the claim that PUI is more effective than conventional syringe irrigation in 

removing tissue, bacteria, and debris, however, PUI is unable to completely debride the root 

canal system. 

 

1.6.4.3 Factors Influencing Passive Ultrasonic Irrigation 

  Moorer identified ultrasonic agitation as one of the factors that improved the tissue 

dissolution effect of sodium hypochlorite in his study (Moorer & Wesselink, 1982).  

Cameron also concluded in his study that there is a synergistic relationship between sodium 

hypochlorite and ultrasound when used in combination in regards to debris and smear 

removal from instrumented root canals (Cameron, 1987).  More recently, Stojicic 

demonstrated the increased tissue dissolution effect of sodium hypochlorite with ultrasonic 

activation (Stojicic et al., 2010).  Therefore, the combined use of sodium hypochlorite and 

ultrasound appears be advantageous in root canal disinfection. 

  van der Sluis demonstrated that there is no difference in regards to debris removal from 

artificial groves between a 15 K file and a smooth wire, when used for ultrasonic irrigation 

(van der Sluis et al, 2005a). This may be advantageous as there would be no risk of damage 

to the canal wall by the cutting action of a K file.  
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  van der Sluis also examined the effect of ultrasonic irrigation on canals prepared with 

varying tapers (van der Sluis et al, 2005b).  He concluded that ultrasonic irrigation was more 

effective in removing artificially placed dentine debris from simulated canal extensions from 

canals with greater tapers.  

  Jiang evaluated the effect of ultrasonic intensity on the cleaning efficacy of PUI inside a 

root canal (Jiang et al, 2011).  The ability to remove dentinal debris root canals with varying 

ultrasonic power settings was assessed. The study concluded that higher ultrasonic intensity 

resulted in higher amplitude of the oscillating file and consequently an increased velocity of 

the irrigant around the file.  Higher ultrasonic power settings led to increased efficacy of 

cleaning by PUI. 

  The direction of movement of the oscillating file during PUI, in relation to the location of 

debris and shape of the canal, can influence the effectiveness debris removal in a root canal.  

Lumley showed that with large oval shaped canals the ultrasonically activated file oscillated 

should be directed towards the recesses of the canal to maximize the debris removal and 

streaming of the irrigant (Lumley et al, 1993).  Jiang also investigated this feature and 

concluded that the oscillation of the ultrasonically driven file is more effective in debris 

removal if it towards the groove compared to perpendicular to the groove (Jiang et al, 2010). 

There appears to be a higher velocity of irrigant generated from the file tip in a single 

direction, typically in front of and behind the file and parallel to the handpiece.  Therefore, it 

is important to maximize the ultrasound energy by orienting the ultrasonic tip in the correct 

orientation. 
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1.6.5 Continuous Flow Ultrasonic Irrigation 

  Continuous flow ultrasonic irrigation is the use of a continued supply of irrigant that is 

delivered from the ultrasonic handpiece into the root canal system during ultrasonic 

activation.  This type of irrigation delivery system offers several potential advantages.  The 

delivery of fresh irrigant into the root canal is highly desirable since sodium hypochlorite is 

unstable and rapidly consumed when introduced into the root canal system (Moorer & 

Wesselink, 1982).  The organic contents of the root canal system consume the available 

chlorine and reduce its antibacterial activity, therefore it is important to frequently exchange 

and replenish the irrigant to maintain its antibacterial and tissue dissolving effectiveness 

(Siqueira et al., 2000).  A continuous flow device has the ability to deliver an increased 

volume of irrigant and this can also be beneficial in the disinfection of the root canal system 

(Sedgley et al, 2004).  The continuous flow of irrigant can also act to dissipate any heat that 

is produced by the ultrasonic irrigation type and prevent excessive heating within the root 

canal system (Cameron, 1988). 

  A group from Ohio State University developed an ultrasonically activated irrigating needle 

as an adjunctive device for root canal debridement and disinfection.  During ultrasonic 

activation, a 25 gauge irrigation needle is used instead of an endosonic file and this allows 

simultaneous ultrasonic activation with irrigant delivery from a syringe.  This device allows 

irrigant to be delivered apically through needle under a continuous flow of irrigant during the 

ultrasonic activation.  
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Figure 3. Continuous flow ultrasonic irrigation prototype setup (Courtesy Dr. John Nusstein) 

 

 This device was used in an in vivo, randomized, prospective, single-blinded study to 

histologically compare debridement efficiency of a hand/rotary instrumentation against a 

hand/rotary instrumentation with continuous flow ultrasonic irrigation in the mesial roots of 

vital human mandibular molars (Gutarts et al, 2005).  36 adult volunteers participated in this 

study and 15 teeth were prepared using the hand/rotary instrumentation followed by 1 minute 

of ultrasonic irrigation per canal at a flow rate of 15 ml/min.  Histologic sections were taken 

from the 1 to 3 mm levels and analyzed for debris cleanliness in the canal and isthmus.  The 

study concluded that the 1 minute use of the continuous flow ultrasonic irrigation after 

instrumentation resulted in significantly cleaner canals and isthmuses in the mesial roots of 

mandibular molars.  The authors reported that the continual deposition and renewal of 

irrigating solution in the canal might have contributed to the improved cleanliness of the 

canal.  In addition, the larger size needle allows the ultrasonic unit to be used at a higher 

energy, which may have contributed to the cleaner canals and isthmuses.   



 48 

  In a subsequent study by Burleson, the same system was used to assess the debridement 

efficacy of necrotic debris and biofilms in the mesial roots of human, necrotic, mandibular 

molars (Burleson et al, 2007).  Once again, statistical analysis revealed the canal and isthmus 

cleanliness values to be significantly higher for the continuous flow ultrasonic irrigation 

technique at all levels evaluated. The study concluded that 1 minute of ultrasonic activated 

irrigation has been shown to improve canal and isthmus cleanliness in regards to necrotic 

debris and biofilm removal.   

 The third study by the Ohio State group evaluated the in vivo antibacterial efficacy of 

continuous flow ultrasonic irrigation after hand and rotary instrumentation in human, necrotic 

mandibular molars (Carver et al, 2007).  Treatment groups were divided into 16 mesial roots 

prepared by hand/rotary instrumentation, and 15 mesial roots prepared similarly, but 

followed by 1 minute of continuous flow ultrasonic irrigation per canal at a flow rate of 15 

ml/min.  Each canal was sampled before and after hand/rotary instrumentation and after 

ultrasonic irrigation. Samples were incubated in an anaerobic chamber, and colony forming 

units were counted. The addition of 1 minute of ultrasonic irrigation resulted in significant 

reduction of positive cultures.  Logistic regression analysis indicated the addition of 

ultrasonic irrigation was 7 times more likely to yield a negative culture (Carver et al, 2007).  

The ultrasonically activated needle tested in these studies was the prototype for the 

commercially available ProUltra PiezoFlow (Dentsply Tulsa Dental Specialties, Tulsa, OK).   

  Adcock utilized a closed-canal system to compare the canal and isthmus debridement 

efficacies of a 30 gauge side-venting needle and a continuous flow ultrasonic irrigation 

system (Adcock et al, 2011). Micro-computed tomography scanning was used to select 20 

mandibular molars that contained a narrow isthmus in the mesial root.  The canals were 
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instrumented to size 40, 0.04 taper and assigned to two groups.  The first group was irrigated 

with 15 ml of 6% sodium hypochlorite followed by 15 ml of 17 % EDTA using the 30 gauge 

side-venting needle.  The second group was irrigated with the same irrigants but delivered 

using the ProUltra PiezoFlow Ultrasonic irrigation system (Dentsply Tulsa Dental 

Specialties).  The study concluded that there was no difference in the canal debridement 

efficacy between the 2 groups at any level in the apical third.  However, the continuous flow 

irrigation produced significantly cleaner isthmuses than the 30 gauge side-venting needle 

from 1.0 to 2.2 mm from the apex.  In addition, neither technique was capable of completely 

debriding the canal of isthmus of the mesial roots.  

  Harrison investigated the ability of a continuous flow ultrasonic irrigation system to 

eliminate E. faecalis from the canal wall and dentinal tubules of extracted teeth (Harrison et 

al, 2010).  Straight teeth were instrumented and subjected to the ultrasonic activation for 1 

minute with 1% sodium hypochlorite at a flow rate of 5 ml/min, followed by a one week 

application of calcium hydroxide.  The study concluded that the ultrasonic irrigation may be 

effective in enhancing microbial control of infected root canals, however, complete 

eradication of bacteria from within the dentinal tubules was not achieved, despite the use of 

calcium hydroxide as an intracanal medication.   

  In a very recent study, Jiang evaluated the removal of dentin debris from artificially made 

grooves in straight root canals by 6 different final irrigation techniques, one of which was a 

continuous flow ultrasonic irrigation device (Jiang et al, 2012).  The VPro StreamClean 

(Vista Dental, Racine, WI) is an ultrasonically activated, 30-gauge irrigation needle that was 

used for the continuous flow ultrasonic irrigation in this study. Jiang concluded that 
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continuous flow ultrasonic irrigation was the most effective technique in dentin debris 

removal from the apical irregularities, and syringe irrigation alone was the least effective.  

 Altogether, numerous studies have shown the increased disinfection with the utilization of 

ultrasonic irrigation in root canal treatment.  Based on the limited research, the addition of 

the continuous flow ultrasonic irrigation devices appears to be promising, however further 

studies are required to better quantify their results and fully understand the mechanisms 

involved. 
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1.7 Objectives 

  The aims of this study are to: 

 

1. To compare the efficacy of continuous flow ultrasonic irrigation systems to 

conventional syringe irrigation in removing debris and smear layer from straight and 

curved root canals. 

 

2. Understand the mechanisms by which these devices function. 

 

3. Understand the benefits and shortcomings of these devices. 

 

4. Assess the possible clinical implications in the application of these devices. 

 

1.8 Hypothesis 

  The use of continuous flow ultrasonic irrigation devices will be more effective in the 

cleaning of root canal walls than conventional irrigation delivery with a syringe and side-

vented needle alone. 
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Chapter  2: Material and Methods 

2.1 Experimental Design 

  This in vitro study was designed to compare two continuous flow ultrasonic irrigation 

systems to conventional syringe/needle irrigation in the apical portion of straight and curved 

root canals.  Two parameters were measured and analyzed:  (1) the amount of debris 

remaining on the root canal walls, as expressed by the percentage of debris remaining, and 

(2) the amount of smear layer remaining, which was measured using a scoring system. 

 

2.2 Tooth Selection and Preparation 

  This study was conducted using recently extracted human mandibular molars and maxillary 

anterior teeth that had mature apices, no caries, intact crowns, and no previous endodontic 

treatment.  After extraction, the teeth were placed in a 0.01 % NaOCl solution and stored at 

4 ° C.  Twenty-four maxillary anterior teeth (maxillary central, lateral, and canines) and 21 

mandibular molars were selected. The root canal curvatures were measured by Schneider’s 

method (Schneider, 1971) and ranged from 15 to 30 degrees for the mesial roots of the 

mandibular molars (curved roots).  The anterior teeth were all less than 10 degrees in 

curvature (straight roots).  A standard access cavity preparation was made in the teeth and the 

working length was determined by inserting a size 10 stainless steel K file (Dentsply 

Maillefer, Tulsa, OK) into the canals until the tip of the instrument was just visible at the 

apical foramen.  Creating a closed system in the teeth simulated the clinical situation. The 

apical portions of the roots were coated with laboratory wax and this coating sealed the 

apical foramen and accessory canals.  The canals were shaped using ProTaper Sx-S1-S2 and 

Profile Vortex rotary nickel-titanium instruments (Dentsply Tulsa Dental Specialties) using a 
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crown-down technique.  After each instrument change, manual irrigation was performed with 

1 mL NaOCl, using a syringe and 30 gauge side-venting needle (Prorinse: Dentsply Tulsa 

Dental Specialties).  The needle was inserted as deep apically as possible without binding.  

The straight anterior teeth were shaped to size 40.04 and the curved mesial roots were shaped 

to size 35.04.  A nickel titanium hand file (Dentsply Tulsa Dental Specialties) was used to 

gauge and confirm the final apical size of all teeth.  The final shaping was aimed to create a 

clinical relevant shape and final apical size. The same operator performed all the procedures.  

 

2.3 Experimental Groups 

 The maxillary anterior teeth and mesial roots of the mandibular molar teeth were randomly 

assigned to the experimental groups according to the final irrigation technique. Each group 

received the same post-instrumentation final irrigation volume of 15 mL of 3% NaOCl.  

 

Straight canals-taken from the maxillary anterior teeth 

• Group 1: (n=8): Conventional syringe irrigation. The teeth were irrigated with 

positive pressure using a 30 gauge Prorinse needle (Dentsply Tulsa Dental 

Specialties) and syringe.  The needle was placed 1 mm short of the working length for 

the delivery of 15 mL of 3% NaOCl. 

• Group 2 (n=8): VPro StreamClean System (Vista Dental). Continuous flow ultrasonic 

irrigation was performed using the VPro StreamClean system (Vista Dental) at a 

power setting of 4 using a ProUltra Piezo Ultrasonic Booster (Dentsply Tulsa Dental 

Specialties).  This ultrasonic tip is a 30-gauge needle, enabling a continuous flow of 

irrigant from the tip with a simultaneous ultrasonic oscillation of the tip. The needle 
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was introduced into the canal, taken 1 mm short of the working length and activated. 

This procedure resulted in a total irrigant volume of 15 mL, which was delivered to 

the needle by the Vatea Endodontic Irrigation System (ReDent Nova Ltd., Ra’anana, 

Israel) at a flow rate of 15 mL/min. The total irrigation delivery and activation time 

was 1 minute. 

• Group 3 (n=8): ProUltra PiezoFlow Ultrasonic Irrigation Needle (Dentsply Tulsa 

Dental Specialties). This system uses a rigid 25 gauge needle that is equipped with an 

attachment for an irrigation source. The needle is attached to an ultrasonic handpiece 

to facilitate continuous flow ultrasonic irrigation.  The needle is inserted into the 

canal to determine the length at which the needle binds against the canal walls. The 

manufacturer recommends to pull the needle back 1 mm from the binding point and 

record the depth, however, the needle depth should not be taken greater than 75% of 

the working length and should not be taken to the apex of the canal.  The ultrasonic 

unit was set at power level 5 and irrigation flow rate was 15 mL/min.  The Vatea 

Endodontic Irrigation System (ReDent Nova Ltd.) was also used to deliver the 

irrigant continuously. The needle was activated for 1 minute in each canal and a total 

volume of 15 mL was delivered. 

 

Curved canals-taken from the mesial roots of mandibular molars: 

• Group 4 (n=7): Same as group 1 

• Group 5 (n=7): Same as group 2 

• Group 6 (n=7): Same as group 3  
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In all groups, 3 mL of 17% EDTA was delivered into each canal for 2 minutes for smear 

layer removal using a syringe and a 30-gauge Prorinse needle, which was placed 1 mm from 

working length.  This was followed by 3 mL of sterile water to neutralize the effects of the 

17% EDTA. 

 

 

 

Figure 4. Ultrasonic experimental setup. Ultrasonic unit with handpiece, irrigation delivery unit, and 
VPro StreamClean Ultrasonic Needle. 
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Figure 5. Irrigation needles used in experimental groups. (From top) ProUltra PiezoFlow needle, VPro 
StreamClean needle, ProRinse side-venting needle 
 

2.4  Sectioning of Teeth and Preparation for SEM 

  After irrigation, the roots of the anterior teeth and mesial roots of the mandibular molars 

were removed from the crowns using a diamond coated disc. The orifices were covered with 

laboratory wax to prevent dentine debris from entering the canal. The roots were marked at 1, 

3 and 5 mm from the canal terminus on both the mesial and distal sides.  The root surface 

was notched using the diamond coated disc and then were split longitudinally in a 

buccolingual direction using a sterile razor blade. The samples were then dehydrated by 

successive soaking cycles using 50%, 70%, 80% and 100% ethanol.  Following this, the 

samples were subjected to critical point drying and stored in a 58 ° C oven. The dried 

samples were mounted on aluminum stubs and coated with gold-palladium in a Hummer VI 

sputter (Technics West Inc., San Jose, CA). 
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 Figure 6. Experiment Flowchart 

 

 

    

 

 

 

 

Recently Extracted Human Maxillary 
Anterior and Mandibular Molar Teeth 

24 anterior teeth (straight canals) 
instrumented to 40.04 using 3% NaOCl 

between files 

24 mesial roots of mandibular molars 
(curved canals )instrumented to size 35.04 

using 3% NaOCl between files 

Final Irrigation Rinse Protocol with 15 ml of 3% NaOCl 

Syringe with 30 
Gauge side venting 
needle taken 1 mm 

from WL 

VPro StreamClean 
Ultrasonic Irrigation 

taken 1 mm from WL, 
Power 4, for 1 minute 

at 15ml/min 

ProUltra PiezoFlow 
Irrigation system taken 
to 75% of WL, Power 

5, for 1 minute at  
15 ml/min 

Teeth randomly assigned to one of three experimental groups 

EDTA 17%, 3 ml 
for 2 minutes 

3 ml Sterile water 

Teeth split longitudinally and apical portion prepared for SEM analysis 
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2.5 SEM Evaluation 

  Each sample was first viewed at a low magnification (20x) to gain an overview of the 

sample using the scanning electron microscope (Stereoscan 260, Cambridge Instruments, 

Cambridge, UK and Helios Nanolab 650, FEI, Oregon, USA).  Images were recorded at 1, 3 

and 5 mm from the canal terminus, using the markings that were made on the roots before 

sectioning as a reference. Image acquisition was blinded for all samples. 

 

2.5.1 Debris Evaluation 

 Debris was defined as dentin chips, pulp remnants, and particles loosely attached to the root 

canal surface (American Association of Endodontists, 2003).  Image acquisition for debris 

evaluation was performed at 200x magnification with images taken at 1, 3, and 5 mm from 

the apex. The images were uploaded into Adobe Photoshop CS5 Extended (Adobe Systems, 

San Jose, CA) to calculate the percentage of debris on root canal wall surface at the 

designated canal level.  The debris in each canal was traced using the selection tool and the 

total number of pixels occupied by the debris was reported by using the histogram function in 

the software program. The total canal area visible in the image was outlined using the 

selection tool and the same feature of the software reported the total pixels occupied by the 

canal. Percentage of debris was calculated by dividing the pixels of debris by the total pixels 

representing the total area of the canal. Percentage of debris was calculated for 1, 3 and 5 mm 

from the apex.  The operator was blinded for all image analysis of debris calculations. 
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Figure 7. Adobe Photoshop software using selection tool for debris calculation 

 

 

 

2.5.2 Smear Layer Evaluation 

  Smear layer was defined as the surface film of debris retained on dentin or other surfaces 

after instrumentation with either rotary instruments or endodontic files; consists of dentin 

particles, remnants of vital or necrotic pulp tissue, bacterial components, and retained irrigant 

(American Association of Endodontists, 2003). Images for smear layer evaluation were taken 

at 1000x magnification.  For each level (1, 3, or 5 mm), 5 images were captured using 

stratified randomized sampling. An area was randomly selected in the canal and an image 

captured.  Subsequent images were taken 100 microns from the original area in each 

direction, to give a total of 5 images.  The presence of smear layer was graded by two 
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calibrated observers using a 5 point scale as described by Caron (Caron et al, 2010).  All 

grading was blinded. The scoring was as follows: 

• Score 1: no smear layer and dentinal tubules open 

• Score 2: small amounts of scattered smear layers and dentinal tubules open 

• Score 3: thin smear layer and dentinal tubules partially open 

• Score 4: partial covering with a thick smear layer 

• Score 5: total covering with a thick smear layer 

 

 

Figure 8. Smear layer grading scale 
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2.6 Statistical Analysis 

Debris data was analyzed using a one-way analysis of variance (ANOVA) with a Dunnett’s 

test to determine significant differences between the groups. The median value of the 5 smear 

layer scores was determined for each level and analyzed using the Kruskal-Wallis test with a 

Dunn’s multiple comparison. The significance level was set at 0.05 for both sets of tests. 

The interclass correlation coefficient was calculated to assess the inter-observer agreement of 

the smear layer scores for the two observers. In addition, the inter-examiner and intra-

examiner reliability was calculated.  This was determined by analyzing the grading of a set of 

smear layers scores by the two observers, which were done 4 weeks apart. PASW 18 

Software (SSPS Inc., Chicago, Il, USA) and Prism 5 (Graphpad Software, La Jolla, CA, 

USA) were used for the statistical analysis. 
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Chapter  3: Results 

 

3.1 Debris Removal 

  There was no statistically significant difference in debris removal with the continuous flow 

ultrasonic irrigations systems compared to conventional syringe irrigation alone at each level 

evaluated in both the straight and curved canals (p>0.05).  A comparison of the debris results 

for all groups is shown in Table 1 and Figures 9-14.  The Bartlett’s test for variance revealed 

significant differences between the variances for all groups and at all levels (p<0.01). This 

may indicate that the groups represent different populations regardless of no differences in 

the means. 

 

Table 1. Mean percentage of remaining debris with standard deviations  

Level Conventional Syringe VPro Stream Clean ProUltra PiezoFlow 

Anterior Straight Canals (n=8) 

1 mm 37.76 ± 38.47 19.92 ± 33.55 7.60 ± 7.17 

3 mm 28.23 ± 27.04 20.31 ± 27.37 5.01 ± 4.55 

5 mm 14.02  ± 20.18 7.02 ± 12.43 3.49 ± 4.34 

Posterior Curved Canals (n=7) 

1 mm 24.46 ± 34.66 15.95 ± 25.11 10.14 ± 4.78 

3 mm 8.04 ± 14.25 10.13 ± 16.61 4.57 ± 4.17 

5 mm 7.99 ± 7.19 4.57 ± 2.52 4.08 ± 2.83 
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Figure 9. Comparison between groups according to debris remaining at 1 mm from the apex in straight 
canals. P>0.05
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Debris 3 mm from the apex-Straight canals
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Figure 10. Comparison between groups according to debris remaining at 3 mm from the apex in straight 
canals. P>0.05
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Debris 5 mm from the apex-Straight canals
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Figure 11. Comparison between groups according to debris remaining at 5 mm from the apex in straight 
canals. P>0.05
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Debris 1 mm from the apex-Curved canals
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Figure 12. Comparison between groups according to debris remaining at 1 mm from the apex in the 
curved canals. P>0.05
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Debris 3 mm from the apex-Curved canals
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Figure 13. Comparison between groups according to debris remaining at 3 mm from the apex in the 
curved canals. P > 0.05
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Debris 5 mm from the apex-Curved canals
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Figure 14. Comparison between groups according to debris remaining at 5 mm from the apex in the 
curved canals. P >0.05 
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3.2 Smear Layer 

The interclass correlation coefficient determined to be 0.974 for the 1 mm level, 0.975 for the 

3 mm level, and 0.982 for the 5 mm level.  The inter-examiner reliability was 0.847 and the 

intra-examiner reliability was 0.855 for observer A and 0.870 for observer B. 

 At the 1 mm level in the straight teeth, the PiezoFlow system showed a statistically 

significant difference in smear layer compared to the conventional syringe irrigation 

(p=0.018).   There were no significant differences at the 3 mm or 5 mm level in the straight 

canals.  In regards to the curved canals, there were no statistically significant differences 

among the groups at any levels for smear layer.  A comparison of the results between the 

groups can be seen in Figures 15-20. 

 

Table 2. Mean smear layer scores with standard deviations for all groups and levels 

Level Conventional Syringe VPro Stream Clean ProUltra PiezoFlow 

Anterior Straight Canals (n=8) 

1 mm 4.88 ± 0.35 4.25 ± 1.04 3.25 ± 1.28 * 

3 mm 3.38 ± 1.60 3.13 ± 1.13 3.25 ± 1.28 

5 mm 2.88  ± 1.46 2.00 ± 0.76 2.50 ± 0.53 

Posterior Curved Canals (n=7) 

1 mm 3.63 ± 1.41 3.00 ± 1.16 3.43 ± 1.27 

3 mm 2.50 ± 1.12 2.29 ± 0.49 2.43 ± 0.79 

5 mm 2.13 ± 1.25 1.43 ± 0.53 1.29 ± 0.49 

* p<0.05 
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Figure 15. Smear layer score comparison among the groups at 1 mm from the apex for the straight canals 
P=0.018 for PiezoFlow group.
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Smear 3 mm from the apex-Straight canals
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Figure 16. Smear layer score comparison among the groups at 3 mm from the apex for the straight 
canals. P>0.05
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Smear 5 mm from apex-Straight canals

Conventional VPro PiezoFlow
0

1

2

3

4

5

S
m

ea
r L

ay
er

 S
co

re

Groups
 

Figure 17. Smear layer score comparison among the groups at 5 mm from the apex for the straight 
canals. P>0.05
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 Smear 1 mm from the apex-Curved canals
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Figure 18. Smear layer score comparison among the groups at 1 mm from the apex for the curved canals. 
P>0.05
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Smear 3 mm from the apex-Curved canals
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Figure 19. Smear layer score comparison among the groups at 3 mm from the apex for the curved canals. 
P>0.05



 75 

Smear 5 mm from the apex-Curved canals
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Figure 20. Smear layer score comparison among the groups at 5 mm from the apex for the curved canals. 
P>0.05
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Chapter  4: Discussion 

 The present study focused on evaluating the effectiveness of new continuous flow ultrasonic 

irrigation systems (ProUltra PiezoFlow and VPro StreamClean) in removing debris and 

smear layer after rotary instrumentation of root canals, using scanning electron microscopy.  

Previous studies with these types of systems have evaluated the effectiveness by bacterial 

reduction (Carver et al., 2007), histological analysis of canal and isthmus cleanliness              

(Gutarts et al, 2005; Adcock et al, 2011), and dentin groove models (Jiang et al, 2012). 

However, there have been no recent studies that evaluated the debris and smear layer 

removal by scanning electron microscopy. The literature shows support for the effectiveness 

of ultrasonic use in root canal debridement, however very few studies compare the 

differences between straight and curved canals, which this study attempted to examine.  The 

effectiveness in curved canals is important to examine as the effectiveness of ultrasonics in 

these areas has been reported to be limited (Amato et al, 2011).  

  The study was designed to closely resemble the actual conditions encountered in routine 

endodontic treatment.  In this study, the access cavity prepared in the teeth provided an 

intentional reservoir which functions to hold a more effective volume of irrigant for 

exchange during irrigation, which is clinically relevant. Conversely, many studies remove the 

crowns from the samples and this may affect the exchange of irrigants. The teeth selected for 

this study were freshly extracted and stored in a medium to minimize tissue breakdown.  The 

samples were prepared as soon as possible after extraction with the hopes of having as much 

tissue as possible in the canals.  Some studies do not take into account the history of the 

extracted teeth and this may affect the internal validity.  Teeth that have been stored for many 

months in solutions with unknown chemical composition and pH may succumb to 
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breakdown of the tissues and degradation of the pulpal tissues and even the dentin may 

occur. Consequently, the results may not be valid when assessing the cleaning effectiveness 

of various techniques.  

  This was an in vitro study using extracted teeth and limitations exist with these types of 

studies.  There is variation in the root canal morphology and standardization is difficult.  The 

size of the canal, length of the root, and apical size was controlled as much as possible in this 

study.  In the anterior teeth there is less variation, likely in the range of 15-20%.  However, 

much more variation occurs in the mesial roots of the mandibular molars.  In the study, two 

mesial canals were located and instrumented.  However, in many of the samples the canals 

joined or had an isthmus present.  It is uncertain how much of an effect this kind of variation 

would have had on the results but it must be considered when evaluating the data. Some of 

the curved canals were “double cleaned” as it was decided to apply the final irrigation to both 

mesial canals, therefore, canals that joined received additional ultrasonic irrigation compared 

to two separate mesial canals.  The effect of the additional volume of irrigation and ultrasonic 

time must be taken into consideration.  The molar groups were analyzed further and the SEM 

revealed the samples that had 2 separate canals or 2 canals that joined together.  Statistical 

analysis was performed to determine if there was a difference between the teeth with canals 

that were separate and the teeth with canals that joined together in regards to debris removal.  

This was done for each of the final irrigation techniques at the 1, 3, and 5 mm level.  Using a 

t-test, no significant differences were found between the separate or joined canals.  In this 

study, the differing mesial root anatomy did not appear to effect the results for debris and this 

could be due to a threshold for cleaning that may occur with a certain volume or time of 

ultrasonic activation.       
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  Another consideration is the amount of debris that is pushed into the isthmus area in the 

molar teeth.  In this study, only the main canal wall was evaluated and the scoring may have 

shown relatively low debris levels in the apical 5 mm.  However, a recent study showed by 

high-resolution micro–computed tomography scanning, that dentin debris is packed into the 

isthmus region after instrumentation (Endal et al, 2011). The incomplete debridement may 

impact the effectiveness of the treatment and future studies should incorporate this into the 

study design. 

  The teeth were coated with wax to create a closed environment that would simulate the 

clinical setting. This is an important consideration as Tay showed that there was a significant 

difference in the debridement quality of open and closed systems.  Many studies have 

elaborate designs to create a closed system and these may provide more standardization 

(Susin et al, 2010). The straight and curved teeth were prepared to clinically acceptable 

apical preparations using .04 taper rotary instruments.  A recent study evaluated the irrigant 

penetration in an ex vivo model (Bronnec et al, 2010).  One of the conclusions was that an 

increased taper preparation would allow improved irrigant exchange in the apical third due to 

improved delivery by deeper needle penetration and by creating sufficient space for backflow 

of the replaced solution in the coronal direction. A future study with larger tapers may have 

different results with application of continuous flow ultrasonic irrigation and may aid in 

defining an optimal protocol for root canal debridement. 

  The method for determining the remaining debris in this study provides a more accurate 

grading as opposed to grading systems that used a 3,4, or 5 point grading scale.  The Adobe 

Photoshop software selection tool also removes some of the subjectivity in the evaluation. 

This method gives the amount of remaining debris as a percentage of the total area of the 
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canal, thus making a better comparison of the different systems used.  However, large 

standard deviations were observed with the debris scores and this may be partly due to this 

more refined grading system.  For smear layer evaluation, a 5 point grading system was 

chosen since the criteria used by Caron gave 5 distinct categories compared to scales that 

used a 3 or 4 point grading system.  Five readings were taken at each level using stratified 

randomized sampling with the goal that this method would give an accurate representation of 

the area being measured. Scanning electron microscopy gives excellent imaging of the 

internal walls of both halves of the root canal and allows for good visualization along the 

length of the entire root canal. However, sample preparation is tedious and the samples may 

be subject to contamination and artifacts.  In addition, only a small part of the root canal wall 

is actually evaluated as only the surface is examined and the depth of the debris is not 

determined.  

  The selection of the sample size was based upon data from previous studies and a pilot 

study that was performed.  A sample size calculator was used to obtain the number, however, 

it was based on anticipated means and standard deviations.  The standard deviations observed 

in this study were higher than those anticipated and this led to the selection of a smaller 

sample size than should have been required.  Based on calculations with the results, a sample 

size of approximately 15 per group would have been more appropriate. 

 In this study, there were no statistically significant differences in regards to the amount of 

debris remaining for both straight and curved canals.  However, the PiezoFlow system 

approached significance at the 1 mm and 3 mm level in the straight canals (p<0.10).  One can 

speculate that if the sample size had been higher then statistically significant differences 

(p<0.05) would have been observed.  The VPro StreamClean appeared to be less effective 
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than the PiezoFlow and this was unexpected.  The VPro StreamClean uses a 30 gauge needle 

which allows increased penetration of the needle to the apical area.  The placement of the 

needle to the apical 5 mm should have allowed increased ultrasound energy transfer to the 

irrigant in this region resulting in increased streaming velocity.  Several studies indicate that 

increased streaming velocity results in improved debridement efficiency (van der Sluis et al., 

2007).  A possible explanation for this observation was that the manufacturer recommended a 

lower power setting for ultrasonic activation of the VPro StreamClean system.  Lower power 

results in a decrease in the intensity of acoustic microstreaming (Ahmad et al, 1987).  Also, it 

was observed that the needle was fragile in nature as separation of the needle occurred during 

use and most likely this was the reason for the low power setting.  The 30 gauge may also 

have greater contact with the root canal walls in the apical 5 mm which may have two 

negative effects:  formation of debris and dampening of the ultrasonic energy.  The 

PiezoFlow system is a 25 gauge needle that is meant to be inserted to only 75% of the 

working length.  In the straight canals, which were prepared to size 40, the amount of wall 

contact was minor, as the needle didn’t penetrate into the apical 5 mm of the canal.  A 

medium power setting is recommended for the PiezoFlow needle and this may provide 

increased acoustic streaming, which may have resulted in the increased debridement that was 

observed.  Based on the results, this combination of continuous flow irrigation and ultrasonic 

activation appears to be more effective in debris removal.  

  In the curved canals, no statistically significant differences were observed with the 

ultrasonic systems compared to conventional syringe irrigation.  These canals were narrower 

and prepared to size 35 with a .04 taper while the PiezoFlow needle is equivalent to a size 50 

file.  Therefore, in the narrow curved canals, the penetration of this needle is limited.  In 
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some canals, it was difficult to penetrate the needle more than 2-3 mm below the orifice 

before wall contact.  This lack of penetration may have hindered the debridement, despite the 

higher ultrasonic energy that is transferred with the larger needle size. Conversely, the VPro 

StreamClean is able to penetrate deeper into the canal due to its size (size 31 diameter), 

however, more wall contact will occur which will cause increased constraint of the 

displacement amplitude of the file.  This will lead to decreased acoustic streaming of the 

irrigant. Lumley recommended pre-bending of ultrasonic activated files to achieve more 

powerful acoustic streaming but pre-bending of the VPro StreamClean would result in 

breakage of the needle (Lumley et al, 1992).  Even if pre-bending was possible, contact with 

the root canal will is still inevitable. In addition, the VPro StreamClean can only be used at a 

low power setting and this would further limit any acoustic streaming in the curved canal.  

  In this study, there was no ultrasonic activation of the EDTA.  Several studies have 

evaluated the activation of the EDTA to observe the effects on smear layer removal, 

however, agitation did not appear to improve the removal of smear layer (Chopra et al, 2008; 

Uroz-Torres et al, 2010).  EDTA or similar chelating agents have been shown to be the most 

effective means of smear removal (Violich & Chandler, 2010).  The goal of the continuous 

flow ultrasonic activation is to debride the canal as much as possible and this will facilitate 

smear layer removal by allowing EDTA to contact all the root canal walls.  Therefore, a 

correlation exists between debris and smear layer.  In the straight canals, only the 1 mm level 

had significantly less smear layer remaining compared to the conventional syringe irrigation.  

This could be anticipated as the debris removal at the 1 mm level approached significance.  

The VPro StreamClean may have potentially created smear by touching the root canal walls 
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in the apical 5 mm due to its penetration into this region.  This may have accounted for the 

lack of significance in both the straight and curved canals.  

  An unexpected finding was the large standard deviations for the debris scores with the VPro 

StreamClean and the conventional syringe group. Statistical analysis between the 3 groups 

revealed a Bartlett’s value of less than 0.01 for all groups.  Bartlett’s indicates a statistically 

significant difference among the variance of the groups.  Based on this finding, it can be 

concluded that variances are truly different and a treatment effect was observed. The variance 

of the PiezoFlow, compared to the VPro StreamClean and conventional syringe irrigation, 

had a smaller range and was statistically significant. Therefore, the PiezoFlow was more 

precise in debris removal compared to the VPro StreamClean and conventional syringe 

irrigation.  This is an important finding as it shows the repeatability of the PiezoFlow, in 

addition to the debris removal that approached significance (p<.10)  at the 1 and 3 mm levels 

in the straight canals. 

  There are concerns that exist with the use of the continuous flow ultrasonic irrigation 

systems. Desai compared the extrusion of irrigants by 5 different irrigant delivery systems 

and determined that continuous flow ultrasonic irrigation had significantly more extrusion 

compared to EndoVac (Discus Dental, Culver City, CA), and the EndoActivator (Dentsply 

Tulsa Dental Specialties) (Desai & Himel, 2009). Extrusion of irrigant can led to clinical 

complications during treatment.  Mitchell performed a similar study and found no differences 

amongst the devices used (Mitchell & Baumgartner, 2011).  PUI was used with intermittent 

flushing and this may have contributed to improved control of the irrigation, compared to 

continuous flow irrigation.  The extent of the extrusion appeared to be more of a function of 

apical size.  Another important consideration is the cause of iatrogenic damage within the 
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root canal system by an ultrasonically activated tip (Caron et al, 2010) .  The potential for 

transportations, ledges and perforations exists with metal ultrasonic tips, especially in curved 

canals.  The flow rate that was used for ultrasonic systems was 15 ml/min.  However, there is 

no literature support at this point for an optimal flow rate for these systems.  Initial pilot 

studies done by the author gave some evidence that 5 ml/min may be adequate to achieve the 

desired effect and this may provide improved safety without compromising the effectiveness. 

  Future studies of these new systems should evaluate the optimal flow rates that would be 

required along with varying preparations tapers and sizes. The evaluation of irrigant 

exchange, not only in the main canal, but in lateral canals and isthmus regions is important to 

assess, as it is in these regions that these systems may provide a significant advantage.  An 

ultrasonic needle with varying needle designs may also offer advantages of safety and 

increased dispersion of irrigant to the lateral walls.  The two needles were open ended but a 

needle could be tested with multiple side venting ports.  Lastly, with the advent of new 

irrigation products such as QMix (Dentsply Tulsa Dental Specialties), the effect of ultrasonic 

activation, using these irrigants, may offer further advantages during treatment and this 

should be quantified. 
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Chapter  5: Conclusion 

  The study of root canal disinfection is expanding with a constant stream of devices being 

introduced to aid in the debridement of the root canal system. However, the effectiveness of 

these devices is often equivocal as research methodology used to evaluate the devices is 

difficult to standardize.  In addition, it is often difficult to translate the results of laboratory 

studies to the clinical setting with certainty. Therefore, it is crucial to develop good 

experimental models that will allow testing of these new debridement and disinfection 

systems in a consistent and reliable manner. 

  Within the limitations of this study, the following conclusions were reached: 

 

• No significant differences were detected in the ability to remove debris between the 

three groups.  However, the PiezoFlow Ultrasonic needle approached significance at 

the 1 and 3 mm levels (p=0.090 and 0.099 respectively). 

• The PiezoFlow Ultrasonic needle resulted in significantly more smear layer removal 

at the 1 mm level (p=0.018) compared to the conventional syringe in anterior teeth. 

• The PiezoFlow irrigation system showed the least amount of variance for debris 

removal with all groups, which was statistically significant (p<.01) and it could be 

concluded that it is the most precise and predictable amongst the irrigation 

techniques. 

• The three final irrigation techniques tested were unable to completely remove debris 

or smear layer from the apical 5 mm of the straight and curved root canals. 

 

 



 85 

References 

Abou-Rass M & Oglesby S (1981). The effects of temperature, concentration, and tissue type 
on the solvent ability of sodium hypochlorite. Journal of Endodontics, 7, 376–377.  

Abou-Rass M & Piccinino M. (1982). The effectiveness of four clinical irrigation methods 
on the removal of root canal debris. Oral Surg Oral Med Oral Pathol, 54, 323–328. 

Adcock, JM, Sidow, SJ, Looney SW, Liu Y, McNally K, Lindsey K & Tay FR. (2011). 
Histologic Evaluation of Canal and Isthmus Debridement Efficacies of Two Different 
Irrigant Delivery Techniques in a Closed System. Journal of Endodontics, 37(4), 544–
548. 

Ahmad M & Ford TP (1987). Ultrasonic debridement of root canals: An insight into the 
mechanisms involved. Journal of Endodontics, 13, 93–101. 

Ahmad M, Pitt Ford T & Crum L (1987). Ultrasonic debridement of root canals: Acoustic 
streaming and its possible role. Journal of Endodontics, 13, 490–499.  

Ahmad M, Roy RA & Kamarudin AG (1992). Observations of acoustic streaming fields 
around an oscillating ultrasonic file. Endodontics & dental traumatology, 8, 189–194. 

Albrecht LJ, Baumgartner JC & Marshall JG (2004). Evaluation of apical debris removal 
using various sizes and tapers of ProFile GT files. Journal of Endodontics, 30, 425–428. 

Amato M, Vanoni-Heineken I, Hecker H & Weiger R. (2011). Curved versus straight root 
canals: the benefit of activated irrigation techniques on dentin debris removal. YMOE, 
111, 529–534. 

American Association of Endodontists. (2003). Glossary of Endodontic Terms (7th ed.). 
Archer R, Reader A, Nist R, Beck M & Meyers WJ. (1992). An in vivo evaluation of the 

efficacy of ultrasound after step-back preparation in mandibular molars. Journal of 
Endodontics, 18, 549–552.  

Baker NA, Eleazer PD & Averbach RE. (1975). Scanning electron microscopic study of the 
efficacy of various irrigating solutions. Journal of Endodontics, 1, 127–135. 

Balamuth L. (1963). Ultrasonics and Dentistry. Sound: Its Uses and Control, 2, 15.  
Baumgartner JC & Mader CL. (1987). A scanning electron microscopic evaluation of four 

root canal irrigation regimens. Journal of Endodontics, 13, 147–157. 
Berber VB, Gomes BPFA, Sena, NT, Vianna, ME, Ferraz CCR, Zaia AA & Souza-Filho, FJ. 

(2006). Efficacy of various concentrations of NaOCl and instrumentation techniques in 
reducing Enterococcus faecalis within root canals and dentinal tubules. International 
Endodontic Journal, 39, 10–17.  

Bergenholtz G. (1974). Micro-organisms from necrotic pulp of traumatized teeth. 
Odontologisk revy, 25, 347–358. 

Bergmans, L, Van Cleynenbreugel J, Wevers M & Lambrechts, P. (2001). Mechanical root 
canal preparation with NiTi rotary instruments: rationale, performance and safety. Status 
report for the American Journal of Dentistry. American journal of dentistry, 14, 324–333. 

Black, G. V. (1915). A work on special dental pathology devoted to the diseases and 
treatment of the investing tissues of the teeth and the dental pulp (p. 489). Chicago: 
Medico-Dental Publishing Company. 

Boutsioukis C, Gogos C & Verhaagen B. (2010a). The effect of apical preparation size on 
irrigant flow in root canals evaluated using an unsteady Computational Fluid Dynamics 
model. International Endodontic Journal, 43, 874–881. 

 



 86 

Boutsioukis C, Lambrianidis T & Kastrinakis E. (2009). Irrigant flow within a prepared root 
canal using various flow rates: a Computational Fluid Dynamics study. International 
Endodontic Journal, 42, 144–155.  

Boutsioukis C, Verhaagen B, Versluis M, Kastrinakis E, Wesselink PR & van der Sluis 
LWM. (2010b). Evaluation of irrigant flow in the root canal using different needle types 
by an unsteady computational fluid dynamics model. Journal of Endodontics, 36, 875–
879.  

Bronnec F, Bouillaguet S & Machtou P. (2010). Ex vivo assessment of irrigant penetration 
and renewal during the cleaning and shaping of root canals: a digital subtraction 
radiographic study. International Endodontic Journal, 43, 275–282.  

Burleson A, Nusstein J & Reader A. (2007). The In Vivo Evaluation of 
Hand/Rotary/Ultrasound Instrumentation in Necrotic, Human Mandibular Molars. 
Journal of Endodontics, 33, 782–787. 

Bystrom A & Sundqvist G. (1985). The antibacterial action of sodium hypochlorite and 
EDTA in 60 cases of endodontic therapy. International Endodontic Journal, 18, 35–40. 

Byström A & Sundqvist G. (1981). Bacteriologic evaluation of the efficacy of mechanical 
root canal instrumentation in endodontic therapy. Scandinavian Journal of Dental  

 Research, 89, 321–328. 
Byström A & Sundqvist G. (1983). Bacteriologic evaluation of the effect of 0.5 percent 

sodium hypochlorite in endodontic therapy. Oral Surg, Oral Med Oral Pathol, 55, 307–
312. 

Callahan J. (1894). Sulfuric acid for opening root-canals. Dent Cosmos, 36, 957–959. 
Calt S & Serper A. (2002). Time-dependent effects of EDTA on dentin structures. Journal of 

Endodontics, 28, 17–19.  
Cameron JA. (1987). The synergistic relationship between ultrasound and sodium 

hypochlorite: A scanning electron microscope evaluation. Journal of Endodontics, 13, 
541-545. 

Cameron JA. (1988). The effect of ultrasonic endodontics on the temperature of the root 
canal wall. Journal of Endodontics, 14, 554–559.  

Caron G, Nham K, Bronnec F & Machtou P. (2010). Effectiveness of different final irrigant 
activation protocols on smear layer removal in curved canals. Journal of Endodontics, 
36, 1361–1366. 

Carver K, Nusstein J, Reader A & Beck M. (2007). In vivo antibacterial efficacy of 
ultrasound after hand and rotary instrumentation in human mandibular molars. Journal of 
Endodontics, 33, 1038–1043. 

Catuna M. (1953). Sonic energy. A possible dental application. Preliminary report of an 
ultrasonic cutting method, 12, 100–101. 

Ceri H, Olson ME, Stremick C, Read RR, Morck D & Buret A. (1999). The Calgary Biofilm 
Device: new technology for rapid determination of antibiotic susceptibilities of bacterial 
biofilms. Journal of Clinical Microbiology, 37, 1771–1776. 

Chow TW. (1983). Mechanical effectiveness of root canal irrigation. Journal of Endodontics, 
9, 475–479.  

Clegg M, Vertucci F, Walker C, Belanger M & Britto L. (2006). The effect of exposure to 
irrigant solutions on apical dentin biofilms in vitro. Journal of Endodontics, 32, 434–437.  

Coolidge, E. (1919). The diagnosis and treatment of conditions resulting from diseased 
dental pulps. J Nat Dent Assoc, 6, 337–349. 



 87 

Costerton JW & Stewart PS. (1999). Bacterial biofilms: a common cause of persistent 
infections. Science, 284, 1318–1322. 

Crane AB. (1920). A Practicable Root-Canal Technique. Dental Cosmos, 61, 1193-1204.  
Cunningham W & Martin H. (1982). A scanning electron microscope evaluation of root 

canal débridement with the endosonic ultrasonic synergistic system. Oral Surg Oral Med 
Oral Pathol, 53, 527–531.  

Cunningham W, Martin H & Forrest W. (1982). Evaluation of root canal débridement by the 
endosonic ultrasonic synergistic system. Oral Surg Oral Med Oral Pathol, 53, 401–404.  

Cymerman J, Jerome L & Moodnik R. (1983). A scanning electron microscope study 
comparing the efficacy of hand instrumentation with ultrasonic instrumentation of the 
root canal. Journal of Endodontics, 9, 327–331. 

Dakin HD. (1915). On the use of certain antiseptic substances in the treatment of infected 
wounds. British Medical Journal, 2, 318–320. 

Dalton BC, Ørstavik D, Phillips C, Pettiette M & Trope M. (1998). Bacterial reduction with 
nickel-titanium rotary instrumentation. Journal of Endodontics, 24, 763–767.  

de Chevigny C, Dao TT, Basrani BR, Marquis V, Farzaneh M, Abitbol S & Friedman S. 
(2008). Treatment outcome in endodontics: the Toronto study--phase 4: initial treatment. 
Journal of Endodontics, 34, 258–263.  

De Cleen MJ, Schuurs AH, Wesselink PR & Wu MK. (1993). Periapical status and 
prevalence of endodontic treatment in an adult Dutch population. International 
Endodontic Journal, 26, 112–119. 

De Moor RJR, Hommez GMG, De Boever JGJ, Delmé KIK & Martens GEG. (2000). 
Periapical health related to the quality of root canal treatment in a Belgian population. 
International Endodontic Journal, 33, 113–120.  

Desai P & Himel V. (2009). Comparative safety of various intracanal irrigation systems. 
Journal of Endodontics, 35, 545–549. 

Dugas NN, Lawrence HP, Teplitsky PE, Pharoah MJ & Friedman S. (2003). Periapical health 
and treatment quality assessment of root-filled teeth in two Canadian populations. 
International Endodontic Journal, 36, 181–192.  

Eckerbom M, Andersson JE & Magnusson T. (1987). Frequency and technical standard of 
endodontic treatment in a Swedish population. Endodontics & dental traumatology, 3, 
245–248. 

Endal U, Shen Y, Knut A, Gao Y & Haapasalo M. (2011). A high-resolution computed 
tomographic study of changes in root canal isthmus area by instrumentation and root 
filling. Journal of Endodontics, 37, 223–227.  

Estrela C, Estrela CRA, Barbin EL, Spanó JCE, Marchesan MA & Pecora JD. (2002). 
Mechanism of action of sodium hypochlorite. Brazilian Dental Journal, 13, 113–117. 

European Society of Endodontology. (2006). Quality guidelines for endodontic treatment: 
consensus report of the European Society of Endodontology. International Endodontic 
Journal, 39, 921–930. 

Falk KW & Sedgley CM. (2005). The influence of preparation size on the mechanical 
efficacy of root canal irrigation in vitro. Journal of Endodontics, 31, 742–745. 

Farzaneh M, Abitbol S, Lawrence HP & Friedman S. (2004). Treatment outcome in 
endodontics-the Toronto Study. Phase II: initial treatment. Journal of Endodontics, 30, 
302–309.  

 



 88 

Friedman S, Abitbol S & Lawrence HP. (2003). Treatment outcome in endodontics: the 
 Toronto Study. Phase 1: initial treatment. Journal of Endodontics, 29, 787–793.  
Goldman L, Goldman M & Kronman J. (1979). Scanning electron microscope study of a new 

irrigation method in endodontic treatment. Oral Surg Oral Med Oral Pathol, 48, 79-83. 
Goldman M, Goldman LB, Cavaleri R, Bogis J & Lin PS. (1982). The efficacy of several 

endodontic irrigating solutions: a scanning electron microscopic study: Part 2. Journal of 
Endodontics, 8, 487–492. 

Goodman A, Reader A, Beck M, Melfi R & Meyers W. (1985). An in vitro comparison of 
the efficacy of the step-back technique versus a step-back/ultrasonic technique in human 
mandibular molars. Journal of Endodontics, 11, 249–256.  

Gorgas FJS. (1889). Dental Medicine. A Manual of Dental Materia Medica and Therapeutics 
(3rd ed.). P. Blakiston, Son & Co. 

Grossman L. (1941). Solution of pulp tissue by chemical agents. J Am Dent Assoc, 28, 223. 
Grossman L. (1943). Irrigation of root canals. J Am Dent Assoc, 30, 1915–1917. 
Gu L, Kim J, Ling J, Choi K & Pashley D. (2009). Review of contemporary irrigant agitation 

techniques and devices. Journal of Endodontics, 35, 791-804. 
Gulabivala K, Ng YL, Gilbertson M & Eames I. (2010). The fluid mechanics of root canal 

irrigation. Physiol. Meas., 31, R49–R84. 
Gutarts R, Nusstein J, Reader A & Beck M. (2005). In vivo debridement efficacy of 

ultrasonic irrigation following hand-rotary instrumentation in human mandibular molars. 
Journal of Endodontics, 31, 166–170. 

Haapasalo HK, Sirén EK, Waltimo TM, Ørstavik D & Haapasalo MP. (2000). Inactivation of 
local root canal medicaments by dentine: an in vitro study. International Endodontic 
Journal, 33, 126–131. 

Haapasalo, M., Endal, U., Zandi, H., & Coil, J. M. (2005). Eradication of endodontic 
infection by instrumentation and irrigation solutions. Endodontic Topics, 10, 77–102. 

Haapasalo M, Shen Y,& Qian W. (2010). Irrigation in endodontics. Dent Clin North Am, 54, 
291–312. 

Hand RE, Smith ML & Harrison JW. (1978). Analysis of the effect of dilution on the 
necrotic tissue dissolution property of sodium hypochlorite. Journal of Endodontics, 4, 
60-64. 

Harrison AJ, Chivatxaranukul P, Parashos P & Messer HH. (2010). The effect of 
ultrasonically activated irrigation on reduction of Enterococcus faecalis in 
experimentally infected root canals. International Endodontic Journal, 43, 968–977. 

Hess W& Zürcher E. (1925). The anatomy of the root-canals of the teeth of the permanent 
dentition. New York: William Wood & Co. 

Hsieh YD, Gau CH, Kung Wu SF, Shen EC, Hsu PW & Fu E. (2007). Dynamic recording of 
irrigating fluid distribution in root canals using thermal image analysis. International 
Endodontic Journal, 40, 11–17.  

Huang TY, Gulabivala K & Ng YL. (2008). A bio-molecular film ex-vivo model to evaluate 
the influence of canal dimensions and irrigation variables on the efficacy of irrigation. 
International Endodontic Journal, 41, 60–71. 

Hülsmann M, Peters OA & Dummer M. (2005). Mechanical preparation of root canals: 
shaping goals, techniques and means. Endodontic Topics, 10, 30–76. 

Ingle JI & Zeldow BJ. (1958). An evaluation of mechanical instrumentation and the negative 
culture in endodontic therapy. J Am Dent Assoc, 57, 471–476. 



 89 

Jensen SA, Walker TL, Hutter JW & Nicoll BK. (1999). Comparison of the cleaning efficacy 
of passive sonic activation and passive ultrasonic activation after hand instrumentation in 
molar root canals. Journal of Endodontics, 25, 735–738. 

Jiang, L. M., Lak, B., Eijsvogels, L. M., Wesselink, P., & van der Sluis, L. W. M. (2012). 
Comparison of the cleaning efficacy of different final irrigation techniques. Journal of 
Endodontics, 38, 838–841. 

Jiang LM, Verhaagen B, Versluis M & van der Sluis, L. W. M. (2010). Influence of the 
Oscillation Direction of an Ultrasonic File on the Cleaning Efficacy of Passive 
Ultrasonic Irrigation. Journal of Endodontics, 36, 1372–1376. 

Jiang LM, Verhaagen B, Versluis M, Langedijk J, Wesselink P & van der Sluis, L. W. M. 
(2011). The Influence of the Ultrasonic Intensity on the Cleaning Efficacy of Passive 
Ultrasonic Irrigation. Journal of Endodontics, 37, 688–692. 

Kahn FH, Rosenberg PA & Gliksberg J. (1995). An in vitro evaluation of the irrigating 
characteristics of ultrasonic and subsonic handpieces and irrigating needles and probes. 
Journal of Endodontics, 21, 277–280.  

Kakehashi S, Stanley HR & Fitzgerald RJ. (1965). The effects of surgical exposures of dental 
pulps in germ-free and conventional laboratory rats. Oral Surg Oral Med Oral Pathol, 
20, 340–349.  

Khademi A, Yazdizadeh M & Feizianfard M. (2006). Determination of the Minimum 
Instrumentation Size for Penetration of Irrigants to the Apical Third of Root Canal 
Systems. Journal of Endodontics, 32, 417–420. 

Kirkevang L-L, Hörsted-Bindslev P, Orstavik D & Wenzel A. (2001). A comparison of the 
quality of root canal treatment in two Danish subpopulations examined 1974-75 and 
1997-98. International Endodontic Journal, 34, 607–612.  

Krell KV, Johnson RJ & Madison S. (1988). Irrigation patterns during ultrasonic canal 
instrumentation. Part I. K-type files. Journal of Endodontics, 14, 65–68. 

Lee S & Wu M. (2004). The effectiveness of syringe irrigation and ultrasonics to remove 
debris from simulated irregularities within prepared root canal walls. International 
Endodontic Journal, 37, 672-678. 

Lumley PJ, Walmsley AD & Laird WR. (1988). An investigation into cavitational activity 
occurring in endosonic instrumentation. Journal of Dentistry, 16, 120–122. 

Lumley, P. J., Walmsley, A. D., & Laird, W. R. E. (1991). Streaming patterns produced 
around endosonic files. International Endodontic Journal, 24, 290–297. 

Lumley PJ, Walmsley AD, Walton RE & Rippin JW. (1992). Effect of precurving endosonic 
files on the amount of debris and smear layer remaining in curved root canals. Journal of 
Endodontics, 18, 616–619. 

Lumley PJ, Walmsley AD, Walton RE & Rippin JW. (1993). Cleaning of oval canals using 
ultrasonic or sonic instrumentation. Journal of Endodontics, 19, 453–457. 

Mader CL, Baumgartner JC & Peters DD. (1984). Scanning electron microscopic 
investigation of the smeared layer on root canal walls. Journal of Endodontics, 10, 477–
483.  

Marquis VL, Dao T, Farzaneh M, Abitbol S & Friedman S. (2006). Treatment outcome in 
endodontics: the Toronto Study. Phase III: initial treatment. Journal of Endodontics, 32, 
299–306.  

Martin H. (1976). Ultrasonic disinfection of the root canal. Oral Surg Oral Med Oral Pathol, 
42, 92–99.  



 90 

Martin H & Cunningham W. (1984). Endosonic endodontics: the ultrasonic synergistic 
system. International Dental Journal, 34, 198–203. 

Martin H & Cunningham WT. (1982). The effect of endosonic and hand manipulation on the 
amount of root canal material extruded. Oral Surg Oral Med Oral Pathol, 53, 611–613. 

Martin H, Cunningham WT & Norris JP. (1980a). A quantitative comparison of the ability of 
diamond and K-type files to remove dentin. Oral Surg Oral Med Oral Pathol, 50, 566–
568. 

Martin H, Cunningham W, Norris J & Cotton W. (1980b). Ultrasonic versus hand filing of 
dentin: A quantitative study. Oral Surg Oral Med Oral Pathol, 49, 79–81.  

McComb D & Smith DC. (1975). A preliminary scanning electron microscopic study of root 
canals after endodontic procedures. Journal of Endodontics, 1, 238–242. 

McGurkin-Smith R, Trope M, Caplan DD & Sigurdsson A. (2005). Reduction of intracanal 
bacteria using GT rotary instrumentation, 5.25% NaOCl, EDTA, and Ca(OH)2. Journal 
of Endodontics, 31, 359–363.  

Mello I, Kammerer B & Yoshimoto D. (2010). Influence of final rinse technique on ability of 
ethylenediaminetetraacetic acid of removing smear layer. Journal of Endodontics, 36, 
512-514. 

Mello I, Robazza C & Antoniazzi J. (2008). Influence of different volumes of EDTA for final 
rinse on smear layer removal. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 106, 
e40-e43. 

Miller W. (1891a). The human mouth as a focus of infection. Dent Cosmos. 33, 689–713. 
Miller W. (1891b). The disinfection of dental and surgical instruments. Dent Cosmos. 33, 

514-526. 
Miller W. (1894). An introduction to the study of the bacterio-pathology of the dental pulp. 

Dent Cosmos. 36, 505–528. 
Mitchell RP & Baumgartner JC. (2011). Apical Extrusion of Sodium Hypochlorite Using 

Different Root Canal Irrigation Systems. Journal of Endodontics, 37, 1677–1681. 
Mohammadi Z. (2008). Sodium hypochlorite in endodontics: an update review. International 

Dental Journal, 58, 329–341. 
Moorer W & Wesselink P. (1982). Factors promoting the tissue dissolving capability of 

sodium hypochlorite. International Endodontic Journal, 15, 187–196.  
Mozo S, Llena C & Forner L. (2012). Review of ultrasonic irrigation in endodontics: 

increasing action of irrigating solutions. Medicina Oral Patología Oral y Cirugia Bucal, 
17, e512–16. 

Möller AJ, Fabricius L, Dahlén G, Ohman AE & Heyden G. (1981). Influence on periapical 
tissues of indigenous oral bacteria and necrotic pulp tissue in monkeys. Scandinavian 
Journal of Dental Research, 89, 475–484. 

Naenni N, Thoma, K & Zehnder M. (2004). Soft tissue dissolution capacity of currently used 
and potential endodontic irrigants. Journal of Endodontics, 30, 785–787.  

Nair PNR. (2004). Pathogenesis of apical periodontitis and the causes of endodontic failures. 
Critical Reviews in Oral Biology & Medicine, 15, 348–381.  

Nair PNR, Henry S, Cano V,& Vera J. (2005). Microbial status of apical root canal system of 
human mandibular first molars with primary apical periodontitis after “one-visit” 
endodontic treatment. YMOE, 99, 231–252. 

Nygaard-Østby B. (1957). Chelation in root canal therapy: ethylenediaminetetraacetic acid 
for cleansing and widening of root canals. Odontologisk Tidskrift, 65, 3–11. 



 91 

Oman C & Applebaum E. (1954). Ultrasonic cavity preparation. Preliminary Report. New 
York State Dent. Journ., 20, 256–260. 

Ørstavik D & Pitt Ford T. (2008). Essential Endodontology: Prevention and Treatment of 
Apical Periodontitis (2nd ed.). Oxford: Blackwell Munksgaard. 

Ørstavik D, Kerekes K & Molven O. (1991). Effects of extensive apical reaming and calcium 
hydroxide dressing on bacterial infection during treatment of apical periodontitis: a pilot 
study. International Endodontic Journal, 24, 1–7. 

Pappen FG, Qian W, Aleksejūniene J, Leonardo R, Leonardo MR & Haapasalo M. (2010). 
Inhibition of sodium hypochlorite antimicrobial activity in the presence of bovine serum 
albumin. Journal of Endodontics, 36, 268–271. 

Paque F, Balmer M, Attin T & Peters OA (2010). Preparation of oval-shaped root canals in 
mandibular molars using nickel-titanium rotary instruments: a micro-computed 
tomography study. Journal of Endodontics, 36, 703-707. 

Peters LB, van Winkelhoff AJ, Buijs JF & Wesselink PR. (2002). Effects of instrumentation, 
irrigation and dressing with calcium hydroxide on infection in pulpless teeth with 
periapical bone lesions. International Endodontic Journal, 35, 13–21. 

Peters OA. (2004). Current challenges and concepts in the preparation of root canal systems: 
a review. Journal of Endodontics, 30, 559-567. 

Peters OA, Laib AA, Göhring TN & Barbakow, F. (2001a). Changes in root canal geometry 
after preparation assessed by high-resolution computed tomography. Journal of 
Endodontics, 27, 1–6. 

Peters OA, Peters CI, Schönenberger K & Barbakow F. (2003). ProTaper rotary root canal 
preparation: effects of canal anatomy on final shape analysed by micro CT. International 
Endodontic Journal, 36, 86–92.  

Peters OA, Schönenberger K & Laib A. (2001b). Effects of four Ni-Ti preparation techniques 
on root canal geometry assessed by micro computed tomography. International 
Endodontic Journal, 34, 221–230. 

Plotino G, Pameijer C, Mariagrande N & Somma F. (2007). Ultrasonics in Endodontics: A 
Review of the Literature. Journal of Endodontics, 33, 81–95.  

Postle H. (1958). Ultrasonic cavity preparation. The Journal of Prosthetic Dentistry, 8, 153–
160. 

Ram Z. (1977). Effectiveness of root canal irrigation. Oral Surg Oral Med Oral Pathol. 44, 
306-312. 

Richman MJ. (1957). The Use of Ultrasonics in Root Canal Therapy and Root Resection. 
Journal of Dental Medicine, 12, 12–18. 

Ricucci D & Siqueira JF. (2010). Biofilms and Apical Periodontitis: Study of Prevalence 
and Association with Clinical and Histopathologic Findings. Journal of Endodontics, 36, 
1277–1288.  

Rosenfeld EF, James GA & Burch BS. (1978). Vital pulp tissue response to sodium 
hypochlorite. Journal of Endodontics, 4, 140–146. 

Roy RA, Ahmad M & Crum LA. (1994). Physical mechanisms governing the hydrodynamic 
response of an oscillating ultrasonic file. International Endodontic Journal, 27, 197–207. 

Rödig T, Döllmann S, Konietschke F, Drebenstedt S & Hülsmann M. (2010). Effectiveness 
of different irrigant agitation techniques on debris and smear layer removal in curved 
root canals: A Scanning Electron Microscopy Study. Journal of Endodontics, 36, 1983–
1987. 



 92 

Sabins RA, Johnson J & Hellstein J. (2003). A comparison of the cleaning efficacy of short-
term sonic and ultrasonic passive irrigation after hand instrumentation in molar root 
canals. Journal of Endodontics, 29, 674–678. 

Salzgeber RM & Brilliant JD. (1977). An in vivo evaluation of the penetration of an 
irrigating solution in root canals. Journal of Endodontics, 3, 394–398. 

Schneider SW. (1971). A comparison of canal preparations in straight and curved root canals. 
Oral Surg Oral Med Oral Pathol, 32, 271–275. 

Sedgley CM. (2004). Root canal irrigation--a historical perspective. Journal of the History of 
Dentistry, 52, 61–65. 

Sedgley CM, Nagel AC, Hall D & Applegate B. (2005). Influence of irrigant needle depth in 
removing bioluminescent bacteria inoculated into instrumented root canals using real-
time imaging in vitro. International Endodontic Journal, 38, 97–104.  

Sedgley C, Applegate B & Nagel A. (2004). Real-time imaging and quantification of 
bioluminescent bacteria in root canals in vitro. Journal of Endodontics, 30, 893-898. 

Senia ES, Marshall FJ & Rosen S. (1971). The solvent action of sodium hypochlorite on pulp 
tissue of extracted teeth. Oral Surg Oral Med Oral Pathol, 31, 96–103. 

Shen Y, Gao Y, Qian W, Ruse ND, Zhou X, Wu H & Haapasalo, M. (2010). Three-
dimensional numeric simulation of root canal irrigant flow with different irrigation 
needles. Journal of Endodontics, 36, 884–889.  

Shih M, Marshall FJ & Rosen S. (1970). The bactericidal efficiency of sodium hypochlorite 
as an endodontic irrigant. Oral Surg Oral Med Oral Pathol, 29, 613–619. 

Shuping GB, Ørstavik D, Sigurdsson A & Trope M. (2000). Reduction of intracanal bacteria 
using nickel-titanium rotary instrumentation and various medications. Journal of 
Endodontics, 26, 751–755.  

Sinanan SK, Marshall FJ & Quinton-Cox R. (1983). The effectiveness of irrigation in 
endodontics. Journal of  the Canadian Dental Association, 49, 771–776. 

Siqueira J. (2008). Clinical implications and microbiology of bacterial persistence after 
treatment procedures. Journal of Endodontics, 34, 1291-1301. 

Siqueira J, Araújo MC, Garcia PF, Fraga RC & Dantas CJ. (1997). Histological evaluation of 
the effectiveness of five instrumentation techniques for cleaning the apical third of root 
canals. Journal of Endodontics, 23, 499–502. 

Siqueira J, Batista M, Fraga R & de Uzeda M. (1998). Antibacterial effects of endodontic 
irrigants on black-pigmented gram-negative anaerobes and facultative bacteria. Journal 
of Endodontics, 24, 414–416.  

Siqueira J & Magalhães K. (2007). Bacterial reduction in infected root canals treated with 
2.5% NaOCl as an irrigant and calcium hydroxide/camphorated paramonochlorophenol 
paste as an intracanal dressing. Journal of Endodontics, 33, 667-672. 

Siqueira J, Rôças I & Santos, S. (2002). Efficacy of instrumentation techniques and irrigation 
regimens in reducing the bacterial population within root canals. Journal of Endodontics, 
28, 181–184. 

Siqueira J, Lima K & Magalhães F. (1999). Mechanical reduction of the bacterial population 
in the root canal by three instrumentation techniques. Journal of Endodontics, 25, 332-
335. 

Siqueira J, Rôças I & Favieri A. (2000). Chemomechanical reduction of the bacterial 
population in the root canal after instrumentation and irrigation with 1%, 2.5%, and 
5.25% sodium hypochlorite. Journal of Endodontics, 26, 331-334. 



 93 

Siqueira J, Rôças I & Riche F. (2008). Clinical outcome of the endodontic treatment of teeth 
with apical periodontitis using an antimicrobial protocol. Oral Surg Oral Med Oral 
Pathol Oral Radiol Endod. 106, 757-62. 

Sjögren U & Sundqvist G. (1987). Bacteriologic evaluation of ultrasonic root canal 
instrumentation. Oral Surg Oral Med Oral Pathol, 63, 366–370. 

Sjögren U, Figdor D, Persson S & Sundqvist G. (1997). Influence of infection at the time of 
root filling on the outcome of endodontic treatment of teeth with apical periodontitis. 
International Endodontic Journal, 30, 297–306.  

Sjögren U, Hagglund B, Sundqvist G & Wing K. (1990). Factors affecting the long-term 
results of endodontic treatment. Journal of Endodontics, 16, 498–504.  

Spangberg L, Engström B & Langeland K. (1973). Biologic effects of dental materials. 3. 
Toxicity and antimicrobial effect of endodontic antiseptics in vitro. Oral Surg Oral Med 
Oral Pathol, 36, 856–871. 

Spoleti P & Siragusa M. (2003). Bacteriological evaluation of passive ultrasonic activation. 
Journal of Endodontics, 29, 12–14. 

Stewart GG. (1955). The importance of chemomechanical preparation of the root canal. Oral 
Surg Oral Med Oral Pathol, 8, 993–997. 

Stock CJ. (1991). Current status of the use of ultrasound in endodontics. International Dental 
Journal, 41, 175–182. 

Stojicic S, Zivkovic S, Qian W, Zhang H & Haapasalo M. (2010). Tissue dissolution by 
sodium hypochlorite: effect of concentration, temperature, agitation, and surfactant. 
Journal of Endodontics, 36, 1558–1562. 

Street E. (1959). A critical evaluation of ultrasonics in dentistry. The Journal of Prosthetic 
Dentistry, 9, 132–141. 

Strindberg L. (1956). The dependence of the results of pulp therapy on certain factors: an 
analytic study based on radiographic and clinical follow-up examinations. Acta Odontol 
Scand, 14(Suppl. 21). 

Sundqvist G. (1976). Bacteriological studies of necrotic dental pulps. Umeå University 
Odontological Dissertation No. 7, University of Umeå, Umeå, Sweden. 

Susin L, Liu Y, Yoon JC, Parente JM, Loushine RJ, Ricucci D, Bryan T, Weller RN, Pashley 
DH & Tay FR. (2010). Canal and isthmus debridement efficacies of two irrigant 
agitation techniques in a closed system. International Endodontic Journal, 43, 1077–
1090. 

Svec TA & Harrison JW. (1977). Chemomechanical removal of pulpal and dentinal debris 
with sodium hypochlorite and hydrogen peroxide vs normal saline solution. Journal of 
Endodontics, 3, 49–53. 

Şen BH, Wesselink PR & Turkun M. (1995). The smear layer: a phenomenon in root canal 
therapy. International Endodontic Journal, 28, 141–148. 

Taft J. (1868). A Practical Treatise on Operative Dentistry (2nd ed.). Philadelphia: Lindsay 
& Blakiston. 

Tay FR, Gu L, Schoeffel JG, Wimmer C, Susin L, Zhang K, Arun SN, Kim J, Looney SW & 
Pashley DH. (2010). Effect of Vapor Lock on Root Canal Debridement by Using a Side-
vented Needle for Positive-pressure Irrigant Delivery. Journal of Endodontics, 36, 745–
750.  

 
 



 94 

van der Sluis LWM, Versluis M, Wu MK & Wesselink PR. (2007). Passive ultrasonic 
irrigation of the root canal: a review of the literature. International Endodontic Journal, 
40, 415–426.  

van der Sluis LWM, Vogels MPJM, Verhaagen B, Macedo R & Wesselink PR. (2010). 
Study on the influence of refreshment/activation cycles and irrigants on mechanical 
cleaning efficiency during ultrasonic activation of the irrigant. Journal of Endodontics, 
36, 737–740.  

van der Sluis LWM, Wu MK & Wesselink PR. (2005a). A comparison between a smooth 
wire and a K-file in removing artificially placed dentine debris from root canals in resin 
blocks during ultrasonic irrigation. International Endodontic Journal, 38, 593–596.  

van der Sluis LWM, Wu MK & Wesselink PR. (2005b). The efficacy of ultrasonic irrigation 
to remove artificially placed dentine debris from human root canals prepared using 
instruments of varying taper. International Endodontic Journal, 38, 764–768.  

Violich DR & Chandler NP. (2010). The smear layer in endodontics-a review. International 
Endodontic Journal, 43, 2–15. 

Walker A. (1936). A definite and dependable therapy for pulpless teeth. J Am Dent Assoc. 
23, 1418–1425. 

Walmsley AD. (1987). Ultrasound and root canal treatment: the need for scientific 
evaluation. International Endodontic Journal, 20, 105–111.  

Walmsley AD & Williams AR. (1989). Effects of constraint on the oscillatory pattern of 
endosonic files. Journal of Endodontics, 15, 189–194.  

Weller RN, Brady JM & Bernier WE. (1980). Efficacy of ultrasonic cleaning. Journal of 
Endodontics, 6, 740–743. 

Wu MK & Wesselink PR. (1995). Efficacy of three techniques in cleaning the apical portion 
of curved root canals. YMOE, 79, 492–496. 

Yamada RS, Armas A, Goldman M & Lin PS. (1983). A scanning electron microscopic 
comparison of a high volume final flush with several irrigating solutions: Part 3. Journal 
of Endodontics, 9, 137–142.  

Zehnder M. (2006). Root canal irrigants. Journal of Endodontics, 32, 389–398. 
Zeltner M, Peters OA & Paqué F. (2009). Temperature Changes During Ultrasonic Irrigation 

with Different Inserts and Modes of Activation. Journal of Endodontics, 35, 573–577. 



 95 

Appendices 

Appendix A   

A.1 Debris Data for Straight Canals (Anterior teeth) 

 
Debris at 1mm from apex 
 

 Sum of Squares df Mean Square F Sig. 

Between Groups 3679.586 2 1839.793 2.077 .150 
Within Groups 18600.393 21 885.733   

Total 22279.978 23    

 

Multiple Comparisons 
Dunnett t (2-sided)a 

(I) Groups (J) Groups Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

VPro Conventional -17.83625 14.88063 .395 -53.1072 17.4347 

PiezoFlow Conventional -30.16250 14.88063 .099 -65.4334 5.1084 

a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
 

Debris at 3mm from apex 
 

 Sum of Squares df Mean Square F Sig. 

Between Groups 2230.173 2 1115.086 2.229 .132 
Within Groups 10506.283 21 500.299   

Total 12736.456 23    

 
Multiple Comparisons 

Dunnett t (2-sided)a 

(I) Groups (J) Groups Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

VPro Conventional -7.92375 11.18368 .705 -34.4320 18.5845 

PiezoFlow Conventional -23.22500 11.18368 .090 -49.7332 3.2832 

a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
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Debris at 5mm from apex 
 

 Sum of Squares df Mean Square F Sig. 

Between Groups 459.297 2 229.649 1.187  .325 
Within Groups 4063.401 21 193.495   

Total 4522.698 23    

 
 

Multiple Comparisons 
Dunnett t (2-sided)a 

(I) Groups (J) Groups Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

VPro Conventional -7.00000 6.95513 .509 -23.4855 9.4855 

PiezoFlow Conventional -10.52625 6.95513 .246 -27.0117 5.9592 

a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
 

 

A.2 Debris Data for Curved Canals (Mesial Root of Mandibular Molars) 

 
Debris at 1mm from apex 
 

 Sum of Squares df Mean Square F Sig. 

Between Groups 780.993 2 390.496 .602 .558 
Within Groups 12328.286 19 648.857   

Total 13109.279 21    

 
 

Multiple Comparisons 
Debris at 1mm from apex 
Dunnett t (2-sided)a 

(I) Groups (J) Groups Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

VPro Conventional -8.50196 13.18336 .751 -40.0460 23.0421 

PiezoFlow Conventional -14.31625 13.18336 .466 -45.8603 17.2278 

a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
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Debris at 3mm from apex 
 

 Sum of Squares df Mean Square F Sig. 

Between Groups 110.819 2 55.409 .331 .722 
Within Groups 3179.716 19 167.353   

Total 3290.535 21    

 
 

Multiple Comparisons 
Debris at 3mm from apex 
Dunnett t (2-sided)a 

(I) Groups (J) Groups Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

VPro Conventional 2.09643 6.69528 .933 -13.9235 18.1164 

PiezoFlow Conventional -3.46929 6.69528 .829 -19.4892 12.5506 

a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
 
 
Debris at 5mm from apex 
 

 Sum of Squares df Mean Square F Sig. 

Between Groups 63.358 2 31.679 1.439 .263 
Within Groups 396.344 18 22.019   

Total 459.702 20    

 
 

Multiple Comparisons 
Debris at 5mm from apex 
Dunnett t (2-sided)a 

(I) Groups (J) Groups Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

VPro Conventional -3.41429 2.50822 .315 -9.4304 2.6018 

PiezoFlow Conventional -3.90571 2.50822 .232 -9.9218 2.1104 

a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
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Appendix B   

 

B.1 Smear Layer Data for Straight Canals (Anterior teeth) 

 

Smear layer at 1 mm from apex 

1 mm from apex  Sample size Sum of Ranks   
Conventional 8 132.5 

 VPro 8 112. 
 PiezoFlow 8 55.5 
         

Kruskal-Wallis ANOVA 
H 7.95125 N 24 
Degrees Of Freedom 2 p-level 0.01877 
H (corrected) 9.2084     

    Dunn's Multiple Comparison Test   p < 0.05? 
Conventional vs Vpro 

  
No 

Conventional vs PiezoFlow 
 

Yes 
Vpro vs PiezoFlow 

  
No 

 

Smear layer at 3 mm from apex 

3 mm from apex  Sample size Sum of Ranks   
Conventional 8 110.5 

 VPro 8 105.5 
 PiezoFlow 8 84. 
         

Kruskal-Wallis ANOVA 
H 0.99125 N 24 
Degrees Of Freedom 2 p-level 0.60919 
H (corrected) 1.14108     

    
    Median Test 
Overall Median 3. Chi-square 10. 
p-level 0.00674 
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Smear layer at 5 mm from apex 

5 mm from apex  Sample size Sum of Ranks   
Conventional 8 113. 

 VPro 8 77. 
 PiezoFlow 8 110. 
         

Kruskal-Wallis ANOVA 
H 1.995 N 24 
Degrees Of Freedom 2 p-level 0.3688 
H (corrected) 2.30346     

    
    Median Test 
Overall Median 2. Chi-square 2. 
p-level 0.36788 

   

 

B.2 Smear Layer Data for Curved Canals ( Mesial Root of Mandibular Molars) 

 

Smear layer at 1 mm from apex 

1 mm from apex  Sample size Sum of Ranks   
Conventional 8 103. 

 VPro 7 69. 
 PiezoFlow 7 81. 
         

Kruskal-Wallis ANOVA 
H 0.80759 N 22 
Degrees Of Freedom 2 p-level 0.66778 
H (corrected) 0.85592     

    
    Median Test 
Overall Median 3. Chi-square 1.42857 
p-level 0.48954 

  



 100 

 

Smear layer at 3 mm from apex 

3 mm from apex  Sample size Sum of Ranks   
Conventional 8 90.5 

 VPro 7 75. 
 PiezoFlow 7 87.5 
         

Kruskal-Wallis ANOVA 
H 0.27516 N 22 
Degrees Of Freedom 2 p-level 0.87146 
H (corrected) 0.33241     

    
    Median Test 
Overall Median 2. Chi-square 1.92857 
p-level 0.38126 

   

Smear layer at 5 mm from apex 

 5 mm from apex Sample size Sum of Ranks   
Conventional 8 116.5 

 VPro 7 73.5 
 PiezoFlow 7 63. 
         

Kruskal-Wallis ANOVA 
H 2.98295 N 22 
Degrees Of Freedom 2 p-level 0.22504 
H (corrected) 3.81155     

    
    Median Test 
Overall Median 1.5 Chi-square 3.42857 
p-level 0.18009 

   

 

 

 

 
 
 


