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Challenges of root canal instrumentation 

Microbes and their by-products play a decisive role in the onset and continuance of pulpal and periradicular 

disease (1). The goals of an endodontic treatment (predominantly root canal treatment) are therefore the 

elimination of microorganisms and microbial components from the root canal system, and the prevention of its 

re-infection (2-4). Chemomechanical debridement, basically including instrumentation and irrigation is widely 

recommended in order to achieve these goals.  

Although mechanical instrumentation procedures have improved considerably over the years, none of 

the techniques can completely disinfect the root canal system mainly due to the anatomical complexity of the 

root canal system (5), leaving up to half of the canal surface untouched following instrumentation (6-9). In 

addition, the formation of a smear layer after instrumentation, a mixture of dentine debris, pulp tissue remnants,  

odontoblastic processes and, in infected root canals, microorganisms (10), may affect adversely the elimination 

of the root canal infection (10-12). Thus, the role of instrumentation has been switched from debridement to 

providing better access to the apical part for root canal irrigation and filling (13), and irrigation has been playing 

an increasing role in disinfecting the root canal system.  

 

Irrigation 

The objectives of irrigation of the root canal are to eliminate microorganisms, flush out debris, dissolve organic 

tissue remnants and lubricate instruments (14), especially to debride those areas left unprepared by mechanical 

instrumentation (13). There are two essential aspects involved in root canal irrigation: the irrigant and the 

irrigation system. 

 

Irrigants 

Ideally root canal irrigants should be biologically compatible and antibacterial, demonstrate good surface 

wetting, have no adverse effects on remaining tooth structure, and be easy to use and effective within clinical 

parameters (13). The chemical effect of the irrigants has been studied extensively. Although many kinds of 

irrigants have been introduced, sodium hypochlorite (NaOCl) is still the most popular one with two 

distinguished properties: wide antimicrobial spectrum and unique capacity to dissolve organic (including 

necrotic) tissue remnants (11, 15). The tissue dissolving potential is indispensable, because the necrotic and 

infected tissue remnants, located in the areas which have not been instrumented, need at least come in contact 

with the irrigant.  

 

Irrigation Techniques 

Apart from the chemical merits of irrigants, four mechanical aspects are important for the irrigation procedure: 

the dispersion and refreshment of the irrigant in the root canal, mechanical cleaning of the root canal wall and 

the removal of matter from the root canal. As the irrigant should be in close contact with the microorganisms 

and tissue remnants to be effective (16, 17), and the irrigant could be inactive shortly after its reaction,  the 

accessibility of the irrigant to the whole root canal system and further refreshment of the irrigant are essential 

(18, 19). Furthermore, the detachment of biofilm, debris and smear layer by the irrigant from the root canal 

requires a certain shear stress on the root canal wall by the flow of the irrigant. Finally, the flush action by the 

irrigant carrying away the loosened debris from the root canal is very essential. All these points are considered 

as the mechanical actions of irrigation procedure, the key to successful irrigation and root canal disinfection.  

In order to enhance the above mentioned mechanical aspects of the irrigation procedure, various 

irrigation techniques have been developed (Table 1-1). 

All the irrigation techniques basically involve the irrigant delivery with or without irrigant activation. 

Syringe irrigation is the conventional technique and is still widely used. It delivers irrigant into the root canal 

and carries away the debris out of the root canal by flushing action. It allows good control of the depth of needle 

penetration within the canal and the volume of irrigant that is flushed through the canal (20). The needle type 

and size, the shape of the root canal, the flow rate are the essential factors for syringe irrigation effectiveness 

(21-23).  
Combinations of syringe irrigation to deliver the irrigant in the root canal and various ways to activate 

the irrigant, established many kinds of irrigation techniques. These techniques are applied mainly as final 

irrigation procedures after the root canal instrumentation is completed. Various irrigant activation techniques 
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have been proposed to improve the efficacy of irrigation solutions, including activation with syringe needles, 

hand files, gutta-percha cones, plastic inserts, and (ultra)sonic or laser devices. Syringe irrigation and irrigant 

activation are performed alternatively in these techniques; therefore the flush method is always intermittent. 

Irrigant extrusion from the foramen might result in damage to the periapical tissues. In order to improve 

the safety of the irrigation procedure, so-called negative-pressure systems have been introduced. Normally, the 

irrigant is delivered deep into the root canal, usually through a needle, and then flows coronally along the 

outside of the needle, which is called positive-pressure technique. The pressure difference causing the irrigant 

flow is created between a pressurized container (e.g. a syringe barrel) and the root canal, where the pressure 

remains close to atmospheric. In the negative-pressure techniques, the pressure difference is created between the 
injection cannula positioned coronally and the aspiration cannula placed deep inside the root canal. The irrigant 

flows at a nearly atmospheric pressure near the canal orifice towards the apex and evacuated by the suction 

cannula located apically (24, 25).  

There are also some concomitant instrumentation and irrigation techniques. Irrigant is delivered 

through the handpieces around the instruments and root canal instrumentation is performed simultaneously.  

 

Passive Ultrasonic Irrigation 

Ultrasonic devices have been used in Endodontics for over half century since its first introduction by Richman 

(26). Initially, it was used to drive files for root canal preparation and debridement, instrumentation and 

irrigation was therefore performed simultaneously with a continuous flow of the irrigant. This irrigation 

technique was called ultrasonic irrigation (UI). This technique became less popular due to 1) the difficulty to 

control the removal of dentin that potentially produced apical perforations and irregularities (27, 28); 2) the 
contact between the oscillating file and the root canal wall during the instrumentation constrained the file 

oscillation and consequently, the acoustic streaming and cavitation would be reduced and as well as the 

effectiveness of cleaning (29). 

Passive Ultrasonic Irrigation (PUI) was first described by Ahmad (29). This irrigation technique was 

performed with no instrumentation, planing, or contact of the canal walls with an endodontic file or instrument 

(30) in order to just activate irrigant ultrasonically. This non-cutting technique could reduce the potential to 

create aberrant shapes on the root canal wall, and was therefore used after instrumentation as final irrigation 

method.  

There are some variations in PUI in terms of the way to deliver the irrigant.  (1) Irrigant is delivered by 

a syringe, and irrigant activation is performed by ultrasonically oscillating file or instrument; the two procedures 

take place alternatively and the flushing action is therefore intermittent. (2) Irrigant is delivered through the 

ultrasonic hand piece with continuous flushing (mainly in the pulp chamber), with simultaneous file oscillation 

and irrigant activation. (3) An ultrasonically oscillating hollow needle attached to the ultrasonic hand piece 

which will both deliver and activate the irrigant  continuously in the root canal.  

During PUI, the energy is transmitted from an oscillating file or instrument to the irrigant in the root 

canal by means of ultrasonic waves. Since the root canal has been shaped and the file was introduced in the 

center of the root canal trying to avoid any contact with the wall, the file can oscillate freely resulting in the 
maximum acoustic streaming effect and possible cavitation. The active streaming of the irrigant activated 

ultrasonically would cause better irrigant dispersion in the root canal and greater shear stress on the canal wall, 

producing better root canal cleaning efficacy. There is a general consensus that PUI is an effective final 

irrigation technique in removing pulpal tissue remnants and dentin debris (31-33) 

Though PUI seems to be a promising technique as final irrigation, underlying physical mechanisms 

through which it exerts its efficacy remain to be clarified. In addition, root canal debridement is still a great 

challenge and PUI improvements are necessary. Therefore a better understanding about the mechanisms of PUI 

would help us to improve this technique. Some parameters, such as oscillation direction of the ultrasonic file, 

pulsed ultrasound and ultrasonic intensity, are closely related to the clinical applications and interesting to be 

studied. 

 

Microbiology studies in Endodontics  

Since Kakehashi et al (1) pinpointed bacteria as the causative factor in endodontic disease, a multitude of 

researchers have performed studies on the alternative irrgants, concentrations of irrigants, combinations of 

irrigants, and lately various irrigation techniques to optimally eradicate the bacteria from the root canal systems. 

The biofilm concept has been recently recognized in endodontic infection. A biofilm, by definition, is 

„a microbially derived sessile community characterized by cells that are irreversibly attached to a substratum or 

interface or to each other, are embedded in a matrix of extracellular polymeric substances that they have 
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produced, and exhibit an altered phenotype with respect to growth rate and gene transcription‟(34). Especially, 

growing in a biofilm enhances the resistances of the microorganisms significantly (35, 36). Microorganisms do 

not populate the root canal system in a planktonic state, rather, they grow aggregated on the canal surface 

producing biofilms (45) that enable the bacteria to resist antimicrobial agents. Microbial behavior in biofilms is 

rather different from the planktonic state. Therefore, although planktonic killing test and agar diffusion test have 

a high level of standardization and low costs, they are losing their popularity mainly due to their poor validity. A 

valid assay for microbial susceptibility testing should be based on a biofilm model. Currently and commonly 

used biofilm models are discussed later in chapter 10.  

Enterococcus faecalis is a Gram-positive coccus from the Enterococcus genus. Common reasons for 
choosing E. faecalis in endodontic microbiology studies are 1) this bacteria is commonly isolated in teeth with 

failing root canal treatments (37, 38); 2) it is known to have several virulence factors that make it difficult to 

eradicate from the canals. These virulence factors include proton pump mechanisms to maintains optimal 

cytoplasmic pH levels (39) resulting in the resistance to Ca(OH)2 (a commonly used root canal dressing 

material), the ability to withstand prolonged starvation (40), to inhibit the cytokine-producing functions of Th-1 

and Th-2 cells (41), to bind collagen (42), and to invade dentinal tubules (43); 3) E. faecalis is also easy to grow 

in vitro, and specifically it can form biofilms alone, which allows to study and test bactericidal effectiveness of 

different agents and techniques on biofilms, though single species. Streptococcus mutans is known as one of the 

causative agents of caries and its cariogenicity has been well established (44, 45). S. mutans is able to cause 

caries mostly due to its ability to form acids and produce biofilm matrix.  However, S. mutans is also found 

occasionally in infected root canals with apical periodontitis (46-48). Another reason to select S. mutans for our 

studies was that its biofilm adheres strongly to dentin, which is important for the testing in irrigation studies. 

Besides, it was also our hypothesis that the interaction between the microorganisms in the dual species biofilms 

might alter the biofilm formation and also resistance to disinfectant. Therefore we chose the two bacteria for 

investigations.   

 

Outline of the thesis 

In Chapter 2 the cleaning efficacy and physical mechanisms of a sonic irrigant activation device EndoActivator 

is described.  

The efficacy of passive ultrasonic irrigation (PUI) could be further enhanced through a full 

understanding of the fluid mechanical processes that occur when the irrigant is activated by the energy of an 

ultrasonically oscillating instrument. Therefore, the influence of the oscillation direction of the ultrasonic file, 

the pulsed ultrasound, the ultrasonic intensity and the ultrasonic file insertion depth on the efficacy of PUI to  

remove dentin debris from the apical root canal in combination with the visualization and characterization of the 

fluid dynamical aspects were described in Chapter 3, 4, 5 and 6 respectively.  

Many devices, tools and techniques have been introduced to the root canal irrigation procedure. In 

Chapter 7 several irrigation systems were evaluated on their efficacy to remove dentin debris from the apical 

root canal.  

Disinfection of the root canal is a big challenge to current root canal therapy, while information on 
biofilms is limited in endodontic research. Chapter 8 described the biofilms that were formed when 

Streptococcus mutans grew with or without Entercoccus faecalis. Chapter 9 discussed how the resistance to 

antimicrobial irrigant changes when when Streptococcus mutans grew with or without Entercoccus faecalis by a 

fluorescence assay. 
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Table 1-1. Irrigation techniques 
 

SAF: Self Adjusting File system; IAC: Intracanal Aspiration Technique; NIT: Non-Instrumentation Technique. Irrigation phase: „I‟ 

stands for „during root canal preparation‟; „II‟ stands for „final irrigation‟.  Flush method: „C‟ stands for „continuous‟; „ I‟ stands for 

„intermittent‟ 

Technique 

Machine 

assisted 

Simultaneous 

Instrumentation 

Irrigation 

phase 

Delivery 

pressure  

Flush 

method Delivery method Activation method 

Syringe 

- ×  × I and (or) II positive C 

- × 

Brush 

needle × I and (or) II Positive C 

Needle movement × × II Positive I 

Gutta Percha × × II Positive I 

Brush × × II Positive I 

Rotary Brush √ × II Positive I 

Oscillating Tip 
Sonic √ × II Positive I 

Ultra-

sonic √ × II Positive I 

Laser √ × II Positive I 

Ultraso

nic 

Needle Oscillating Needle √ × II Positive C 

Hand-

piece 

Oscillating Tip √ × II Positive C 

File  √ √ I Positive C; I 

NIT - √ √ I and II 

Positive; 

Negative C 

Quantec-E - √ √ I Positive C 

SAF - √ √ I and II Positive C 

Rinsendo - √ × II Positive C 

Safety irrigator - suction × II Positive C 

IAC needle - suction × II Negative C 

EndoVac - suction × II Negative C 
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Abstract  

Introduction The aims of this study were to evaluate the removal of dentin debris from the root canal by sonic 

or ultrasonic activation of the irrigant and the physical mechanisms of sonic activation by visualizing the 
oscillations of the sonic tip, both inside and outside the confinement of the root canal. Methods Roots of 18 

canines were embedded, split and prepared into standardized root canals. A standard groove was cut on the wall 

of one half of each root canal and filled with the same amount of dentin debris before irrigation procedures. The 

removal of dentin debris was evaluated after different irrigation procedures. The oscillations of the sonic tip 

were visualized ex-vivo by using high-speed imaging at a timescale relevant to the irrigation process and the 

oscillation amplitude of the tip was determined under 20x magnification. Results After irrigation, there was a 

statistically significant difference between the experimental groups (p<0.0001). Without irrigant activation, the 

grooves were still full of dentin debris. From the ultrasonic activated group, 89% of the canals were completely 

free of dentin debris, whereas from the sonic group 5.5% - 6.7% (p=0.0001). There was no significant difference 

between the sonic activation groups. Conclusions Activation of the irrigant resulted in significantly more dentin 

debris removal, ultrasonic activation being significantly more efficient than sonic activation. The oscillation 

amplitude of the sonically driven tips is 1.2 ± 0.1 mm resulting in much wall contact and no cavitation of the 

irrigant.    
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Introduction   

Irrigation of the root canal space is a fundamental aspect of root canal treatment. Techniques for acoustic and 

hydrodynamic activation of the irrigant have been developed (1-3), because syringe irrigation is not effective in 
the apical part of the root canal (4, 5).  

It has been shown that acoustic streaming and cavitation contribute to the cleaning efficiency of root 

canal irrigation (2, 3, 6). Acoustic streaming can be defined as a rapid movement of fluid in a circular or vortex-

like motion around a vibrating file (7). Cavitation can be defined as the creation of vapor bubbles or the 

expansion, contraction and/or distortion of pre-existing bubbles (so-called cavitation nuclei) in a liquid, the 

process being coupled to acoustic energy (8). Studies have shown that passive sonic activation of irrigant is 

inferior to its counterpart in ultrasonic (9, 10). However, the details concerning those mechanisms have not been 

clarified.  

The EndoActivator® system, a sonic device, has recently been developed for root canal irrigation. 

Special polymer tips can be driven sonically at three different frequencies in order to activate the irrigant. No 

data are currently available to support its use. 

The aims of this study were (i) to determine the removal of dentin debris from the root canal by sonic or 

ultrasonic activation of the irrigant, and (ii) to evaluate the physical mechanisms of sonic activation by 

visualizing the oscillation amplitude of EndoActivator® tips. 

Materials and Methods 

High speed imaging experiments 
An optical setup was constructed in order to visualize the effect of sonic activation in a glass model of the root 

canal containing water. The canal was 10 mm in length with an apical diameter of 0.30 mm and a taper of 

approximately 0.06. Imaging was performed using a high speed camera (Shimadzu Corp., Japan) at a frame rate 

of 4000 frames per second. From these recordings the oscillation amplitude of the tip was measured using a 

calibrated reference grid (Edmund Optics, etc.) 

A microscope with 1.25x to 20x magnification was used (BX-FM, Olympus, Japan) for magnification. 

The root canal was illuminated in bright-field by a continuous wave light source (ILP-1, Olympus, Japan). 

 

Dentin debris removal model 
Straight roots from 18 extracted human maxillary canines were decoronated to obtain uniform root sections of 

15 mm. The roots were embedded in self-curing resin (GC Ostron 100, GC Europe, Belgium) and then bisected 

longitudinally through the canal in mesio-distal direction with a saw microtome (Leica Microsystems SP1600, 

Wetzlar, Germany). The surfaces of both halves were ground successively with 240-, P400- and 600-grit 
sandpaper, resulting in smooth surfaces on which only little of the original root canal lumen was left.  Four holes 

were drilled in the resin part and the two halves could be reassembled by four self-tapping bolts through the 

holes (Fig. 1A).   

New root canals were prepared by K-files #15/.02 (Dentsply Maillefer, Ballaigues, Switzerland) and 

HERO 642 (MicroMega, Besançon, France) nickel-titanium rotary instruments to a working length (WL) of 15 

mm, ISO size 30 and taper 0.06 resulting in standardized root canals. During preparation, the canals were rinsed 

with 1 mL of 2% NaOCl after each file, delivered by a 10 mL syringe (Terumo, Leuven, Belgium) and a 30-

gauge needle (Navitip, Ultradent, South Jordan, UT, USA). 

A standard groove of 4 mm in length, 0.5 mm deep and 0.2 mm wide, situated at 2 to 6 mm from 

working length (11) (Fig. 1B-1, 1B-2), was cut in the wall of one half of each root canal with a customized 

ultrasonic tip. A periodontal probe with an adapted 0.2 mm wide tip was used to verify the dimension of each 

groove during and after preparation. The dimension of the groove is comparable to an apical oval root canal (12). 

Each groove was filled with dentin debris, which was mixed with 2% NaOCl for five minutes, to simulate a 

situation in which dentin debris accumulates in uninstrumented canal extensions (11). This model was 

introduced to standardize the root canal space and the amount of dentin debris present in the root canal before 

the irrigation procedure, to increase the reliability of the dentin debris removal evaluation. The methodology is 

sensitive and the data are reproducible (13). A pilot study has shown that a single model could be reused up to at 
least 8 times without any visible defect on the surface of the canal wall. Therefore the 18 models were used 

repeatedly in the six experimental groups, which are ultrasonic activated group, sonic activated groups by 

different frequencies or tips or irrigants and control group (Table 1).   

 

Irrigation Procedure 
Specimens in all the experimental groups were rinsed with 2 mL irrigant (2% NaOCl or water) using 10 mL 

syringes with 30-gauge needles placed 1 mm from WL. Then the residue of irrigant was passively activated for 



Chapter 2 

20 

 

20 seconds sonically or ultrasonically. In group 6, the sonic tip was inserted but not activated. Passive activation 

meant that every attempt was made to keep the file centered in the canal to minimize contact with the canal 

walls. This sequence was repeated twice resulting in a total irrigation volume of 6 mL and a total irrigation time 

of 1 min.  

The ultrasonic activation was performed with a stainless steel #20/.00 file (IrriSafe, Acteon) energized 

by a piezoelectronic unit (Suprasson PMax, Satelec, Acteon) at power setting „blue‟ 4. The sonic activation was 

performed with the EndoActivator® system (Advanced Endodontics, Santa Barbara, USA).  

 

Image evaluation and statistical analyses  
Before and after each irrigation procedure, the root halves were separated and the grooves were viewed through 

a stereomicroscope (Stemi
®

 SV6, Carl Zeiss, Göttingen, Germany) using a cold light source (KL 2500 LCD, 

Carl Zeiss). Controls verified that no debris had fallen out of the groove during the assembly or disassembly 

process. Pictures were taken with a digital camera (Axio Cam, Carl Zeiss) and saved as ZVI files on a computer.  

The debris left in the groove after irrigation was scored independently and blindly by three calibrated 

dentists using the following score system: 0: the groove is empty; 1: less than half of the groove is filled with 

debris; 2: more than half of the groove is filled with debris; 3: the complete groove is filled with debris (11) (Fig. 

1C). The percentage of inter agreement should be more than 95%. If this percentage was lower than 95%, a 

consensus had to be reached.  

The differences in debris scores between the groups were analyzed by means of the Kruskal-Wallis test 

and the Mann-Whitney test. The level of significance was set at α = 0.05. 

Results 

The oscillation amplitude of the sonic tips in free air and in water was respectively 1.1 ± 0.1 mm, 0.6 ± 0.1 mm 

at the attachment point and 3.1 ± 0.1 mm, 1.2 ± 0.1 mm at the free end. The sonic tip didn‟t show an oscillatory 

pattern down its length, but had just one node (at the attachment point) and one anti-node (at the free end), as 

previously observed by Walmsley et al. (14). The actual frequencies of the sonic device turned out to be 

different from the frequencies listed in the sale brochure. Mode 1 was 160 ± 5 Hz instead of 33 Hz (2000 CPM), 

mode 2 was 175 ± 5 Hz instead of 100 Hz (6000 CPM) and mode 3 was 190 ± 5 Hz instead of 166 Hz (10,000 

CPM). The high speed imaging experiments showed a lot of wall contact of the sonic tips during activation, and 

no cavitation was observed. 

The three investigators differed in scoring six specimens; agreement was reached following discussion. 

After irrigation, the number and the percentage of samples at each score rank are presented in Table 1. There 

was a statistically significant difference between the experimental groups (p<0.0001). When the irrigant was 

activated, significantly more dentin debris was removed than control group, ultrasonic activation being 

significantly more efficient than sonic activation (p=0.0001). There was no significant difference between the 

sonic activation groups. From the ultrasonic activated group, 89% of the canals were completely free of dentin 

debris, whereas from the sonic group 5.5% - 6.7%.  

Discussion  

The results indicate that activation of the irrigant enhances the removal of dentin debris from the apical root 

canal. Because the ultrasonic file or sonic tips could not physically disturb the dentin debris in the groove, it can 

be concluded that the activated irrigant removed the dentin debris from the groove.  

The fact that ultrasonic activation removed significantly more dentin debris than the sonic activation 

confirms the study of Sabins et al. (10). A possible explanation is that the driving frequency of ultrasound (30 

kHz) is higher than that of the sonic device (160-190 Hz). In principle, a higher frequency should result in a 

higher flow velocity (15): 
2

0
v

a

 
         (1) 

where v is the flow velocity (in m/s), ω is 2π times the driving frequency (in Hz), ε0 is the oscillation amplitude 

(in m) and a the radius of the wire (in m). Equation 1 also suggests that the flow velocity increases with increase 

in the oscillation amplitude of the tip. However, the oscillation amplitude of the sonically activated tip in water 

is approximately 1 mm while the diameter of the apical root canal is smaller than 0.5 mm, which implies 

extensive wall contact between the tip and the root canal wall. This inhibits free oscillation of the sonic tip, 

reducing the efficient streaming of the irrigant (15), and consequently the activation of the irrigant. This is 

confirmed both by the outcome of dentin debris removal and by the visualization experiment in which wall 

contact was observed (Fig. 2). 
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The difference between the lowest (160Hz) and the highest (190Hz) oscillation frequency of 

EndoActivator® as we have tested is small, implying only small differences in streaming between frequency 

settings. That explained why there was no significant difference between the two frequency settings of the sonic 

activation. 

It was also observed that no cavitation seemed to take place, neither on the sonic tip itself nor on the 

wall of the glass model of the root canal. This can be related to the velocity of the sonic tip, which was below the 

threshold needed for cavitation. Such a cavitation threshold can be determined by estimating the pressure 

required. If the pressure falls below the vapor pressure by a magnitude of the tensile strength, then rupture of the 

fluid can occur (cavitation). The tensile strength of pure water is very high, and therefore cavitation is often 
unobtainable. In many situations, however, there are microscopic voids containing gas on the interface between 

a solid surface (contaminant particles, cracks in the container) and the fluid. These nucleation sites have a much 

lower tensile strength and therefore make cavitation possible at much lower pressures. In order to get cavitation 

the pressure decrease P  must exceed the ambient pressure (1 atm. or 10
5
 Pa) plus the vapor pressure of the 

fluid (2000 Pa) (16). In first approximation the velocity u leading to an onset of cavitation can be obtained from 

the Bernoulli equation: 

Pu 
2

2

1
        (2) 

Roughly speaking then, the left-hand term of equation 2 should be larger than 10
5
 Pa. Using ρ = 1000 kg/m

3
 for 

water, the threshold velocity u is approximately 14 m/s. A sinusoidal oscillation at a frequency of 190 Hz and 

with an oscillation amplitude of 1.2 mm gives a velocity of only 1.4 m/s. Ultrasonic file, typically driven at 30 

kHz and with an oscillation amplitude of 75 μm, reaches velocities above this threshold and can therefore 

generate cavitation, as previously observed by Ahmad et al. (15).  

There are three types of EndoActivator® tips currently available, 15#/.02, 25#/.04 and 35#/.04. A 

different dimension of the tip applied in the same size root canal might produce different oscillations and irrigant 

flow, which could influence the effectiveness of the instruments. The size of the standardized model used in this 

study was 30#/.06, which is clinical relevant. Therefore we tested the 15#/.02 and 25#/.04 tips. The 35#/.04 tip 
should be tested with larger size and tapered root canal, so we did not include it. The results showed that there 

was no difference between the two types of sonic tips, not in amplitude, oscillatory pattern or wall contact. The 

irrigant flow and streaming pattern of the irrigant were therefore equal, resulting in the same effectiveness of the 

irrigation.  

There was no significant difference between NaOCl and water as irrigant when it was sonically 

activated. Since the fluidic properties of water and NaOCl are comparable (17), no differences in acoustic 

streaming between them were to be expected. 
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Table 1. Experimental groups and the number of specimens at each score rank after irrigation 

procedure 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Score 0: the groove is empty; score1: less than half of the groove is filled with debris; score 2: more 

than half of the groove is filled with debris; score 3: the complete groove is filled with debris.  

    
Score 

Group 

(n=18) 

Activation 

system 

Freq. 

(Hz) 

Size/ 

taper Irrigant 0 1 2 3 

1 Ultrasonic 30,000 

20#/ 

 .00 NaOCl 16 (90%)   1 (5%)   1 (5%)   0 (0%) 

2 Sonic 190 

15#/ 

 .02 NaOCl   3 (17%)   4 (22%)   9 (50%)   2 (11%) 

3 Sonic 190 

25#/ 

 .04 NaOCl   3 (17%)   6 (33%)   0 (0%)   9 (50%) 

4 Sonic 160 

15#/ 

 .02 NaOCl   1 (5%)   2 (11%)  12 (67%)   3 (17%) 

5 Sonic 190 

15#/ 

 .02 Water   0 (0%)   5 (28%)  12 (67%)   1 (5%) 

 

6 (control) No activation 0 

15#/ 

 .02 NaOCl   0 (0%)   0 (0%)   0 (0%)  18 (100%) 
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Figure 1. (A) Schematic representations of the standardized root canal model, its groove (B-1) and cross section 
(B-2). (C) The examples of the different score scales. (This figure is available in color online at 

www.aae.org/joe/.) 

          
 

 
Figure 2. The oscillation of the file inside the root canal during 1 oscillation at mode 3 (190 Hz), recorded at 

4000 fps; dots on the graph indicate at which time during the oscillation the frames were recorded.  
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Abstract 

Introduction: The cleaning mechanisms and characteristics of Passive ultrasonic irrigation (PUI) are not yet 

completely understood. The aim of this study was to investigate whether the oscillatory direction of the 

ultrasonically driven file had an influence on dentin debris removal from artificially made grooves in 

standardized root canals. Methods: Each of twenty ex vivo root canal models with a standard groove in the 

apical portion of one canal wall filled with dentin debris received PUI repeatedly, either with file oscillation 

toward the groove or with file oscillation perpendicular to the groove. After each irrigation procedure, the 

amount of dentin debris in the groove was evaluated by photographs of the groove and by scoring. The 

oscillations of the ultrasonic file were also visualized in vitro by using high-speed imaging at a timescale 

relevant to the cleaning process, order 10 s. Results: A nonparametric analysis showed significantly more 

dentin debris reduction when the file oscillated toward the groove (P = 0.002). High speed imaging showed that 
the oscillation of the file is in a single plane resulting in high-velocity jets emanating from the file tip in the 

direction of the oscillations. Conclusions: Oscillation of the ultrasonically driven file toward the groove is more 

effective in removing dentin debris from the groove than oscillation perpendicular to the groove, which can be 

related to the fact that there is a high-velocity jet from the file tip in a single direction following the file 

oscillation and a relatively slow inflow in the perpendicular direction. 
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Introduction 

As instruments used for root canal preparation can merely touch a small part of the canal, mechanical 

preparation by instruments does obviously not suffice for the debridement of the complex root canal system (1, 
2). Irrigation has therefore been gaining increasing attention in order to improve the cleanliness of root canal 

systems after root canal instrumentation. Passive ultrasonic irrigation (PUI) has been suggested to be used in 

order to disinfect the areas beyond instruments by acoustically activating the irrigant (3-5). Acoustic streaming 

has been shown to be useful in cleaning the root canal system (6). 

Ultrasonically powered handpieces are normally attached with an oscillating instrument and operated at 

a certain frequency domain of 20 to 40 kHz. Previous in vitro investigations have shown that oscillation of the 

file perpendicular to the dentin surface had a greater influence on dentin removal than an oscillation parallel to 

the surface (7, 8), indicating that the energy was distributed non-uniformly around the oscillating file. Lumley 

has demonstrated a three-dimensional streaming pattern around the ultrasonically activated files (9), while 

streaming occurred mainly in front of and behind the file parallel to the handpiece. In another study, Lumley 

found that a file oscillation directed toward oval recesses left less debris than a perpendicular oscillation (10). 

Despite these previous studies, a detailed description and understanding of the oscillation characteristics of 

ultrasonically driven files is still missing. The aims of this study were therefore 1) to investigate whether the 

orientation of the ultrasonically activated file had an influence on the increase of dentin debris removal from 

artificially made grooves simulating uninstrumented canal extensions in standardized root canals, and 2) to 

investigate the streaming pattern around an ultrasonically oscillating file using visualization techniques. 

Materials and Methods 

Dentin debris removal model 
Straight roots from 20 extracted human maxillary canines were decapitated to obtain uniform root sections of 15 

mm. The roots were embedded in self-curing resin (GC Ostron 100, GC Europe, Belgium) and then bisected 

longitudinally through the canal in mesio-distal direction with a saw microtome (Leica Microsystems SP1600, 

Wetzlar, Germany). The surfaces of both halves were ground successively with 240-, P400- and 600-grit 

sandpaper, resulting in smooth surfaces on which only little of the original root canal lumen was left.  Four holes 
were drilled in the resin part and the two halves were reassembled by four self-tapping bolts through the holes 

(Fig. 1A).  The root canal space of the model was ensured as a closed system. 

New root canals were prepared by K-files #15/.02 (Dentsply Maillefer, Ballaigues, Switzerland) and 

HERO 642 (MicroMega, Besançon, France) nickel-titanium rotary instruments to a working length (WL) of 15 

mm, ISO size 30 and taper 0.06 resulting in standardized root canals. During preparation, the canals were rinsed 

with 1 mL of 2% NaOCl after each file, delivered by a 10 mL syringe (Terumo, Leuven, Belgium) and a 30-

gauge needle (Navitip, Ultradent, South Jordan, UT, USA). 

A standard groove of 4 mm in length, 0.5 mm deep and 0.2 mm wide, situated at 2 to 6 mm from 

working length (11), was cut in the wall of one half of each root canal with a customized ultrasonic tip (Fig.1B). 

A periodontal probe with an adapted 0.2 mm wide tip was used to verify the dimension of each groove during 

and after preparation. The dimension of the groove is comparable to an apical oval root canal (12). Each groove 

was filled with dentin debris, which was mixed with 2% NaOCl for five minutes, to simulate a situation in which 

dentin debris accumulates in uninstrumented canal extensions (11). This model was introduced to standardize 

the root canal space and the amount of dentin debris present in the root canal before the irrigation procedure, to 

increase the reliability of the dentin debris removal evaluation. The methodology is sensitive and the data are 

reproducible (13,14). A pilot study has shown that a single model could be reused up to at least 8 times without 

any visible defect on the surface of the canal wall. Therefore the 20 models were used repeatedly in the three 
experimental groups which are shown in Table 1.   

 

Irrigation Procedure 
Specimens in all the experimental groups were rinsed with 2 mL irrigant (2% NaOCl) using 10-mL syringes 

with 30-gauge needles placed 1 mm from WL. Then the irrigant was passively activated by an ultrasonic file for 

10 seconds with the oscillation perpendicular to the groove (Group 1; Fig. 2-C1) or toward the groove (Group 2; 

Fig. 2-C2). The ultrasonic activation was performed with a stainless steel #20/.00 file (IrriSafe, Acteon, 

Merignac, France) driven by an ultrasonic device (Suprasson PMax Newtron, Acteon) at power setting „blue 4‟. 

Every attempt was made to keep the file centered in the canal to minimize contact with the canal walls, in order 

to do passive ultrasonic activation. Group 3 acted as the control group, in which the ultrasonic file was inserted 

but not activated. All the experimental specimens received 2 mL irrigant which was delivered again by a syringe 

as final flush.  

 

Image evaluation and statistical analyses  



Chapter 3 

28 

 

Before and after each irrigation procedure, the root halves were separated and the grooves were viewed through 

a stereomicroscope (Stemi
®

 SV6, Carl Zeiss, Göttingen, Germany) using a cold light source (KL 2500 LCD, 

Carl Zeiss). Controls verified that no debris had fallen out of the groove during the assembly or disassembly 

process. Pictures were taken with a digital camera (Axio Cam, Carl Zeiss).  

The debris left in the groove after irrigation was scored independently by three calibrated dentists using 

the following score system: 0: the groove is empty; 1: less than half of the groove is filled with debris; 2: more 

than half of the groove is filled with debris; 3: the complete groove is filled with debris (11,14). The percentage 

of inter agreement should be more than 95%; if this percentage was lower than 95%, a consensus had to be 

reached.  
The differences in debris scores between the groups were analyzed by means of the Kruskal-Wallis test 

and the Mann-Whitney test. The level of significance was set at α = 0.05. 

 

High speed imaging experiments 
An optical setup was constructed to visualize the oscillation of the same ultrasonically driven file used in the ex 

vivo study. In order to simulate the confinement of apical section of the root canal, a 1-mm thick aluminum plate 

with a hole (Φ=0.4 mm) and a 4 mm-thick plate with a hole (Φ=0.4 mm) plus a groove with the same 

dimensions as the ex vivo model were used. The plate was positioned in a water tank (dimensions 75x64x60 mm) 

and the ultrasonic file was centered in the hole (Fig.1C). Tracer particles (hollow glass spheres, Φ=11 µm, 

ρ=1.1∙10
3
 kg/m

3
; Sphericel

®
, Potters Industries, South Yorkshire, UK) were added to the water for flow 

visualization. 

The flow around the oscillating file was imaged through a microscope (BX-FM, Olympus, Japan) with 

a magnification of 1.25 to 20×. Illumination was performed in bright-field by a continuous wave light source 

(ILP-1, Olympus, Japan). Recordings were made with a high speed camera (HPV-1, Shimadzu Corp., Japan) at a 

frame rate of 125,000 frames per second, starting two seconds after initiation of file oscillation, in order to be 

able to neglect transient file motion at start-up. Recordings were analyzed using a Particle Image Velocimetry 

(PIV) code developed in-house. 

Results 

The results of the ex vivo experiments are presented in Table 1. There is a statistically significant difference 

between each of the experimental groups (p<0.0001). When the irrigant was activated, significantly more dentin 

debris was removed than in the control group (no activation). Oscillation of the file toward the groove had a 

significantly greater influence on dentin debris removal than oscillation perpendicular to the groove (p=0.002). 

The time-averaged flow pattern due to an oscillating file in a large water tank is shown in Fig. 2A. The 

steady part of the flow depictured here consists of two „jets‟ in the direction of oscillation of the file. There is an 

inflow toward the file from the direction perpendicular to the oscillation direction. We observe an unsteady flow 

which is located within a distance of approximately one diameter of the file. Fig. 2-B1 shows a close-up of the 

instantaneous flow pattern, while the file is moving in the direction indicated by the white arrow. In Fig. 2-B2 

we show the instantaneous flow pattern when the confinement of the root canal is included; Fig. 2-C1 and 2-C2 

show the average flow pattern when the groove is also included. Flow velocities in the groove when the file 
oscillation is toward the groove are 3-5 times higher than when the file is oscillating perpendicular to the groove. 
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Discussion  

The results show that debris was reduced significantly more by PUI when the file oscillation was directed 

toward the groove than when the file oscillation was perpendicular to the groove, indicating that the oscillation 
direction of the ultrasonic file has a great influence. 

The ultrasonically driven file oscillates mainly in the direction equal to the axis of the handpiece, and a 

minor transverse vibration at right angles to the main one (9). Lumley has shown more effective cleaning of an 

oval extension in the root canal when the oscillation of the file is directed towards the oval extension (10). He 

proposed two explanations: [1] the streaming forces are more intense toward the oval recess and [2] the file was 

less likely to be constrained when it oscillated toward the recess. However, in Lumley‟s study, the ultrasonic file 

was used for root canal instrumentation; in other words, the file was intentionally in contact with the root canal 

wall. Therefore, the file was unable to vibrate freely; acoustic microstreaming would consequently be less 

intense, although it would not stop completely (15). It could be hypothesized that when oscillating toward the 

groove, the file could vibrate somewhat more freely, despite intentional contact with the root canal wall, 

resulting in more intense streaming forces towards the groove.  

PUI was performed in the current study, and the experimental setup was such that contact of the file 

with the root canal wall was prevented for both oscillation directions. Moreover, the oscillation amplitude of the 

file is approximately 28 µm according to the manufacturer, which is smaller than the dimension of the root canal 

in the current study, thus, the file could vibrate freely whether its orientation was toward or perpendicular to the 

groove. Therefore, the only explanation for the different efficiency by the two ways of irrigation should be the 

difference in streaming of the irrigant around the oscillating file, consisting of both the streaming orientation and 

strength. 
This streaming has been visualized with high-speed imaging. The results show a high-velocity jet from 

the file tip in one dimension and a slow inflow in the perpendicular direction, which could well explain the 

consequences for the cleaning efficacy. Streaming has been held responsible for cleaning (6), in which the 

direction and the velocity of the flow may be the key factors.  

The flow pattern as shown in Fig. 2A and 2-B1 is qualitatively similar to the flow as described 

theoretically by Riley (16) and Stuart (17) and confirmed experimentally by Bertelsson (18). The flow pattern 

with confinement, as shown in Fig. 2-B2, is qualitatively similar to the flow as described theoretically by Duck 

& Smith (19). All authors report a boundary layer close to the oscillating object, which consisted of an 

oscillatory and a steady component. Outside this boundary layer, only the steady component remains, visible as 

jets in Fig. 2A and 2-C2. In Fig. 2-B1 and 2-B2 it can be observed that the boundary layer is approximately 0.3 

mm thick; therefore in the apical area (when the groove is still filled with debris) the flow is dominated by the 

oscillatory component, which causes a shear stress circumferentially. In addition to the shear stress, it is 

expected that there is a push-pull mechanism by which removal of debris in the oscillation direction will be 

enhanced. This push-pull effect is induced by the oscillation of the file. 

Once (the entrance of) the groove is starting to be emptied by removal of debris, there will be space 

available for the jet (steady streaming component) to form when the file is oscillating toward the groove. Shear 

stresses developed by this jet can enhance the removal of the debris in the groove. When the file oscillates 
perpendicular to the groove, the jet has no space to develop; therefore the flow is again dominated by the 

oscillatory component and its push-pull effect. The fluid in the groove will contribute to the inflow toward the 

file; however, flow velocities inside the groove are smaller than when the file oscillates toward the groove and 

are unlikely to contribute much to the removal of debris from the groove.  

In the studies by Riley, Stuart, Bertelsen and Duck & Smith, a cylindrical file was considered whereas 

the Irrisafe file used in this study has a square cross-section, twisted along the length of the file. This difference 

in cross-section may explain the increased divergence of the measured jet compared to the theoretical solution 

by Smith & Duck. Experiments performed by Kim & Troesch (20) and Tatsuno (21) using square cylinders 

showed a flow pattern more similar to the flow pattern observed in this study.  

The ex-vivo dentin debris removal model used in this study is a closed system. The two halves of the 

root embedded in the resin matched perfectly and were fixed by the 4 bolts well to prevent any irrigant flow 

apically nor laterally (Fig. 1A). As the apical fluid movement mechanisms can be quite different between a 

closed and an open system (22), it is better to use a closed system like the model used in this study which is 

more clinical relevant.  
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Abstract 

Introduction: Multiple activations of the irrigant by using pulsed ultrasound may enhance the removal 

of dentin debris due to repeated acceleration of the irrigant. The aim of this study was to evaluate the 

effect of pulsed ultrasound on passive ultrasonic irrigation (PUI) in its ability to remove artificially 

placed dentin debris from a simulated apical oval extension within standardized root canals. Methods: 

Each of twenty in vitro root canal models with a standard groove in the apical portion of one canal wall 

filled with dentin debris received PUI repeatedly, either without pulsation (group1) or with pulsation 

(730 ms ON / 100 ms OFF in group 2, 400 ms ON / 400 ms OFF in group 3 and 100 ms ON / 670 ms 

OFF in group 4), corresponding to duty cycles of 100%, 88%, 50% and 13%, respectively. After each 

irrigation procedure, the amount of dentin debris in the groove was evaluated by taking photographs of 

the groove and scoring. The irrigation procedures were also visualized in vitro using high-speed 

imaging performed in glass root canal models. Results: The debris score was significantly lower only 

in group 3 (P=0.023). The in vitro visualization showed increased streaming and cavitation during the 

start-up phase of each pulse. Conclusions: PUI with a pulsation pattern of 400 ms ON / 400 ms OFF 

and a duty cycle of 50% is more effective in removing dentin debris from a simulated apical oval 
extension in standardized root canals than continuous ultrasonic activation. Duty cycles of 13% and 88% 

showed no difference compared to continuous oscillation.  
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Introduction 

After the completion of a standard root canal preparation, the debridement of the root canal is however 

by far complete, leaving large untouched areas which may harbor tissue or dentin debris, microbes, and 
their by-products (1-7). The root canal system has better access for cleaning by an irrigant after 

finishing the instrumentation and, irrigation has a better possibility for cleaning the space beyond the 

prepared canal (8). A final rinse after the completion of the preparation is therefore an essential part of 

root canal debridement.   

It has been realized in recent years that irrigation dynamics play an important role in the 

cleaning process (9-11). The use of a file in conjunction with an (ultra)sonic device that activates the 

irrigant has been proposed for the final rinsing step to enhance the cleaning of the root canal through 

streaming and cavitation (12-15).  

Laser-activated irrigation has been shown to be more effective in removing dentine debris 

from the apical part of the root canal than PUI (16). This improvement in cleaning efficacy may be 

associated with the fact that the irrigant becomes accelerated at every laser pulse (16). Similarly, the 

acoustic streaming of the irrigant introduced by the ultrasonic activation may also be enhanced by 

repeated activations after introducing ultrasound pulsations into the system. Each activation causes an 

acceleration of the irrigant and the governing fluid physics laws link acceleration to force. In addition, 

pulsed ultrasound has a direct effect on acoustic cavitation in a liquid (17-19). This study therefore 

looks into the enhancement of the cleaning efficacy of PUI by pulsed ultrasound, under the hypothesis 

that PUI with pulsation is more effective than without pulsation within 10 seconds. 

Materials and Methods 

Dentin debris removal model 
Straight roots from 20 extracted human maxillary canines were decoronated to obtain uniform root 

sections of 15 mm. The roots were embedded in self-curing resin (GC Ostron 100, GC Europe, 

Belgium) and then bisected longitudinally through the canal in mesio-distal direction with a saw 

microtome (Leica Microsystems SP1600, Wetzlar, Germany). The surfaces of both halves were ground 

successively with 240-, P400- and 600-grit sandpaper, resulting in smooth surfaces on which only little 

of the original root canal lumen was left.  Four holes were drilled in the resin part and the two halves 

were reassembled by four self-tapping bolts through the holes (9). All the models were checked if there 

was any leakage of liquid or gas apically or laterally before experiments. If there was any, rubber dam 

caulk would be applied to ensure the root canal space of the model a closed system. 

New root canals were prepared by K-files #15/.02 (Dentsply Maillefer, Ballaigues, 
Switzerland) and HERO 642 (MicroMega, Besançon, France) nickel-titanium rotary instruments to a 

working length (WL) of 15 mm, ISO size 30 and taper 0.06 resulting in standardized root canals. 

During preparation, the canals were rinsed with 1 mL of 2% NaOCl after each file, delivered by a 10 

mL syringe (Terumo, Leuven, Belgium) and a 30-gauge needle (Navitip, Ultradent, South Jordan, UT, 

USA). 

A standard groove of 4 mm in length, 0.5 mm deep and 0.2 mm wide, situated at 2 to 6 mm 

from working length (20), was cut in the wall of one half of each root canal with a customized 

ultrasonic tip. A periodontal probe with an adapted 0.2 mm wide tip was used to verify the dimension 

of each groove during and after preparation. The dimension of the groove is comparable to an apical 

oval root canal (21). Each groove was filled with dentin debris, which was mixed with 2% NaOCl for 

five minutes, to simulate a situation in which dentin debris accumulates in uninstrumented canal 

extensions (20). This model was introduced to standardize the root canal space and the amount of 

dentin debris present in the root canal before the irrigation procedure, to increase the reliability of the 

dentin debris removal evaluation. The methodology has been shown to be sensitive and the data are 

reproducible (22). A pilot study has shown that a single model could be reused at least 8 times without 

any visible defect on the surface of the canal wall. Therefore the 20 models were used repeatedly in the 

five experimental groups which are shown in Table 1. 
 

Irrigation Procedure 
Specimens in all the experimental groups were rinsed with 2 mL irrigant (2% NaOCl) using 10 mL 

syringes with 30-gauge needles (Navitip) placed 1 mm from WL, and the flow rate was approximately 

5ml/min. Then the irrigant was activated by an ultrasonic file #20/.00 (IrriSafe, Acteon, Merignac, 

France) for 10 seconds, without (group 1) or with (groups 2-4) pulsed ultrasound (Table 1). All the 

experimental specimens received 2 mL irrigant which was delivered again by a syringe as final flush.  
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Every attempt was made to keep the file centered in the canal to minimize contact with the 

canal walls (passive activation). The file was driven at power setting „yellow 4‟ by a piezoelectronic 

unit (Suprasson PMax, Satelec, Acteon) of which the footswitch was replaced by a customized pulse 

generator to be able to oscillate the file with pulsation.  

 

Image evaluation and statistical analyses  
Before and after each irrigation procedure, the root halves were separated and the grooves were viewed 

through a stereomicroscope (Stemi
®

 SV6, Carl Zeiss, Göttingen, Germany) using a cold light source 

(KL 2500 LCD, Carl Zeiss). Controls verified that no debris had fallen out of the groove during the 
assembly or disassembly process. Pictures were taken with a digital camera (Axio Cam, Carl Zeiss). 

The sequence of all the pictures was randomized, and two calibrated examiners were blind to the group 

assignment. 

The debris left in the groove after irrigation was scored independently by the two calibrated 

dentists using the following score system: 0: the groove is empty; 1: less than half of the groove is 

filled with debris; 2: more than half of the groove is filled with debris; 3: the complete groove is filled 

with debris (20). The percentage of inter agreement should be more than 95%; if this percentage was 

lower than 95%, a consensus had to be reached. 

The differences in debris scores between the groups were analyzed by means of the Kruskal-

Wallis test and the Mann-Whitney test. The level of significance was set at α = 0.05. 

 

High speed imaging experiments 
An optical setup was constructed in order to visualize the effect of pulsed ultrasonic activation in the 

two glass models of the root canal. Both models contain straight root canals of length 10 mm, an apical 

diameter of 0.30 mm and a taper of approximately 0.06. One model had no side canals; the Irrisafe file 

(#20/.00) was positioned at 3 mm from the apex. The other model had one side-canal with a diameter 

0.2 mm, located at 2.0 mm from the apex; the Irrisafe file was positioned at 1 mm from the apex. The 
file was driven in both models under the same conditions as the in vitro experiments. The root canals 

were filled with 5% NaOCl, to which small hollow glass spheres (mean diameter 11 μm; Sphericel, 

Potters Industries, UK) were added in order to track the fluid movement. 

A zoom microscope with 1.25x to 20x magnification was used (BX-FM, Olympus, Japan) for 

magnification. The root canal was illuminated in bright-field by a continuous wave light source (ILP-1, 

Olympus, Japan). Imaging was performed using a high speed camera (HPV-1, Shimadzu Corp., Japan) 

at a frame rate of 25,000 frames per second. 

The amount of activity due to an oscillating file is determined from the recordings for each 

pulsation scheme. Movement of the particles in the fluid, file movement or cavitation bubbles cause 

one frame to be different from the previous frame of the recording, and this difference in pixel values is 

taken as the activity of each frame. 
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Results 

The two investigators differed in scoring 7 specimens; agreement was reached following discussion 

(κ=0.898). The number and the percentage of samples at each score rank in different groups after the 
irrigation procedures are presented in Table 1. Significant difference was only found between group 1 

and group 3 (P=0.023). Activation of the irrigant with pulsed ultrasound with a duty cycle of 50% is 

more effective to remove apical dentin debris than that in the group without pulsed ultrasound. 

The visualization recordings of the file oscillation and the streaming showed three different 

phases during one activation cycle. There was a start-up phase in the first 50 ms, a steady phase during 

the remainder of the pulse and a stopping phase of 20 ms after the pulse had ended. The general 

timeline of events during each pulsation is shown in Figure 1A. Figure 1B shows the activity at a 

certain distance from the apex.  

During the start-up phase, the amplitude of the file oscillation was large compared to its final, 

steady oscillation amplitude, and consequently produced more streaming around the file than in the 

steady phase. The disturbance caused by the file that started its oscillation took approximately 10 ms to 

reach remote areas like the apex and side-canals. However, the penetration of the irrigant into the side-

canal was limited to approximately 0.5 mm from its entrance (Figure 2). 

Cavitation was also observed close to the tip of the file during the start-up phase, mostly 

generated at 0.5 mm from the tip. These bubbles occasionally split off and were transported to other 

locations in the root canal. Stable cavitation bubbles with a diameter of approximately 100 μm have 

been observed up to 0.4 mm into the side canal, where they tended to oscillate along with the file 

during the steady phase, thereby increasing the local streaming significantly.  
During the steady phase, the file oscillations are not at a constant amplitude, except for an 

occasional unsteady motion, possibly due to the file being not perfectly straight. Streaming close to the 

apex and side-canals was very slow and barely observable at a frame rate of 25,000 frames per second. 

No cavitation was observed at the tip of the file. In the stopping phase, the fluid slowly came to a 

standstill in approximately 20 ms. 
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Discussion 

In this study, the ultrasound device was switched ON and OFF repeatedly. The visualization 

experiments showed that the ON period (activation) is composed of three phases: the start-up phase, the 
steady phase and the stopping phase; the OFF period is a rest phase. During the first 50 ms, there is 

more activity at the file tip than after 50 ms; therefore this time period is called the „start-up phase‟. 

Afterwards, the oscillation and the streaming become stable, called the „steady phase‟. The two phases 

produce different flow patterns of the irrigant, defined as „unsteady streaming‟ and „steady streaming‟ 

accordingly. All phases would have their own, or combined, influence on the efficacy of the irrigant to 

remove dentin debris from the root canal due to the mechanical effect by the streaming and the 

chemical effect. 

According to the results of the visualization experiments, there are three interesting 

phenomena taking place. (1) The oscillation of the file shows transient behavior due to the start-up of 

the file motion. This leads to an increased amplitude of the ultrasonic file tip, which in turn causes an 

increase of the irrigant velocity (unsteady streaming) around the oscillating file. (2) The unsteady 

streaming contributed majorly to the penetration of irrigant into (a small part of) the side canal. It could 

therefore be assumed that the irrigant would possibly penetrate into the groove of the in vitro model as 

well. (3) Cavitation was observed behind the tip of the file while no cavitation was observed during the 

steady oscillation of the file, suggesting that the generation of cavitation was related to the increase of 

amplitude during the start-up phase. As there were 12 more start-up phases in group 3 (50% duty cycle) 

than in group 1 (100% duty cycle), this could explain why the former removed the dentin debris more 

efficiently from the groove.  
However, all the pulsation groups (group 2, 3 and 4) have the same number of pulsations or 

start-up phases, indicating that also the steady streaming and the rest phase should be considered, in 

order to explain the difference between these groups. For example, in group 4, there is no oscillation 

for 87% of the irrigation time, but the cleaning efficacy was still the same as the continuous mode or 

100% duty cycle. This suggests that the extra activity during the „start-up phase‟ could compensate for 

the reduced duty cycle. This finding was a confirmation of an earlier pilot experiment with the same 

methodology (n=12; 0.1 s ON / 0.9 s OFF). 

Even more interesting is the result of group 2 (88% duty cycle), there are as many start-ups, 

but longer streaming, than in group 3 (50% duty cycle). However, the cleaning efficacy of group 2 is 

no better than group 3. This finding was also a confirmation of an earlier pilot experiment with the 

same methodology (n=12; 0.9 s ON / 0.1 s OFF). This suggests that also the „rest phase‟ plays an 

important role.   

The duration of the start-up and steady phases could possibly influence the generation and 

dissolving of bubbles in the irrigant (18), and potential chemical effects (23) as well. As observed in 

the visualization experiment, stable bubbles oscillating along with the file oscillation increased the 

local streaming significantly. However, these bubbles typically are generated by cavitation on so-called 

cavitation nuclei (24), and these nuclei might dissolve during the rest phase. It is possible that a duty 
cycle of 50% is optimal for the reoccurrence of cavitation, again suggesting that the rest time of a 

pulsation scheme is also important. 

Though the fluidic properties are similar between water and NaOCl (23), mechanical removal 

of dentin debris was better with NaOCl than water activated ultrasonically (22), suggesting that 

chemical effects also play a role in dentin debris removal. The duration of the activation and the rest 

phase could influence the chemical effects involved, which can hardly be observed by video recordings. 

Further studies are needed to elucidate these typical chemical aspects. 

The dentin debris removal model used in this study is a closed system. The two halves of the 

root embedded in the resin matched perfectly and were fixed with 4 bolts well to prevent any irrigant or 

gas escaping apically and laterally. As the apical fluid movement mechanisms can be quite different 

between a closed and an open system (25), it is better to use a closed system like the model used in this 

study which is more clinical relevant. 

The straight canals are not very commonly encountered. However, the aim of this study was to 

discern between the effects of the different pulsation patterns of ultrasound on the cleansing of the 

apical root canal. For this purpose, the model appeared adequate because of the standardization of the 

research procedure. Further research is needed to elucidate the effect of different root canal curvatures 

on the application of ultrasonic activation of the irrigant. 
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Table 1. Experimental groups and the number of specimens at each score rank after irrigation 

procedure 

 

  

 
Score 

§ 

   

Group 

N=20 

Pulse 

intervals  

Schematic representation 

(1 second) 

Duty 

cycle 

* 0 1 2 3 

1 None  
100% 

8 

(40%) 

11 

(55%) 

1  

(5%) 

0   

(0%) 

2 

730msON/ 

100msOFF  
88% 

9 

(45%) 

8 

(40%) 

2 

(10%) 

1   

(5%) 

3 

400msON/ 

400msOFF  
50% 

15 

(75%) 

5 

(25%) 

0  

(0%) 

0   

(0%) 

4 

100msON/ 

670msOFF  
13% 

11 

(55%) 

5 

(25%) 

4 

(20%) 

0   

(0%) 

5 

(control) None  
0% 

0  

(0%) 

0  

(0%) 

0  

(0%) 

20 

(100%) 

* Duty cycle = length of the pulse divided by the total time of one cycle.  

§ Score 0: the groove is empty; score1: less than half of the groove is filled with debris; score 2: more than half of the groove is filled 

with debris; score 3: the complete groove is filled with debris.  
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Figure 1. (A) Timeline of activities during one pulse of duration T, (B) Activity as observed on the 

recording of pulsation with a duty cycle of 50%. The OFF and ON period of the pulse is indicated on 

top of the graph. On the left is a picture of the file inside the root canal, with its oscillation pattern 

indicated with a red dotted line. Color indicates the amount of activity (arbitrary units). At the 

antinodes of the file, locations (I) and (II), there is high activity during the first 50 ms, related to the 

transient motion of the file and cavitation. It takes approximately 10 ms for the fluid to reach, or 

activity to start, at the apex or location (III). This activity disappears within 100 ms.  
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Figure 2. The root canal model with a side canal, showing the file (dark black shape) inside the main 

canal and the side-canal. The left panel shows the root canal before activation, with only a few particles 

(black dots) floating around. The right panel shows the root canal after irrigation, where the particles 

have been stirred up, resulting in dark areas. The dashed line shows the extension of irrigant 

penetration into the side canal. The black bar is 100 micrometer.  
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Abstract 

Introduction: It is not clear that whether increasing of the ultrasonic intensity would enhance the 
cleaning efficacy of Passive Ultrasonic Irrigation (PUI) inside a root canal. The aim of this study was to 

evaluate the effect of the ultrasonic intensity on PUI to remove dentine debris and whether there is any 

lateral effect beyond the ultrasonic tip. Methods: Each of fifteen in vitro root canal models with four 

standard depressions in the apical part of one canal wall were filled with dentin debris and received 

PUI repeatedly. The most apical depression was localized apically from the ultrasonic tip. The highest 

intensity was applied in group 1, the lowest in group 3 and syringe irrigation was performed in group 4, 

as a control. Before and after irrigation, images of the canal wall with depressions were taken and 

compared. The removal of dentine debris in the depressions was categorized as clean or not clean. The 

data were analyzed by means of the chi-square test. The oscillation amplitude of the ultrasonic file at 

each intensity was recorded in vitro using time-resolved high-speed imaging.  Results: Group 1 

(highest intensity) exhibited significantly better cleaning than all the other groups (p<0.05); no 

significant difference was found between the four levels of the depressions within any of the four 

groups. High-speed imaging showed that the amplitude of the oscillating file increased as the intensity 

went up, which leads to a higher velocity of the irrigant around the file. Conclusion: Higher ultrasonic 

intensity resulted in a higher amplitude of the oscillating file, and consequently enhanced the cleaning 

efficacy of PUI. 



Ultrasonic intensity and PUI 

45 

 

Introduction 

The improvement of currently available irrigation protocols to disinfect the inaccessible regions of the 

root canal space and the uninstrumented canal surfaces is important (1) due to insufficient debridement 
by instrumentation alone (2, 3). An ultrasonically oscillating file transmits energy, causing acoustic 

microstreaming, which results in mixing of the irrigant, enabling it to reach those inaccessible regions 

and enhancing shear stress on the root canal surfaces at a distance from the file (4-7).          

The apical third of the root canal system is particularly difficult to clean because of the 

typically challenging complexity of the root canal morphology (8, 9), making irrigant delivery and 

activation less effective (10). Lee et al. (11) studied the efficiency of ultrasonic irrigation using root 

canal models with grooves and depressions in the apical portion of the root canal wall to simulate root 

canal irregularities. These studies indicated that the depressions in the root canal wall were more 

difficult to clean than the grooves (11, 12), and also revealed a lateral effect of the acoustic streaming 

around the file. As an ultrasonic file does not always extend to the full length of the root canal and the 

cleaning of the apical area close to the apex could be critical (13), information about the cleaning 

efficacy in front of the tip could be valuable. 

The intensity of ultrasonic activation, adjusted by the power setting on the ultrasonic device, 

influences the energy transmission from the ultrasonically oscillating file to the irrigant. Previous 

research showed that an increasing intensity did not always result in a linear increase of the 

displacement amplitude of the oscillating file (14, 15). As those observations investigated the 

oscillation of the file in free air, a direct relationship with acoustic microstreaming around and in front 

of the file could not be established. A full understanding of the effect of intensity on the cleaning 
efficacy of Passive Ultrasonic Iirrigation (PUI) through microstreaming is still lacking. 

The aims of this study were (1) to measure the displacement amplitude of the oscillating file 

under different ultrasonic intensities by using high-speed imaging, (2) to evaluate the effect of 

ultrasonic intensity on the cleaning efficacy of PUI, and (3) to investigate the lateral effect beyond the 

file tip. 

Materials and Methods 

Dentin debris removal model 
Straight roots from 15 extracted human maxillary canines were decoronated to obtain uniform root 

sections of 15 mm, following the protocol as described previously (16, 17). Briefly, the roots were 

embedded in resin and bisected longitudinally. The surfaces of both halves were then ground to leave 

only little of the original root canal lumen.  Four depressions were drilled in the resin part and the two 
halves were reassembled by four self-tapping bolts through the depressions. All the models were 

checked if there was any leakage of liquid or gas apically or laterally before experiments. If there was 

any, rubber dam caulk would be applied to ensure that the root canal modeled a closed system. 

Standardized root canals were established by K-flexofiles #15/.02 (Dentsply Maillefer, 

Ballaigues, Switzerland) and GT (Dentsply, Maillefer) Ni-Ti rotary instruments to a working length 

(WL) of 15 mm, ISO size 30 and taper 0.06. The final apical enlargement was done with the Mtwo 

(VDW, Munich, Germany) Ni-Ti rotary instrument #35/.04. During instrumentation, the canals were 

rinsed with 1 mL of 2% NaOCl after each file, delivered by a 10 mL syringe (Terumo, Leuven, 

Belgium) and a 30-gauge needle (Navitip, Ultradent, South Jordan, UT, USA).  

With the help of a microscope and a round bur H71.104.003 (Komet, Lemgo Germany) 

attached to a drilling machine, four standard depressions (Ø=0.3 mm), located at 0.5, 2, 4 and 6 mm 

from WL were drilled in the wall of one half of each root canal (Fig.1).  

Each depression was filled with dentin debris, which was mixed with 2% NaOCl for five 

minutes, to simulate a situation in which dentin debris accumulates in uninstrumented canal extensions 

(11). This model was introduced to standardize the root canal space and the amount of dentin debris 

present in the root canal before the irrigation procedure, to increase the reliability of the dentin debris 

removal evaluation. The methodology is sensitive and the data are reproducible (18). The 15 models 
were used repeatedly in the four experimental groups which are shown in Table 1. 

 

Irrigation Procedure 
Specimens in all the experimental groups were rinsed with 2 mL irrigant (2% NaOCl) using 10 mL 

syringes with 30-gauge needles (Navitip) placed 1 mm from WL, and the flow rate was approximately 

5 mL/min. Then PUI was performed with a stainless steel #25/.00 file (IrriSafe, Acteon, Merignac, 

France) driven by an ultrasonic device (Suprasson PMax; Satelec Acteon, Merignac, France) for 10 
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seconds with the in-plane oscillation direction toward the depressions. The device has four ultrasound 

intensity ranges, indicated by different colors, green, yellow, blue and red. These colors correspond to 

an ultrasound intensity range, from the weakest to the strongest, each adjustable with 10 levels. 

Different intensity settings were used in this study: „blue 4‟ (group 1), „yellow 4‟ (group 2) and „green 

4‟ (group 3). Every attempt was made to keep the file centered in the canal to minimize contact with 

the canal walls, as any contact with the canal wall could dampen the oscillatory motion of the file. 

Group 4 acted as the control group, in which the ultrasonic file was inserted but not activated. All the 

experimental specimens received 2 mL irrigant which was delivered again by syringe as final flush. 

  

Image evaluation and statistical analyses  
Before and after each irrigation procedure, the root halves were separated and the depressions were 

viewed through a stereomicroscope (Stemi
®

 SV6, Carl Zeiss, Göttingen, Germany) using a cold light 

source (KL 2500 LCD, Carl Zeiss). Pictures were taken with a digital camera (Axio Cam, Carl Zeiss). 

The sequence of all the pictures was randomized, and two calibrated examiners were blind to the group 

assignment. 

The debris removal from each depression after irrigation was scored independently by two 

calibrated dentists. The samples were graded as ”clean” if the depression was without any debris left, or 

“not clean” if the depression was not completely clean. The percentage of inter agreement should be 

more than 95%; if this percentage was lower than 95%, a consensus had to be reached.  

The differences in debris removal between the depressions within each group and between the 

groups were analyzed by Chi-square analysis. The level of significance was set at α = 0.05. 

 

High speed imaging experiments 
High-speed imaging was used to record the oscillation amplitude of the ultrasonic file at each intensity, 

both inside a large water-filled tank and inside a transparent, silicon model of a root canal of apical size 

30 and taper 6%. The silicon model was made by casting Poly-DiMethyl-Siloxane (PDMS) (Sylgard 
184, Silicone Elastomer Kit, Dow-Corning, Coventry, UK) around a D-size hand spreader (Dentsply). 

Recordings were made with a high-speed camera (HPV-1, Shimadzu Corp., Kyoto, Japan) at a frame 

rate of 250,000 fps. A microscope with 20x magnification (BX-FM, Olympus, Tokyo, Japan) was used 

for magnification. The Irrisafe #25/.00 file was fitted in front of the microscope, illuminated in bright-

field mode by a continuous wave light source (ILP-1, Olympus, Japan). By tracking the tip of the file in 

each of the recordings, the displacement amplitude was determined.  

Results  

At each depression level, dentin debris removal was significantly different between the experimental 

groups. The number of completely clean samples in each group and the p values when compared 

between groups are shown in Table 1. The value of kappa is statistically significantly different from 0, 

and its value of 0.828 suggests that the evaluators' scorings are mostly similar, with some exceptions. 

If the number of completely clean depressions at all four levels were combined, all the 
ultrasonically activated groups removed more dentin debris than the non-activated group (Group 4) 

(p<.05); group 1 with the highest intensity, exhibited significantly better cleaning efficacy than all the 

other groups; no significant difference was seen between the other two groups with lower intensities. 

There was no significant difference between the four levels of the depressions within any of 

the four groups.  

From the high-speed recordings the displacement amplitude at each intensity was determined 

(Fig 2). Increasing the intensity, resulted in a linear increase in oscillation amplitude, although there is 

some overlap between color codes. The confinement of the root canal caused a reduction in the 

oscillation amplitude of approximately 40%.  

In the large water tank, cavitation was observed on the file tip for the intensities above Blue 5. 

Inside the confinement of the root canal this threshold was Green 5. The bubble grows in the wake of 

the file when it moves from one maximum of displacement to the other and collapses when the file 

reaches the other maximum displacement. 

Discussion 

The model with depressions on the root canal wall used in this study was a modification of a previous 

one (11). The modifications and advantages of the current model are threefold. Firstly, since the natural 

root canal varies considerably, the removal of the original root canal space allowed for the 

establishment of standardized root canals. Secondly, it is easy to assemble or disassemble the model, 
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facilitating the root canal treatment procedure in vitro within the enclosed system and the evaluation of 

the interested area before and after the irrigation. Finally, the cleaning of the extra depression located at 

0.5 mm from the WL, could give an indication of the cleaning efficacy in front of the ultrasonically 

oscillating file tip.  

It has been suggested that the velocity of the acoustic streaming occurring around oscillating 

files is directly influenced by factors such as the intensity of the generator and location on the file (7). 

Our study clearly showed that the cleaning efficacy was enhanced when the ultrasonic intensity rose, 

especially at the highest intensity used here, „Blue 4‟. In preliminary tests, we used root canal models 

with grooves under different intensity as well. This setup also showed that a higher intensity produced 
a better cleaning efficacy (data not shown). A higher intensity gives a higher amplitude of oscillation of 

the file (Fig. 2), which in turn results in higher velocities of the tip, according to a theoretical prediction 

given by Ahmad (7).  
2

0
v

a


          

where v is the flow velocity (in m/s), ω is 2π times the driving frequency (in Hz), ε0 is the oscillation 

amplitude (in m) and a the radius of the tip (in m). 

For intensities above the threshold where cavitation was observed, the deviation of the 

amplitude from the linear fit increases. This can partly be attributed to the fact that the tip of the file 

could not be observed any more due to cavitation bubbles. However, it is also possible that the 

cavitation bubbles affected the oscillation of the file because of the forces involved in bubble growth 

and collapse. 
In our previous studies (16, 17) on evaluating the efficacy of  PUI, a similar experimental 

model with a groove located at 2-6 mm from the WL was used and the ultrasonic tip was placed 1 mm 

from the WL, indicating the file tip was apically to the groove (filled with dentin debris). Those studies 

therefore did not provide any information about the cleaning efficacy in front of the ultrasonically 

oscillating tip. From the results of this study it can be concluded that PUI has an effect in front of the 

oscillating file which is similar to the more coronally located areas in the apical root canal. Burleson et 

al (19) reported that ultrasonically activated irrigation improved the canal and isthmus cleanliness in 

the apical region. The ultrasonically activated needle was placed coronally to the region they 

investigated, indicating an effect in front of the needle, which was confirmed by our findings. However, 

their ultrasonically activated needle was a needle through which the irrigant flowed into the root canal 

activated by ultrasound at the same time. The flow pattern of the irrigant is therefore different from that 

in our study, but the effect in front of the needle may be similar.  

Ahmad et al. (4) suggested that the cleaning efficiency would be different alongside the 

ultrasonically oscillating file, because the acoustic streaming would be more intense at the apical 

section of the file. Although the result of the current study showed no differences between the four 

levels of the depressions within any of the experimental groups, it is not contradictory to Ahmad‟s 

findings, because the four depressions observed were located only in the apical portion.  

One may argue if the effect in front of the ultrasonically oscillating file will cause extrusion of 
the irrigant. This was not the aim of this study and needs future study by using suitable models, because 

the root canal models in the present study have a closed, solid foramen. However, because the 

oscillation direction of the file is lateral and not longitudinal, extrusion of irrigant through the apical 

foramen is not expected.   
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Table 1. The number of completely clean depressions after irrigation procedure in each experimental group and the p value 

between groups. 

Group 

(N=15) Intensity 

No. clean 

samples p value   

  Yellow 4 Green 4 Syringe 

0.5 mm from WL     

1 Blue 4 12 0.028 0.001 <0.001 

2 Yellow 4 6 - 0.240 0.034 

3 Green 4 3 - - 0.291 

4 Syringe (control)
  

1 - - - 

2 mm from WL     

1 Blue 4 14 0.034 0.001 <0.001 

2 Yellow 4 9 - 0.150 0.028 

3 Green 4 5 - - 0.417 

4 Syringe (control)
  

3 - - - 

4 mm from WL     

1 Blue 4 12 0.128 0.028 <0.001 

2 Yellow 4 8 - 0.472 0.006 

3 Green 4 6 - - 0.034 

4 Syringe (control)
  

1 - - - 

6 mm from WL     

1 Blue 4 13 0.001 0.009 <0.001 

2 Yellow 4 4 - 0.446 0.035 

3 Green 4 6 - - 0.007 

4 Syringe (control)
  

0 - - - 

Intensities were decreased from Group1 to Group 3 (Blue 4 > Yellow 4 > Green 4).  

“-” suggests data not applicable or duplicate. 
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Figure 1. Schematic drawings of the root canal wall with depressions and their typical images before 

and after different irrigation procedures (Group 4: syringe irrigation; Group 3: PUI „green 4‟; Group2: 

PUI „yellow 4‟; Group 1: PUI „blue 4‟). Ultrasonic tip was positioned 1mm from WL during irrigation 

procedures. 
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Figure 2. Oscillation amplitude of the ultrasonically oscillating file at various amplitude; the colours of 

the lines match the coloured intensities on the ultrasonic device, with 10 steps within each colour. Five 

consecutive frames (4 microseconds between frames) are displayed to show the cavitation in the wake 

of the file during one half of an oscillation at intensity Red 5. (A) the file was fitted inside a large water 

tank; (B) the file was fitted inside a size 30, taper 6% root canal model. 
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Abstract 

Introduction: The purposes of this study were to evaluate the influence of the insertion depth of an 

ultrasonically oscillating file on the ability to remove dentin debris from simulated canal irregularities 

in an extracted tooth model of a straight root canal and its influence on the flow of irrigant in both 

straight and curved canals. Methods: A tooth model with artificial depressions in one canal wall at 0.5, 

2, 4 and 6 mm from working length was used. Ultrasonic activated irrigation was performed with the 

file inserted 1, 2, 3, 4 or 5 mm short of working length. Dye penetration and high-speed recordings of 

the flow in straight and curved canals showed the static and dynamic behavior of the flow during 

ultrasonic activation. Results: Overall cleaning efficacy decreased with increasing distance between 

the file and the apex, with the depressions next to the file and within 3 mm in front of the file being the 

cleanest. The flow observed from the visualization experiments matched this distance, suggesting a 

direct relation between flow and cleaning. The observed flow depth increased with increasing power 

setting; the curvature of the root canal had no influence on the flow depth. High-speed imaging showed 

a start-up phase with deeper fluid activation than in the steady phase afterwards. Conclusion: The 

ultrasonically oscillating file could remove dentin debris up to 3 mm in front of the file tip, coinciding 
with the extent of the observed flow. The root canal curvature had no influence on the irrigant flow. 
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Introduction 

One of the primary goals of endodontic treatment is to heal apical periodontitis, which can be achieved 

by removing pulp tissue and microorganisms from the root canal system prior to placing a root canal 
filling (1). The complex nature of the root canal anatomy, which consists of the lumen of the main root 

canal(s) and accessory canals, canal ramifications, apical deltas, fins and transverse anastomoses, 

makes complete debridement with mechanical instrumentation alone a goal impossible to achieve (2, 3). 

Therefore, irrigation with a suitable disinfectant, is an essential part of a root canal treatment (4).  

The apical root canal seems to be the most difficult part to clean because of its complex 

anatomy (5). The small dimension and complex canal structure could hinder an effective flow of the 

irrigant (6). Specifically, root canals often have a curvature (7), which has recently been shown to 

reduce the cleaning efficacy of several irrigation techniques (8, 9). Apart from the mechanical effect of 

removing matter (like dentin debris produced by root canal instrumentation from the apical root canal) 

an effective flow is needed for an adequate refreshment of the sodium hypochlorite solution (10). 

Unfortunately, the mechanical effect of syringe irrigation is limited in the apical root canal (5, 6). This 

holds also for the refreshment of the irrigant, which is shown to be limited to 1.5 mm beyond the 

needle tip (11). Agitation techniques could improve the apical cleaning efficacy, mechanically and 

chemically, by enhancing the irrigation dynamics (12). 

Ultrasonic activated irrigation is one of the possibilities to agitate a sodium hypochlorite 

solution in the root canal (13). It has been shown that dentin debris, pulp tissue and biofilm can be 

removed from the root canal wall by the shear stress produced by acoustic streaming of the irrigant (14, 

15). Furthermore, irrigant penetration in the apical lateral canals has been shown in an in-vitro model 
(16). A recent study demonstrated that dentin debris could be removed from the root canal wall 0.5 mm 

beyond the file tip which was positively related to the ultrasonic intensity used (17). However, it is not 

known how far this effect extends and how the curvature of a root canal influences this depth. 

Therefore, the purposes of this study were to evaluate the influence of the insertion depth of an 

ultrasonically oscillating file on the ability to remove dentin debris from simulated canal irregularities 

in an extracted tooth model of a straight root canal and its influence on the flow of irrigant in both 

straight and curved canals at two different ultrasonic power settings. 

Materials and Methods    

Dentin debris removal model 
Straight roots from 15 extracted human maxillary canines were decoronated to obtain uniform root 

sections of 15 mm, following a previously described protocol (17). Briefly, the roots were embedded in 
self-curing resin (GC Ostron 100, GC Europe, Leuven, Belgium) and then bisected longitudinally 

through the canal in a mesiodistal direction. The surfaces of both halves were then grounded with 

sandpaper resulting in smooth surfaces that leave only little of the original root canal lumen. Four holes 

were drilled in the resin part and the two halves were reassembled by four self-tapping bolts through 

the holes. All the models were checked for leakage of liquid or gas apically or laterally before 

experiments; if there was any, rubber dam caulk would be applied to ensure that the root canal model 

was an entirely closed system. Standardized root canals were established by K-flexofiles #15/.02 

(Dentsply Maillefer, Ballaigues, Switzerland) and GT (Dentsply, Maillefer, Switzerland) Ni-Ti rotary 

instruments to a working length (WL) of 15 mm, ISO size 30 and taper 0.06. Preparation was done 

with the final apical enlargement by the Mtwo (VDW, Munich, Germany) Ni-Ti rotary instrument 

#35/.04. During instrumentation, the canals were rinsed with 1 mL of 2% NaOCl after each file 

insertion, delivered by a 10 mL syringe (Terumo, Leuven, Belgium) and a 30-gauge needle (Navitip, 

Ultradent, South Jordan, UT, USA). With the help of a microscope and a round bur (H71.104.003, 

Komet, Lemgo Germany) attached to a drilling machine, four standard depressions (Ø=0.3 mm), 

located at 0.5, 2, 4 and 6 mm from WL were drilled in the wall of one half of each root canal (17). Each 

depression was filled with dentin debris, which was mixed with 2% NaOCl for five minutes to achieve 

a wet sand-like consistency, in order to simulate a situation in which dentin debris accumulates in 
uninstrumented canal irregularities during root canal preparation (17).  

 

Irrigation Procedure 
Specimens in all experimental groups were rinsed with 2 mL of irrigant (2% NaOCl) using 10 mL 

syringes with 30-gauge needles (Navitip) placed 1 mm from WL, and the flow rate was approximately 

5 mL/min. Then ultrasonic activated irrigation was performed with a 21 mm, stainless steel, noncutting 

wire (#20, taper 00) (IrriSafe, Acteon, Merignac, France) driven by a piezoelectronic unit (Suprasson 
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PMax, Acteon) at power setting „Blue 5‟ (frequency approximately 30 kHz, file tip displacement 

amplitude approximately 30 μm according to the manufacturer) for 10 seconds with the oscillation 

toward the depressions. The file was marked with a permanent black marker and inserted at different 

positions from WL, namely 1 mm from WL (group 1, n=15), 2 mm from WL (group 2, n=15), 3 mm 

from WL (group 3, n=15), 4 mm from WL (group 4, n=15) and 5 mm from WL (group 5, n=15). Group 

6 acted as the control group, in which the ultrasonic file was inserted until 1 mm from the WL but was 

not activated by ultrasound. All the experimental specimens received 2 mL of irrigant, which was 

delivered again by syringe as final flush after the activation by ultrasound. After the irrigation, the 

canals were carefully dried with paper points. 

 

Image evaluation and statistical analyses  
Before and after each irrigation procedure, the root halves were separated, and the depressions were 

viewed through a stereomicroscope (Stemi SV6, Carl Zeiss, Göttingen, Germany) using a cold light 

source (KL 2500 LCD, Carl Zeiss) (17). Controls verified that no debris had fallen out of the groove 

during the assembly or disassembly process. Pictures were taken with a digital camera (Axio Cam, Carl 

Zeiss). The sequence of all the pictures was randomized. The debris removal from each depression 

after irrigation was scored independently and blindly by two calibrated dentists. The samples were 

graded as ”clean” if the depression is completely clean, or “not clean” if the depression is not 

completely clean. The percentage of inter agreement should be more than 95%; if this percentage was 

lower than 95%, a consensus had to be reached. The differences in debris removal between the 

depressions within each group and between the groups were analyzed by Chi-square analysis. The level 

of significance was set at α = 0.05. 

 

Dye penetration experiments 
The depth of flow was measured statically by injecting a dye mixture (Rood, Jo-La, Bharco Foods, 

Baambrugge, The Netherlands; fluidic properties similar to those of water) at the coronal opening of a 
transparent root canal and to let it distribute by the flow generated by the ultrasonically oscillating file. 

Transparent root canal models were created by solidifying polydimethylsiloxane (PDMS, Sylgard 184, 

Dow-Corning, Midland, MI, USA) around a D-size hand spreader, leaving a root canal of size 35/.06. 

These silicone models have a better optical access than prefabricated Perspex blocks and allow for 

manufacturing of root canals with a specific curvature by pre-bending the spreader with an EndoBender 

(Sybron Endo, Orange, CA, USA) to create „moderate‟, „fair‟ or „severe‟ curvatures starting at 4 or 8 

mm from the tip of the spreader (WL). The exact curvatures were determined afterwards, by analyzing 

photos of the root canal models on the computer. A circle was drawn over the curvature, from which 

the radius R and the angle α were obtained. From these two values, the relative arc length L
*
arc was 

calculated from: 
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For the curvature starting at 4 mm, L
*

arc = 0.20±0.02; for the curvature starting at 8 mm, L
*

arc = 

0.35±0.02. Figure 1 shows the root canal models, including analysis of their curvature. A K10/25 file 

was inserted to 4 or 8 mm from the apex by hand and operated for 10 seconds.  Measurements were 

done at three power settings of the ultrasonic device (Suprasson P-Max Newtron, Acteon Satelec, 

Bordeaux, France), being „Yellow 5‟, „Blue 5‟ and „Red 5‟ (in order of increasing power (17)); each 

measurement was performed twice. Immediately afterwards a picture was taken of the root canal with a 

digital camera (D5100, Nikon, Tokyo, Japan) for analysis of the depth of dye penetration. 
 

High-speed imaging 
The depth of flow was measured dynamically with the use of a high-speed camera (SA2, Photron, 

Tokyo, Japan), recording at 2000 frames/second to record the movement of microparticles inside a 

transparent root canal model (14). The same models as in the dye penetration study were used. The 

K10/25 file was inserted to 4 or 8 mm from the apex and centered laterally in the canal. The root canal 

was then filled with water, to which hollow glass spheres with a diameter of 10 μm were added as 

tracer particles. The root canal was fitted in front of a microscope (BX-FM, Olympus, Tokyo, Japan) 

with 2.5× magnification; light was provided in bright-field mode using a continuous cold-light source 

(ILP-1, Olympus). Measurements were done at the three power settings also used in the dye penetration 

experiments. Analysis of the recordings was performed by subtracting consecutive frames in the 

recordings; a movement of the microparticles resulting from the induced flow leads to a change 
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between the two image frames and therefore gives an indication of the image areas where flow was 

present. 

 

Results 
The results are presented in figure 2. The ultrasonically activated groups removed more dentin debris 

than the non activated control group (P < 0.0001). Group 1 and 2, with the file positioned 1 and 2 mm 

from WL, exhibited significantly better cleaning efficacy than the other groups, followed by group 3 

which removed significantly more debris than group 4 and 5. There was no significant difference 

between the four levels of the depression in groups 1 and 2, in contrast to groups 3, 4 and 5. Cleaning 
was observed up to 3 mm apically from the file tip with no significant difference between 0.5 and 2mm 

from the tip. The Kappa value was 0.85. 

The dynamical behavior of the flow, during the first 200 milliseconds after start-up, is shown in figure 

3, where the relative amount of flow is plotted as a function of depth and time. The graph shows a start-

up phase with deeper fluid activation than in the steady phase afterwards. The final state (flow depth 

beyond the file tip) for each power setting and curvature, as obtained with the dye penetration 

experiments, is shown in figure 4. For power setting „Yellow 5‟ the flow depth is typically slightly 

more than half of the distance to the apex; increasing the power setting increased the flow depth. At 

„Blue 5‟ and an insertion depth of 4 mm from the apex of a straight canal, the flow depth was 

approximately 3 mm, in agreement with the cleaned areas in the extracted tooth experiments. The 

curvature did not have a significant influence on the flow depth. 

Discussion 

In ultrasonically activated irrigation, the irrigant is activated corresponding to a characteristic pattern of 

nodes and antinodes along the oscillating file (18). The induced acoustic streaming leads to jets of 

irrigant that are directed towards the root canal wall (17). These jets are responsible for the removal of 

dentin debris from artificial holes in the root canal wall (lateral cleaning effect of the ultrasonically 

oscillating file) (14). This cleaning effect can be observed from the coronal to the apical part of the root 

canal (17, 19). Previous work reported a cleaning effect even 0.5 mm beyond the file tip which 

increased with increasing intensity of the ultrasonic power (17).  

In this study we demonstrated that in straight canals this cleaning effect extends until 3 mm in 

front of the file tip (power setting „Blue 5‟, distance file tip-apex 4 mm), and that the cleaning effect 

decreases with the distance of the file tip to the depression filled with dentin debris (Figure 2).  We 

observed by visual methods that the flow depth of the irrigant is also 3 mm (at the same power setting 

and distance file tip-apex), suggesting a direct relation between flow and cleaning. The transparent root 

canal model therefore gives some insight into the irrigant dynamics responsible for cleaning. However, 
the exact relation between flow and cleaning efficacy needs further studying, as the more complex 

geometry (including the artificial depressions) of the root canal in the extracted teeth will affect the 

flow compared to the smooth transparent root canal model. There could also be a difference in the 

reflection of ultrasound by the silicon (transparent) root canal model walls compared to dentinal walls; 

however the high-speed imaging showed no deformation of the silicone walls, therefore it was assumed 

that the silicone walls acted as solid walls for the fluid flow. 

For syringe irrigation, only severe root canal curvatures influence the cleaning efficacy (20). 

However, in ultrasonically activated irrigation the irrigant penetration is only influenced by the 

ultrasonic intensity (17) and the distance file tip-apex, if the file is placed without constraint in a curved 

root canal (just before the curve). The observation that the curvature doesn‟t influence the flow depth, 

see Figure 4, suggests that the microstreaming occurs typically on a much smaller scale than the 

curvature. Therefore, the apical extent of cleaning in curved canals will be comparable to the apical 

extent of cleaning in straight canals. It also suggests that origin of the limitation in reaching the apex in 

a curved canal is not of fluid dynamical nature but is rather related to geometrical aspects, such as the 

location and length of the curvature. There is a difficulty in bringing the file tip close to the apex, 

which requires (pre)-bending of the file and/or implies much forced contact with the root canal wall, 

which both may alter the file oscillation significantly, reduce the efficacy of the irrigant streaming and 
increase the risk on file fracture. This is typically the case in the study of Amato (21), were the 

curvature was at 7 mm from the apex and the file placed 1 mm short of working length. In the study of 

Rodig (19), apart from the curvature and the placement of the file 2 mm from working length, a cutting 

K-file instead of a non-cutting file and the activation time (two times 1 minute) could have resulted in 

the production of dentin debris and explain that they did not find a significant difference between 
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(ultra)sonic activation of the irrigant or no activation (19). The ultrasonic intensity for both studies was 

low.  

In this study we have considered the influence of the curvature of the root canal on the flow. It 

is known that for syringe irrigation the size and taper of the root canal have an influence on the irrigant 

flow (6, 22). For ultrasonic activation of an irrigant, an increasing taper influences positively the 

removal of dentin debris from the root canal when the irrigant is applied continuously in the pulp 

chamber (23). However in this study, the irrigant was delivered in the root canal by a syringe and then 

activated by an ultrasonically oscillating file. If we only evaluate the individual depressions, it is 

interesting to notice that the cleaning efficacy from these depressions is very similar, but the dimension 
of the root canal actually changed from apical to the coronal, from 0.39 mm (1 mm from WL) to 0.60 

mm (5 mm from WL). According to this result, we could conclude that within this range, the dimension 

of the root canal did not influence the efficacy of dentin debris removal of the ultrasonic activation of 

the irrigant, which was delivered by a syringe in the root canal. 

The conclusion we can draw from the current study is that the ultrasonically oscillating file 

could remove dentin debris from the root canal wall up to 3 mm in front of the file tip, coinciding with 

the observed flow. Furthermore, the root canal curvature had no influence on the irrigant flow. 
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Figure 1. Overview of the curved transparent root canal models. The curvature is varied from „none‟ 

(a,e) to „moderate‟ (b,f), „fair‟ (c,g) to „severe‟ (d,h); the curvature starts at 4 mm (a-d; L* = 0.20) or 8 

mm (e-h; L* = 0.35) from the apex. 
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Figure 2. The percentage of completely clean depressions after the irrigation procedure in each 

experimental group 
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Figure 3. Flow depth as a function of time for the first 200 milliseconds after start of the file oscillation. 

The left panel shows the initial state (note the different scales on the x- and y axis); the right panel 

shows the flow depth (y-axis, same scale as the left panel) over time (x-axis). Colors represent change 

between frames, representing flow. Power setting is „Yellow 5‟, distance file tip to apex is 4 mm; 

moderate curvature. 
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Figure 4. Flow depth beyond the file as a function of curvature and power setting (represented by line 

color, with red > blue > yellow). The y-axis labels show the flow depth beyond the file in millimeter 

(left) and in percentage of the distance between file tip and apex (right). L* is the relative size of the 

curvature, which is also the relative distance from the apex where the file was positioned. 
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Abstract  

Introduction: The aim of this study was to evaluate the removal of dentin debris from artificially made 

grooves in standardized root canals by six different final irrigation techniques. Methods: Conventional 

syringe irrigation, manual dynamic activation (MDA) with tapered or non-tapered gutta-percha (GP) 

cones, the Safety Irrigator system, passive ultrasonic irrigation (PUI) and apical negative pressure 

(ANP) irrigation were tested ex vivo in twenty root canals with a standardized, debris-filled groove in 

the apical portion of one canal wall. After each irrigation procedure, the groove was photographed and 

the residual amount of dentin debris was scored. Results: There was no significant difference between 

the MDA with a non-tapered GP cone, the Safety Irrigator and the ANP irrigation. These techniques 

produced better cleaning efficacy than syringe irrigation (p<0.005), but significantly worse than the 

MDA with a tapered cone (p<0.05). PUI was significantly better than all the other techniques tested in 

this study (p<0.001). Conclusions: PUI was the most effective technique in dentin debris removal from 

the apical irregularities, and syringe irrigation alone the least effective. MDA technique was more 

effective with a tapered GP cone than with a non-tapered one. 
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Introduction   

Debridement is the aim of and also a big challenge to endodontic treatment (1), especially in the apical 

portion of the root canal (2). Due to the complexity of the root canal anatomy and the limitations of 
instrumentation (3, 4), irrigation has gained increasing attention and one improvement in this respect is 

irrigant activation which resulted in the development of various irrigation techniques or systems. 

Removal of the dentin debris from apical uninstrumented areas seems to be a good indication of the 

mechanical debridement efficacy of an irrigation system, because the flow of the irrigant directly 

influences the debris removal (5). 

Syringe irrigation is the conventional and still widely used irrigation technique. Combinations 

of syringe irrigation to deliver the irrigant and various ways to activate it are applied mainly as final 

irrigation after root canal instrumentation is completed. There are various methods to activate the 

irrigant, ranging from moving gutta-percha (GP) cones up and down in the root canal (manual dynamic 

activation [MDA]) (6-8) to instruments energized by (ultra)sonic or laser devices (9-12).  

In order to prevent irrigant extrusion and enhance the apical irrigation, so-called apical 

negative pressure (ANP) systems have been introduced. EndoVac is such an irrigation system and 

seems to have a good debridement efficacy due to a better apical irrigant delivery (13-15), but the 

effectiveness of the apical flow remains to be seen. The Safety Irrigator™ (Vista dental, Racine, WI, 

USA) has been recently introduced as a simple, "negative-pressure" irrigation device. It features a large 

coronal evacuation tube, enabling the irrigant delivery in the root canal and the irrigant aspiration from 

the pulp chamber simultaneously with this single device. 

 The aim of this study was to compare the mechanical cleaning efficacy of conventional 
syringe irrigation, MDA, the Safety Irrigator system, PUI and ANP by the EndoVac system in the 

removal of dentin debris from simulated irregularities located at the apical area in standardized root 

canals. 

Materials and Methods 

Dentin debris removal model 
Straight roots from 20 extracted human maxillary canines were decoronated to obtain uniform root 

sections of 15 mm following the protocol described previously (5, 9). Briefly, the roots were embedded 

in resin and bisected longitudinally. The surfaces of both halves were then ground to leave only a little 

of the original root canal lumen. Four holes were drilled in the resin part, and the two halves were 

reassembled by four self-tapping bolts through the holes. All the models were checked to see if there 

was any leakage of liquid or gas apically or laterally before experiments. If there was any, rubber dam 
caulk would be applied to ensure that the root canal modeled a closed system.  

New root canal spaces were prepared by Flexofiles (Dentsply Maillefer, Ballaigues, 

Switzerland) to #15 and rotary System GT instruments (Dentsply Maillefer, Ballaigues, Switzerland) to 

a working length (WL) of 15 mm, an ISO size of 30, and a taper of 0.06. The apical part was further 

enlarged using Ni-Ti K-files #40/.02 (Dentsply Maillefer) with a balanced-force technique. During 

preparation, the canals were rinsed with 2 mL of 2% NaOCl after each file, delivered by a 10-mL 

syringe (Terumo, Leuven, Belgium) and a 27-gauge needle (Navitip, Ultradent, South Jordan, UT, 

USA). 

The coronal 3 mm of the canal was enlarged by a no. 23 round bur (Dentsply Maillefer) with a 

diameter of 2.3 mm, simulating a pulp chamber. A standard groove of 4 mm in length, 0.5 mm deep 

and 0.2 mm wide, situated at 2 to 6 mm from working length (11), was cut in the wall of one half of 

each root canal with a customized ultrasonic tip (Fig.1B). A periodontal probe with an adapted 0.2 mm 

wide tip was used to verify the dimension of each groove during and after preparation. The dimension 

of the groove is comparable to an apical oval root canal (16). Each groove was filled with dentin debris, 

which was mixed with 2% NaOCl for five minutes, to simulate a situation in which dentin debris 

accumulates in uninstrumented canal extensions (11). This model was introduced to standardize the 

root canal space and the amount of dentin debris present in the root canal before the irrigation 
procedure, to increase the reliability of the dentin debris removal evaluation. The methodology is 

sensitive and the data are reproducible (17). A pilot study has shown that a single model could be 

reused up to at least 8 times without any visible defect on the surface of the canal wall. Therefore the 

20 models were used repeatedly in the six experimental groups which are shown in Table 1.   

 

Final Irrigation procedures 
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Conventional Syringe Irrigation Group (Group 1). Two mL irrigant (6% NaOCl) was delivered by 

using a 10-mL syringe with a 30-gauge needle (Navitip, Ultradent, South Jordan, UT, USA) placed 1 

mm from WL in 20 seconds. This process was repeated twice, resulting in a total irrigant volume of 

6mL, and a total irrigant delivery time of 60 seconds with a flow rate of 0.1 mL sec
-1

. 

MDA Groups. Same as Group 1, but the irrigant was additionally activated by moving a gutta-percha 

(GP) cone #40/.02 (Group 2) or a tapered GP cone #30/.06 (Group 3) up and down (from WL-5mm to 

WL) for 10 seconds (3 strokes sec
-1

) after each irrigant delivery. This sequence was repeated twice 

more resulting in a total irrigant volume of 6mL, a total irrigant delivery time of 60 seconds with a flow 

rate of 0.1 mL sec
-1

, and a total irrigant activation time was 30 seconds. 
Safety Irrigator Group (Group 4).  Two mL 6% NaOCl was delivered with the needle (30-gauge, 

open-ended) placed 1mm from WL in 20 seconds. The process was repeated twice resulting in a total 

irrigant volume of 6mL, and a total irrigant delivery time of 60 seconds with a flow rate of 0.1 mL sec
-1

. 

PUI Group (Group 5). PUI was performed with the 30-gauge VPro™ Tip (Vista dental, Racine, WI, 

USA) driven at power setting „yellow 4‟ by an ultrasonic device (Suprasson PMax; Satelec Acteon, 

Merignac, France) for 30 seconds with the in-plane oscillation direction towards the groove, during 

which the tip was moved up and down twice/sec from WL-4mm to WL-1mm. 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. This procedure resulted in a total irrigant volume of 3 mL, a total irrigant delivery 

time of 30 seconds with a flow rate of 0.1 mL sec
-1 

approximately, and a total irrigant activation time of 

30 seconds. 

ANP, EndoVac Group (Group 6).  Two mL 6% NaOCl was delivered by using a 10-mL syringe with 

a 30-gauge needle placed WL-1mm in 20 seconds. Afterwards, the micro-cannula (#32/.00) was placed 

under ANP at WL for 6 seconds and then at WL-2mm for 6 seconds alternatively for a total of 30 

seconds; simultaneously, the Master Delivery Tip (MDT) located at the orifice ensured the continuing 

irrigant supply. This procedure resulted in a total irrigant volume of 5mL, a total irrigant delivery time 

of 50 seconds with a flow rate of 0.1 mL sec
-1

, and a total apical irrigation time by micro-cannula of 30 
seconds.  

 

Image evaluation and statistical analyses  
Before and after each irrigation procedure, the root halves were separated and the grooves were viewed 

through a stereomicroscope (Stemi
®

 SV6, Carl Zeiss, Göttingen, Germany) using a cold light source 

(KL 2500 LCD, Carl Zeiss). Controls verified that no debris had fallen out of the groove during the 

assembly or disassembly process. Pictures were taken with a digital camera (Axio Cam, Carl Zeiss). 

The sequence of all the pictures was randomized, and two calibrated examiners that were blinded to the 

group assignment scored each picture twice respectively. 

The debris left in the groove after irrigation was scored independently by two calibrated 

dentists using the following score system: 0: the groove is empty; 1: less than half of the groove is 

filled with debris; 2: more than half of the groove is filled with debris; 3: the complete groove is filled 

with debris (11). The percentage of inter agreement should be more than 95%; if this percentage was 

lower than 95%, a consensus had to be reached. 

The differences in debris scores between the groups were analyzed by means of the Kruskal-

Wallis test and the Mann-Whitney test. The level of significance was set at α = 0.05. 

Results 

The inter-observer agreement was very high (kappa>0.90, “almost perfect agreement”). Before 

irrigation procedures, the groove score was 3 for each specimen. The results after irrigation are shown 

in table 1. 

There was a significant difference between the experimental groups (p<0.001). There was no 

significant difference between the MDA with a non-tapered GP cone, the Safety Irrigator and ANP 

irrigation by EndoVac system. These techniques resulted in better cleaning efficacy than conventional 

syringe irrigation (p<0.005), but significantly worse than the MDA with a tapered cone (p<0.05). PUI 

by the ultrasonic system was significantly better than all the others tested in this study (p<0.001). 

Discussion  

Since the irrigant volume and fluid flow dynamics are important factors that affect canal debridement 

(18), we tried to standardize (if applicable) the volume, the flow rate and the activation time in all the 

experimental groups as much as possible. The results confirmed that activation of the irrigant, either 



Comparison of different irrigation systems 

69 

 

manually or ultrasonically, enhances the removal of dentin debris from the apical irregularities, either 

manually or ultrasonically. 

It was shown recently that manual agitation of the irrigant significantly improved the irrigant 

penetration in the root canal (19). This improvement can be both longitudinally (coronal-apical) and 

laterally. Also, the gentle pumping with short vertical strokes (MDA) resulted in the frequent mixing of 

the canal content, which improved the irrigant renewal (8, 20). It can be postulated that either the 

improvement of the irrigant penetration or the renewal (refreshment) is induced by an enhanced flow in 

the apical portion, which would be responsible for the improved debridement efficacy shown in our 

results and other studies (7, 8).  
Previous studies (7, 8, 21, 22) only evaluated the effectiveness of MDA by using a tapered GP 

cone. Interestingly, our result showed a tapered GP cone (#30/.06) had significantly better cleaning 

efficacy than a non-tapered GP cone (#40/.02). The difference between the two was the space between 

the cone and the root canal wall (reflux space). Since the root canal model used in the study was 

#30/.06 with the apical enlargement of #40/.02, the reflux space of the tapered cone was bigger than 

that of the non-tapered cone only within the 2mm from the WL, and smaller in the rest of the root canal. 

The reflux space is essential to allow the irrigating solution to flow up and down along the cone (21). 

Both Parente et al. (22) and Susin et al. (23) hypothesized that the irrigant displacement is hindered by 

the relatively close adaptation between the GP cone and the canal wall, with the debris settling back 

into the canal system after removal of the GP cone. On the contrary, based on our results, a thinner 

layer of fluid between the tapered GP cone and the root canal wall will give a higher fluid velocity and 

may therefore result in a more effective hydrodynamic effect. Furthermore, the tapered GP cone could 

not closely adapt to the irregularities, oval extensions (represented by the groove in our study) after 

root canal preparation, allowing the dentin debris to become loose and removable in these areas under 

the force of the irrigant flow. However, the flow in the reflux space remains to be clarified in future 

studies. 

The Safety Irrigator system could be considered as a conventional needle-and-syringe 
assembly plus an evacuation tube, which then actually is a positive pressure system. Compared with the 

ordinary aspiration system connected to the high volume suction unit, the evacuation tube is situated 

around the coronal part of the needle. This feature together with the extremely flexible needle might 

enhance the reverse flow of the irrigant and the flow in the apical third, and consequently the flush-out 

effect.  

The prominent feature of ANP is that it allows an apical irrigant circulation until WL with 

little risk of irrigant extrusion (13, 26). Our results indicated its limited activation of the irrigant in the 

apical noninstrumented areas, and support the findings from a recent study by de Gregorio et al.(24). 

Though the amount of the irrigant delivered into the root canal was relatively equivalent (5mL), the 

actual volume of the apical irrigant circulation was probably insufficient. It‟s been suggested that ANP 

delivers the irrigant more efficiently in the apical areas of the root canals than syringe irrigation (13). 

However, the total amount of the irrigant measured was actually delivered by the MDT at the orifice, 

and the amount that actually passed through the micro-cannula at WL was unknown which should 

essentially be responsible for the cleaning efficacy in the apical portion. The amount of irrigant 

circulating through the micro-cannula measured in our pilot study turned out to be only 1.2mL min-1. 

This was in accordance with the study of Brunson (25) who showed that the irrigant volume aspirated 

by the micro-cannula was 1.6 ± 0.26 mL min-1 with the same apical enlargement of #40/.02. Desai and 
Himel (26) however showed in their study that 51%-54% of the irrigant circulates through the micro-

cannula with the apical size of #50/.04, approximately 3.5mL min-1. This discrepancy probably is due 

to the apical size, since the bigger the  size and taper of the root canal the higher volume aspirated from 

the apical root canal (25). In addition, a difference in the negative pressure applied to the micro-cannula 

may cause a difference in the volume of irrigant flowing through the apical root canal; however, this 

pressure was not specified in any of the ANP studies. Furthermore, ANP may require more time than 

given in this study to achieve better debridement efficiency. It also may be expected that ANP is more 

effective if the active streaming at the apical portion is improved.  

The VPro™ Tip was used in the PUI group and its premium cleaning performance was in 

accordance to previously published studies (11, 12, 17, 27). There are some variations among PUI 

technique due to the different ways to deliver the irrigant. Delivering the irrigant by syringe followed 

by activating the irrigant ultrasonically was more effective than the continuous delivery of the irrigant 

through the handpiece (28) in the pulp chamber due to the more effective apical flow by syringe 

irrigation. VPro™ tip however is a 30-gauge needle, enabling the continuous delivery of the irrigant 

into the apical part of the canal simultaneously with the ultrasonic activation of the irrigant. Burleson et 

al. tested a similar system in vivo with a 25-gauge needle and showed a very good cleaning efficacy, 

especially on the isthmus debridement (27). With the smaller size of the needle, the ultrasonic system 
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applied in current study allows better apical penetration of the needle and the irrigant without the need 

for a larger apical preparation. 
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Table 1. Experimental groups and the number of specimens at each score rank after irrigation 

procedure 

  Score 

Group 

(n=20) 

Irrigation 

Techniques 0 1 2 3 

1 (control) Syringe 0 (0%) 0 (0%) 0 (0%) 20 (100%) 

2 MDA Non-taper GP 0 (0%) 1 (5%) 9 (45%) 10 (50%) 

3 MDA Tapered GP 1 (5%) 10 (50%) 9 (45%) 0 (0%) 

4 Safety Irrigator 1 (5%) 6 (30%) 4 (20%) 9 (45%) 

5 PUI 11 (55%) 9 (45%) 0 (0%) 0 (0%) 

6 ANP 0 (0%) 0 (0%) 7 (35%) 13 (65%) 

Score 0: the groove is empty; score1: less than half of the groove is filled with debris; score 2: more than half of the 

groove is filled with debris; score 3: the complete groove is filled with debris.  
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Figure. 1 Schematic representations of the standardized root canal model (A), its groove (B1) and 

cross section (B2). 
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Abstract  

Introduction An important virulence factor of Enterococcus faecalis is its ability to form biofilms. 

Most studies on biofilm formation have been carried out using E. faecalis monocultures. Given the 

polymicrobial nature of root canal infections, it is important to understand biofilm formation of E. 

faecalis in the presence of other microorganisms. Methods Eight clinical strains of E. faecalis were 

tested for biofilm formation on hydroxyapatite discs in the presence and absence of a Streptococcus 

mutans biofilm. Results Significantly more E. faecalis viable cells were found in biofilms in the 

presence of S. mutans. This phenomenon was, however, strain dependent. Out of the eight strains tested, 

biofilm formation of strains AA-OR34, ER5/1 and V583 was not influenced by S. mutans biofilms. 

Conclusions The results from this study, especially the strain difference, underline the importance of 

studying this virulence factor in a more realistic multispecies setting.  
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Introduction   

Enterococcus faecalis is a versatile pathogenic micro-organism that plays a major role in the etiology 

of persistent endodontic infections after initial treatment. It is commonly found in high numbers of root 
canal failures (1). Several traits of E. faecalis are related to its persistence in root canal infections. 

These include (i) extensive genetic polymorphisms (2), (ii) invasion into dentinal tubules (3), (iii) rapid 

adaptation to adverse conditions (4, 5), (iv) resistance to antimicrobial treatments (6), and (v) most 

importantly biofilm formation (7, 8). 

Biofilms, by definition, are matrix-enclosed microbial communities in which cells adhere to 

each other and/or to surfaces or interfaces (9). It has been generally accepted that the physiology of a 

bacterium in planktonic culture is profoundly different from that of the same organism growing in a 

biofilm. Several studies have shown that E. faecalis cells in biofilms have increased adaptive 

capabilities to adverse conditions and display an increased resistance to antimicrobial treatments (10, 

11). Moreover, cell surface proteins such as adhesins, which are essential for biofilm formation, are 

also related to the invasion of dentinal tubules (12, 13). The virulence of E. faecalis is thus significantly 

enhanced when the pathogen grows in a biofilm. Therefore, the factors affecting biofilm formation 

have been investigated extensively. Growth conditions, starvation and saliva coating, all influence 

biofilm formation (14). A number of virulence genes, including those encoding enterococcal surface 

protein (esp), gelatinase (gelE) and enterococcal polysaccharide antigen (epa), were also found to be 

involved in biofilm formation (7). In addition, variations in biofilm forming properties were observed 

for different E. faecalis isolates (15). 

So far most studies on E. faecalis biofilm characteristics have been performed on monoculture 
biofilm. Although E. faecalis has sometimes been isolated as the sole infectious organism in root canals, 

the notion that endodontic infections are typically polymicrobial has become more and more favorable. 

A recent review (16) argues that the observation of E. faecalis mono-infections might be the result of 

sampling and culturing techniques that fail to detect low abundance, physiologically inactive and 

dormant microorganisms. By using more advanced molecular techniques E. faecalis was reported to 

co-exist with several other taxa in root canal-treated teeth (17). The polymicrobial nature of the 

infected root-canal was also reported in another study where 16S rDNA sequencing was used (18). 

Since communication between bacterial species has already been shown in other ecological systems 

(19), it is of interest to understand how the presence of other bacteria influences E. faecalis biofilm 

formation. 

The aim of the current study is to investigate the effect of a Streptococcus mutans biofilm on 

hydroxyapatite on biofilm formation of eight E. faecalis clinical isolates. In a recent clinical study, with 

16s rRNA probes (17), Streptococcus species were detected in 47% of root-canal treated teeth. S. 

mutans has been detected in root canal infections before (18, 20) and it is a strong biofilm former, 

therefore we chose to investigate its influence on E. faecalis biofilm formation. Since S. mutans biofilm 

formation is most potent in the presence of sucrose, we used this carbohydrate as the energy source in 

our biofilm experiments. 
 

Materials and Methods 

Bacterial strains and growth conditions 
The E. faecalis strains used in this study are E1, E2, E3, ER3/2s, ER5/1, AA-OR34, OS16, and V583 

(all kind gifts from Dr. C.M. Sedgley) (15). The S. mutans UA159 strain used is also a clinical isolate 

(21). All bacterial strains were routinely grown anaerobically on brain-heart-infusion agar at 37°C. 

Biofilms were grown in modified semi-defined biofilm medium (BM) (22), which contains 76 mMol/L 

K2HPO4, 15 mMol/L KH2PO4, 10 mMol/L (NH4)2SO4, 35 mMol/L NaCl, 2 mMol/L MgSO4 ·7H2O and 

was supplemented with filter-sterilized vitamins (0.04 mMol/L nicotinic acid, 0.1 mMol/L pyridoxine 

HCl, 0.01 mMol/L pantothenic acid, 1 µMol/L riboflavin, 0.3 µMol/L thiamine HCl, and 0.05 µMol/L 

D-biotin), amino acids (4 mMol/L L-glutamic acid, 1 mMol/L L-arginine HCl, 1.3 mMol/L L-cysteine 
HCl, and 0.1 mMol/L L-tryptophan), and 0.3% (wt/vol) yeast extract, glucose (0.2%) or sucrose (0.2%) 

was added where indicated. The pH of this medium was 7.0. 

 

Biofilm Assays 
To avoid potential bacterial sedimentation in a flat-bottomed 96-well microtiter plate, the model which 

is commonly used for E. faecalis biofilm formation examination (15), we designed a new biofilm 

model where the substrata can be positioned vertically. In this model, we used a 24-well tissue culture 
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plate (Nunc
TM

, Roskilde, Denmark). The top lid was replaced by a custom-made stainless-steel lid on 

which 24 clamps were fixed. Various substrata, such as hydroxyapatite discs or round glass cover slips 

can be inserted in the clamps. The clamps were positioned in such a way that the inserted substrata fit 

into the wells of the tissue culture plate without touching the wall (Figure 1). The stainless-steel lid 

together with the assembled substrata was sterilized by autoclaving before usage. 

E. faecalis biofilms were grown anaerobically on HA discs in the absence or presence of a 

preformed 24 h S. mutans biofilm. In detail: one S. mutans UA159 colony was inoculated into BM 

medium with addition of 0.2% glucose and incubated overnight. The overnight culture was diluted to a 

final OD620 of 0.014 in fresh BM medium with addition of 0.2% sucrose and 1.5 mL of the cell 
suspension was dispensed into a sterile 24-well plate. The plate was then covered with a sterile 

stainless-steel lid containing standardized 9.5 mm diameter hydroxyapatite (HA) discs (HiMed INC, 

New York, USA). An equal number of HA discs were also inserted in sterile BM medium with 0.2% 

sucrose. After 24h incubation, HA discs with or without S. mutans biofilm were rinsed with Buffered 

Peptone Water (BPW, Oxoid, Hampshire, England) solution to remove non-adherent bacterial cells and 

were subsequently used as substrata for E. faecalis biofilm formation. For each E. faecalis strain, one 

colony was inoculated into BM with 0.2% sucrose and incubated overnight. This culture was then 

diluted to an OD620 of 0.05 in fresh BM medium with 0.2% sucrose and 1.5mL of the cell suspension 

was dispensed into a new sterile 24-well plate. The HA discs with or without 24h S. mutans biofilm 

were inserted in the cell suspension. After 8h incubation, the HA discs were rinsed with BPW and 

placed in fresh BM (with 0.2% sucrose). E. faecalis biofilm formation was evaluated after a further 16h 

incubation. Two to three experiments were carried out for each E. faecalis strain with triplicate samples 

in each experiment. 

 

Biofilm evaluation  
Since our biofilms only consist of S. mutans and E. faecalis we used colony forming units (CFUs) to 

evaluate the composition of biofilms. Each HA disc with biofilms was carefully removed from the lid 
with forceps and placed in a sterile vial containing 1mL Cystein Peptone Water (CPW). One mL liquid 

phase of each biofilm-well was also transferred to a sterile vial. All samples were then kept on ice. 

Both biofilm and liquid phase samples were dispersed by sonication on ice for 30 s at an amplitude of 

40W (Vibra cell
TM

, Sonics & Materials INC, USA) and vortex-mixing for 30s. After serial dilution, 

aliquots were plated out on BHI agar plates. The plates were incubated anaerobically at 37°C for 2 days. 

The number of bacterial colonies was counted and expressed as colony forming units (CFUs). S. 

mutans and E. faecalis were characterized based on their specific colony morphology.  

 

Statistics 
Data were analyzed with the Statistical Package for Social Science (Version 15.0, SPSS, Chicago, IL, 

USA). The independent samples t test was used to compare biofilm cell CFU counts between two 

groups (with/without pre-formed S. mutans biofilms). One-way ANOVA was used to evaluate CFU 

differences within a group. The CFU counts were log transformed before the statistical tests. p < 0.05 

was considered as significant. 

Results 

In this study, HA discs with or without S. mutans biofilms were used to grow E. faecalis biofilms. 

Within 24 hours S. mutans UA159 was able to form biofilms on the HA discs with an average of 6.6 

(±0.3) log10 CFU/HA disc. In parallel, HA discs without S. mutans biofilms were incubated in sterile 

medium for 24h to exclude a potential medium effect on E. faecalis biofilm formation on the discs. 

After 24h incubation with the various E. faecalis strains, biofilm formation of the two groups 

was evaluated. Five strains displayed significantly higher E. faecalis CFU counts on the HA discs 

covered with S. mutans biofilms than on the clean HA discs (p < 0.05). In other words, for these strains 

E. faecalis biofilm formation was enhanced by the pre-formed S. mutans biofilm. For strains ER5-1, 

AA-OR34 and V583, no significant difference in biofilm formation was observed between 

with/without S. mutans biofilm groups (Figure 2). 

To evaluate whether the increased biofilm formation is related to growth differences between 

the E. faecalis strains, we also measured CFU counts in the liquid phase of each biofilm-well, so that 

the total bacterial CFU counts could be calculated. The total CFU number per well was calculated as 

follows: CFU-total = 1.5x E. faecalis liquid phase CFU (per ml) + E. faecalis biofilm CFU (per disc) + 
S. mutans biofilm CFU (per disc). 

S. mutans liquid phase CFU counts were neglected because the bacterial cell numbers were 

below the detection limit (10
2
 CFUs per disc). For all tested E. faecalis strains, the CFU-total reached 



Influence of S. mutans on E. faecalis biofilm formation 

79 

 

around 10
9
 CFU (except for strain E3) after 24 hours of growth (data not shown). This number was not 

affected by the presence of the S. mutans biofilms. Strain E3 scored a significantly lower CFU-total 

number than the other clinical strains (in both groups). Figure 3 shows the relative contribution of E. 

faecalis biofilm CFUs and liquid phase CFUs to the total cell amount. In all cases most E. faecalis cells 

grow in the liquid. Again, the presence of S. mutans biofilms on the HA discs in most cases increases 

the percentage of E. faecalis biofilm cells, except for strains ER5-1 and V583.  

Biofilm formation of S. mutans was also evaluated. Without E. faecalis present the total CFUs 

of S. mutans increased to 8.0 (±0.2) log10CFU/HA disc (in this case after 48h). When the discs were 

incubated with E. faecalis, the total CFUs reached only 7.1(±0.6) log10CFU/HA disc. 

Discussion  

The data presented in this paper demonstrate that the presence of a streptococcal-biofilm on 

hydroxyapatite significantly increases the biofilm formation of five E. faecalis clinical strains. The 

reason for this increased biofilm formation is not yet clear. Since the total bacterial cell number 

remains the same irrespective of the presence of a S. mutans biofilm on the substrata, this effect was 

not due to changes in the growth-rate of E. faecalis.  Coaggregation, defined as cell-to-cell adhesion in 

which cells of one microbial species adhere more or less specifically to those of a different species (23), 

may play a role. So far coaggregation (or maybe better specific cell-to-cell adhesion) has not yet been 

reported for E. faecalis and S. mutans. Still it is clear from our data that E. faecalis biofilm formation 

can be strongly influenced by other species that are present in the root canal. 

From the eight strains tested, three strains exhibited different dual species biofilm 

characteristics. Strains ER5/1, AA-OR34 and V583 did not display increased biofilm formation in the 
presence of pre-formed S. mutans biofilms, which is different from other tested strains. However, their 

biofilm formation characteristics were similar to the other strains when grown as monoculture.  Strains 

E1, E2, E3, AA-OR34 and OS16, used in this study, were isolated from a rinse sample of an 

endodontic patient. Strains ER3/2s and ER5/1 were isolated from a retreated root canal and strain V583 

was a non-oral strain (15). Although clinical strain diversity might be related to the origin of the strains, 

in this case it does not explain the difference in biofilm characteristics.  

As mentioned, enterococcal surface proteins are also involved in E. faecalis biofilm formation 

(24). The presence of the esp gene in these eight clinical strains has been studied previously (15, 25, 

26), and it was shown that only strain E2 and ER3/2s possess esp. Therefore, the biofilm characteristics 

reported in the current study can not be related to the presence/absence of the esp-gene. 

The biofilm model chosen in this study has several advantages over the often used comparable 

Calgary biofilm model (27). The Calgary biofilm model is a combination of a standard 96-well 

microtiter plate and a lid with an identical number of polystyrene pegs that fit into the wells. It has been 

successfully used to monitor e.g. the antibiotic susceptibility of microbial biofilms (28). Advantages of 

the Calgary model are that biofilm formation is not obscured by sedimentation, possible contamination 

can be eliminated and it is easy to use. Unfortunately the substratum of the model is limited to 

polystyrene. The model used in our study combines the advantages of the Calgary biofilm model with a 
flexible choice of substrata. HA discs, dentin discs or glass cover slips can be easily inserted into and 

removed from the clamps fixed on the custom-made lid.  Since biofilm characteristics are affected by 

the substratum (29), this can now be easily evaluated (or avoided). In the current study, we were able to 

use standardized HA discs to mimic the root canal wall. An additional advantage of the stainless-steel 

lid is that the entire model can be autoclaved after assembly, allowing for an even wider use of 

substrates. 

Increased resistance to antimicrobial treatment in biofilms has been reported for many 

bacterial species, including E. faecalis. New endodontic treatments have therefore been evaluated on E. 

faecalis biofilm instead of planktonic cells. Our study shows that the presence of other microorganisms 

has a marked effect on E. faecalis biofilm mode of growth. Hence, evaluation of these new treatments 

should be performed in a polymicrobial setting. Moreover, our results showed that not all tested clinical 

isolates behave in the same way. Strains that show similar biofilm formation characteristics as mono-

species diverge in their interaction in dual species biofilms. This emphasizes the need for studying this 

important virulence factor in a multispecies setting. 
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Figure 1. Pictures of the biofilm model used in this study. (A) Custom-made stainless-steel lid on which 

24 clamps are fixed. Substrata glass coverslips or HA disks are shown. (B) Position of the substrata (HA 

disks) in the 24-well plate, at the time of biofilm growth. 

 
 

 
 

 

 

 

 
Figure 2. Viable counts (log10CFU/disc) of E. faecalis in biofilms. E. faecalis biofilm cell counts are 

presented when it grew on HA disc only (white bar) or HA disc covered with S. mutans biofilms (grey 

bar). Eight E. faecalis clinical isolates were tested. * indicates significant differences in biofilm 

formation between two groups (p < 0.05). 
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Figure 3. Percentage of E. faecalis biofilm CFUs (white bars) and liquid phase CFUs (grey bars) to the 

total cell amount. The percentage is calculated from the total cell number, which is determined as 

follows: total cell number= 1.5x E. faecalis suspension CFU (per mL) + E. faecalis biofilm CFU (per 

disc) + S. mutans biofilm CFU (per disc). Figure 3A represents data from those grown on clean HA 

discs and figure 3B represents data from those grown on HA discs covered by 24h S. mutans biofilm. 
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Abstract  

Introduction: Endodontic infections are caused by polymicrobial biofilms. Novel root canal 

disinfectants therefore should be evaluated not only on single-species biofilms but also on dual- or 

mixed-species biofilms. A simple, high throughput assay is urgently needed for this. In this study the 

application of the resazurin metabolism assay was investigated for evaluation of a root canal 

disinfectant on dual-species biofilms. Methods: Enterococcus faecalis with or without Streptococcus 

mutans in biofilms were formed in an active attac0hment biofilm model for 24h. Subsequently, the 

biofilms were treated with various concentrations of NaOCl for 1 min. After resazurin metabolism by 

both organisms was confirmed, treatment efficacies using 0.0016% resazurin were evaluated. Results: 

During NaOCl treatments, resazurin metabolism displays a clear dose response, not only in single-

species E. faecalis (or S. mutans) biofilms, but also in dual-species biofilms. Notably the assay revealed 

that the resistance of dual-species biofilms to NaOCl was 30 fold higher than in single-species E. 

faecalis biofilms. Viability counts on a selected NaOCl treatment (0.004%) confirmed this result and 

showed the increased resistance of E. faecalis in dual-species biofilms. Conclusions: Clearly the high 

throughput and low cost resazurin metabolism assay has a great potential for testing novel root canal 
antimicrobial agents in mixed-species biofilms. 
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Introduction   

Biofilms, by definition, are matrix-enclosed microbial communities in which cells adhere to each other 

and/or to surfaces or interfaces (1, 2). It represents the prevalent mode of microbial life in nature, 
industrial processes and infections (3). Also the relation between biofilms and endodontic infections 

has recently been revised by Svensäter et al. (4).  

In biofilm research viability testing, using colony forming unit (CFU) counts, is frequently 

applied. This method is laborious, time consuming and not suitable for high-throughput screening. 

Moreover biofilms have to be efficiently removed from surface and dispersed before plating and the 

efficacy of this process is often in question. Simpler methods, for example fluorescence live/dead cell 

staining and metabolic activity indicators, have previously been suggested (5) since they could be high-

throughput and avoid the biofilm detachment/dispersal steps. 

Resazurin is one of the common metabolic activity indicators (6). It is a nontoxic, water-

soluble dye (blue and non-fluorescent) which can be reduced to water-soluble resorufin (pink and 

highly fluorescent) by metabolically active bacteria (7, 8). It has been used to assess planktonic 

bacterial viability, adaptation to stress and bacterial contamination (9-11). Recently it was also 

explored for its potential of biofilm quantification in microtiter plates (5) and from six assays tested, it 

was suggested as one of the best alternatives for CFU counts. It was also successfully used to evaluate 

disinfection efficacy on single-species biofilms of several clinically relevant (non-oral) pathogenic 

bacteria (6, 12). It has, however, never been used in dual- or mixed-species biofilms.  

In the recent years, many researchers started to validate new endodontic disinfectants in 

single-species biofilm models (13-15). It is however well established that endodontic infections are 
typically polymicrobial (16). Microbe-microbe interactions may increase total biofilm formation (17) 

and change the characteristics of a biofilm which may alter the resistances pattern to antimicrobials 

(18). Our previous study has shown that Enterococcus faecalis E2 forms more biofilms in the presence 

of Streptococcus mutans UA159 (17). It is of our interest to study whether this will also influence the 

antimicrobial resistance of E. faecalis E2. 

The aim of this study is twofold, firstly to explore the application of the resazurin metabolism 

assay for evaluation of the root canal disinfectant NaOCl on dual-species biofilms and secondly to test 

if an increase in biofilm formation of an E. faecalis clinical strain by microbe-microbe interactions, 

shown in an earlier study, will influence its resistance to NaOCl. 

Therefore S. mutans and E. faecalis dual-species biofilms were grown in a similar way as in 

our previous study (17). We chose S. mutans because Streptococcus species were reported to be present 

in 47% of root-canal treated teeth when 16s rRNA probes are used (19), S. mutans has been detected in 

root canal infections (20, 21) and it is a strong biofilm former. Since S. mutans biofilm formation is 

most potent in the presence of sucrose, this carbohydrate were used as the energy source in the biofilm 

experiments. 

Materials and Methods 

Bacterial strains and growth conditions 
Clinical E. faecalis strain E2 (kindly given by Dr. C.M. Sedgley) (22) and S. mutans strain UA159 

were used in this study. Both strains were routinely grown anaerobically on Brain Heart Infusion (BHI) 

agar at 37°C. Biofilms were grown in modified semi-defined biofilm medium (BM), as described 

previously (17). The pH of this medium was 7.0. 

 

Biofilm Assays 
Biofilms were grown in an active attachment Calgary biofilm model. This model consists of a standard 

96-well microtiter plate and a lid with an identical number of polystyrene pegs that fit into the wells 

(NuncTM, Roskilde, Denmark) (23, 24). It was chosen to avoid potential bacterial sedimentation in the 

flat-bottom 96-well microtiter plate but to remain the 96-well high-throughput advantage for 

disinfection treatment assays.  
E. faecalis biofilms were grown anaerobically on pegs as single-species or together with 

preformed 24-hour S. mutans biofilms. In detail: one S. mutans UA159 colony was inoculated into BM 

medium with addition of 0.36% glucose and incubated overnight. The overnight culture was diluted to 

a final OD600 of 0.016 in fresh BM medium with addition of 0.2% sucrose and 200µL of the cell 

suspension was dispensed into a sterile 96-well plate. An equal number of wells were also filled with 

200µL of the fresh BM medium. The plate was then covered with a sterile lid containing 96 pegs. After 

24-hour incubation, the pegs with or without S. mutans biofilms were rinsed with phosphate buffered 
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saline (PBS) solution to remove non-adherent bacterial cells and were subsequently used as substrata 

for E. faecalis biofilm formation. One E. faecalis E2 colony was inoculated into BM with 0.36% 

glucose and incubated overnight. This culture was then diluted to an OD600 of 0.06 in fresh BM 

medium with 0.2% sucrose and 200µL of the cell suspension was dispensed into a new sterile 96-well 

plate. The pegs with or without 24-hour S. mutans biofilms were inserted in the cell suspension. After 

8-hour incubation, the pegs were rinsed with PBS and placed in fresh BM (with 0.2% sucrose). After 

another16-hour incubation, NaOCl treatments were applied on the single-species E. faecalis and dual-

species biofilms in parallel. A 24-hour S. mutans biofilm also grew further without the presence of E. 

faecalis E2 and was then subjected to similar measurements and treatments. 
For one experiment, one and a half 96-well plates were needed to test all single/dual-species 

biofilms. Forty-four single/dual-species biofilms were formed. The rest of the wells were used for no-

bacterial controls. Maximum 10 NaOCl concentrations and treatment control were tested on 4 biofilm 

replicates. Each experiment was repeated three times. 

 

NaOCl treatment on single- and dual-species biofilms 
Pegs with biofilms were first rinsed with PBS and then inserted into new 96-well plates filled with 10 

serial two-fold diluted NaOCl solutions (200 µL/well) or Milli-Q water (as a treatment control) for 

1min. The NaOCl solutions were diluted from a stock solution with 8% active chlorine with Milli-Q 

water. Active chlorine concentrations in the NaOCl solutions were verified by iodine titration (25). 

Treatments were stopped by inserting the biofilm pegs in neutralizer (buffered peptone water with 0.1% 

sodium thiosulfate) for 5 min (18). The treatment control group was also subjected to the neutralizer 

incubation. 

 

Evaluation on NaOCl treatment efficacy 
Resazurin metabolism assay. To establish if resazurin is metabolized by and hence can be used as a 

metabolic activity indicator for S. mutans or E. faecalis, serial dilutions of planktonic S. mutans or E. 
faecalis cultures were assayed with resazurin. To this end, two milliliter overnight cultures of E. 

faecalis E2 or S. mutans UA159 in BM supplemented with 0.36% glucose were centrifuged (2 min, 

14000 rpm) and the resulting pellet was washed and resuspended in 2 ml of BM-YE (BM without yeast 

extract). The yeast extract was removed from BM to prevent bacterial growth. Individual cultures were 

then two-fold diluted in BM-YE and dispensed at 180 µL/well into a 96-well plate in quadruplicate. A 

resazurin stock solution was added to achieve a final concentration of 0.0016%. The fluorescence 

intensity (FI) of each well was recorded at room temperature in a fluorimeter (Spectramax M2, 

Molecular Device, Sunnyvale, California), using the fluorescence setting with 485 nm excitation- and 

580 nm emission wavelength. This experiment was performed in duplicate. 

When evaluating biofilms, the resazurin stock solution was diluted in BM-YE to 0.0016% and 

dispensed at 200 µL/well into a 96-well plate. The pegs with biofilms after NaOCl treatments were 

inserted into the resazurin and the FIs of the resazurin solutions were measured at 2h in the fluorimeter. 

For all resazurin measurements, a background control group where 0.0016% resazurin was mixed with 

sterile BM-YE was included to record background FI changes, which were subsequently subtracted 

from the FIs. Treatment efficacy was calculated as the percentage reduction in FI values after treatment 

relative to the values in the control group. 

Furthermore, a pilot study had shown that the neutralizer has no influence on resazurin FI 
values (data not shown). 

Sonication-colony forming unit counts assay. Where indicated the sonication-CFU counts assay was 

also applied to test the treatment efficacy on the biofilms. Each individual peg was carefully cut with a 

sterile scalpel without disturbing the biofilms and placed in 1ml Cysteine Peptone Water (CPW)(24). 

Biofilms were dispersed by sonication on ice for 60 times 1 second at an amplitude of 40 W (Vibra 

cell
TM

, Sonics & Materials Inc., USA). Serially diluted samples were plated onto BHI agar plates. The 

plates were incubated anaerobically at 37°C for 2 days and colonies were counted. 

 

Statistical analysis 
Data were analyzed with the Statistical Package for Social Science (Version 17.0, SPSS, Chicago, IL, 

USA). One-way ANOVA was used to evaluate the effects of treatments and biofilm types (single-

species or dual-species) on CFU counts. CFU counts were log transformed before the statistical tests. P 

value <.05 was considered as significant. 

Results 

Resazurin metabolism by S. mutans and E. faecalis planktonic cells 
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Figure 1 shows the Fluorescence intensity (FI) values after resazurin metabolism (after 2 h) in 

comparison with CFUs present in the assay (Fig. 1A E. faecalis and 1B S. mutans). A linear 

relationship was found for both species with good correlation efficiencies of 0.9 (p=0.002; E. faecalis) 

and 0.97 (p<0.01; S. mutans) at the shown range of bacterial cell numbers. 

 

Evaluation of NaOCl treatment efficacy by resazurin metabolism and sonication-colony forming 

unit counts 
In a pilot study, we determined the growth conditions for biofilm formation. Under the conditions 

mentioned in the Materials and Methods (including the inoculum size and medium refreshment 
frequency), biofilm formation was reproducible and on average 5x10

7
 CFU/ml viable cells were found 

on each peg.  

In figure 2A and 2B, the percentage of FI reduction relative to the non-treatment group is 

plotted. Clear dose responses were seen in all types of biofilms. Single-species E. faecalis biofilms 

appeared to be about 30 times more sensitive to the NaOCl treatment than single-species S. mutans or 

dual-species biofilms (Figure 2B). No clear differences in sensitivity to NaOCl treatment was seen 

between the last two types of biofilms (Figure 2A). This experiment shows that the NaOCl 

concentration needed for more than 90% metabolism inhibition was 0.0039% for single-species E. 

faecalis biofilms and 0.125% for single-species S. mutans and dual-species biofilms. 

More E. faecalis cells were present in the dual-species biofilms than in the single-species E. 

faecalis biofilms (as was also shown previously (17)). Figure 3 shows that 0.004% NaOCl significantly 

reduced viable cell numbers in all types of biofilms. Clearly this reduction is significantly greater in E. 

faecalis single-species biofilms than in E. faecalis – S. mutans dual-species biofilms (p<0.05). 

Discussion  

Our data revealed the clear application potential of the resazurin metabolism assay for evaluating 

efficacy of novel root canal disinfectants on both single- and dual- or mixed-species biofilms. First of 

all, at the indicated range of bacterial cell numbers, FI value changes resulting from resazurin to 

resorufin metabolism were linearly correlated with CFU counts for both S. mutans UA159 and E. 

faecalis E2. A similar linear correlation was also found for other clinical E. faecalis strains (data not 

shown). Secondly, during NaOCl treatments, which are commonly used for root canal disinfection, the 

resazurin metabolism assay showed clear dose responses not only for single-species S. mutans or E. 

faecalis biofilms but, more importantly, also for dual-species S. mutans and E. faecalis biofilms. 

Thirdly, the resazurin assays showed that the resistance to NaOCl of the dual-species biofilms was 30 

fold higher than E. faecalis single-species biofilms. The viability counts on the chosen NaOCl 

treatment (0.004%) confirmed this result. Furthermore, our viability counts indicated that the presence 

of pre-formed S. mutans UA159 biofilms resulted in not only increased biofilm formation of E. faecalis 

E2 strain, as shown previously, but also the increased NaOCl resistance of this strain. This increased 

resistance towards NaOCl of E. faecalis in dual species biofilm is similar to what was found in other 

studies (18, 26) 
The resazurin metabolism assay is a high throughput, simple and low-cost assay. As shown in 

our study the resazurin assay can be applied in a 96-peg biofilm model. Different antimicrobial agents 

in various concentrations can be tested in one 96-well plate and results can be achieved in 2 hours. We 

choose to use fluorescence intensity changes instead of absorbance changes as the read-out parameter 

since background signals are lower during FI changes. Nevertheless, in a setting where only a UV/VIS 

spectrophotometer is available, application of the resazurin assay is still possible (27). The resazurin 

assay does not require removal of the biofilms from the substratum, which avoids common problems 

encountered during traditional viability tests. In these tests, complete removal of the biofilms is often 

questionable and cells might not be fully dispersed or could be damaged during sonication. 

None of the disinfection assays currently available for oral microbiology field is perfect. This 

also applies to the resazurin metabolism assay. Several limitations became apparent during our study: (i) 

There is a narrow detection/application range of 10
5
-10

7
 CFU/ml in the assay-well. (ii) Although it has 

been shown that a broad spectrum of bacteria can metabolize resazurin, applicability has to be tested 

for every new bacterial species and again the detection/application range for this species has to be 

evaluated. (iii) In dual-species or mixed-species biofilms the resazurin metabolism assay is not able to 

distinguish viability changes of the individual species.  

Therefore, when evaluating novel disinfection regimen, the resazurin metabolism assay is 
typically ideal as an initial screening method to determine various treatment conditions (concentrations, 

treatment durations, etc). If necessary, CFU assays can subsequently be used to answer detailed 

questions, like how is which bacterial species affected in mixed-species biofilms.  
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In the current study we found that the resistance to NaOCl of single-species S. mutans 

biofilms was comparable to that of the dual-species biofilms. A possible explanation for this could be 

that in our experimental setting, the dual-species biofilms were grown for 24 hours while S. mutans 

biofilms grown for 48 hours. The maturation status of the cells in biofilms might be related to their 

antimicrobial resistance (28). It is also likely that the antimicrobial resistance is related to the amount 

of biofilm biomass, rather than on bacterial interactions in the biofilms. The fact that the single-species 

E. faecalis biofilms, which contain less biomass than the single-species S. mutans biofilms and the 

dual-species biofilms, also shows the highest sensitivity can also be explained by biomass related 

antimicrobial resistance (29). Further studies are needed to obtain a better understanding of the 
mechanism(s) underlying the resistance difference between single- and dual-species biofilms. 

Since evidence for antimicrobial resistance of mixed-species biofilm cells is accumulating, it is 

apparent that traditional and novel root canal disinfection and treatment strategies will have to be 

evaluated on multi-species biofilm models. A high throughput strategy is urgently needed for this type 

of studies and our data indicate that resazurin metabolism assay has great potential in serving this 

purpose in mixed-species infections. 



Resazurin metabolism assay in disinfection 

91 

 

Figure 1. Relationship between resazurin metabolism activity and planktonic cell counts in S. mutans 

and E. faecalis. A Fluorescence intensity values of S. mutans UA159 at 2h were plotted against the 

viable counts. B Fluorescence intensity values of E. faecalis E2 at 2h were plotted against the viable 

counts. AU refers to arbitrary units. 
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Figure 2. Efficacy of NaOCl treatments on single-species S. mutans or single-species E. faecalis 

biofilms and dual-species S. mutans-E. faecalis biofilms. White bars represent single-species E. 

faecalis biofilm, grey bars represent single-species S. mutans biofilm and dark grey bars represent dual-

species S. mutans-E. faecalis biofilms. The efficacy of the treatment was evaluated by resazurin assay 

and presented as the percentage of FI reduction relative to the non-treatment group. A High NaOCl 

concentration range in single- and dual-species biofilms. B Low NaOCl concentration range for single-

species E. faecalis biofilms. 
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Figure 3. Viability of S. mutans UA159 and E. faecalis E2 in single-species and dual-species biofilms 

after a 0.004% NaOCl treatment. The viability is presented as log10CFU/ml. Significant reductions in 

viability (white bars represent before treatment, grey bars represent after treatment) are seen for both 

species, irrespective of the number of species in the biofilms. The reduction of E. faecalis E2 strain is 

significantly higher in single-species biofilm than in the dual-species biofilms. * indicates significance 

(p<0.05).  
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 10 

  General discussion 

In this thesis various aspects of root canal irrigation have been studied and 
passive ultrasonic irrigation in particular using various ex vivo models. Various 
aspects of the models and techniques used will be discussed in this chapter. 
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Groove/depression model 

All the ultrasonically activated irrigation studies in this thesis used the groove/depression model to 

evaluate the effectiveness of different irrigation regimens to remove dentin debris from the apical root 
canal. This ex vivo root canal model, first introduced by Lee (1), has a standard groove or standardized 

depressions in the apical portion of one canal wall filled with dentin debris, allowing the evaluation of 

different irrigation procedures on dentin debris removal from an oval extension or irregularities on the 

apical root canal wall. The dentin debris has been soaked in NaOCl for 5 min before using it, in order 

to extract its organic component. Since NaOCl has no chemical effect on inorganic matter, dentin 

debris removal in this setup evaluates the mechanical effect of the irrigation procedure.  

The advantage of this model is that the amount of debris present both before and after 

irrigation can be compared, whereas the methodology normally used did not allow quantification of 

debris before the irrigation procedure (2-4). Consequently, ranking of the different irrigation 

procedures may therefore not have been reliable. In this model, the amount of debris before irrigation 

was standardized, as assessed by the initial scoring. The high kappa value indicates that the inter- and 

intra-observer agreement was very high, which support the reliability of this model. Another advantage 

is that the model is sensitive enough to detect differences of the effectiveness between irrigation 

procedures, and that the operator sensitivity is very low.  The operators do not influence the outcome of 

the results (1, 5-11).  

De Groot el al. modified the groove/depression model to improve its standardization by 

minimizing the original root canal lumen and ensure that the root canal model is closed by embedding 

the root in resin (5). The modification of the depression model used in Chapter 5 and 6 introduced an 
extra depression located at 0.5 mm from WL which allowed the evaluation in front of the ultrasonically 

oscillating file tip (6). Because the natural root canal varies considerably, the removal of the original 

root canal space and the subsequent preparation of a „new‟ root canal resulted in a really standardized 

root canal. By embedding the root in the resin and using the four screws, it is easy to assemble or 

disassemble the model, facilitating the root canal treatment procedure in vitro within an enclosed 

system and the evaluation of the interested area before and after the irrigation. Lately, researchers 

noticed the difference between an open and closed root canal system (12). Basically, the open system 

overestimated the efficacy of the irrigation procedure. When the roots are embedded in resin, they can 

be tightly closed which can be controlled before and after the irrigation procedure. Besides, these 

models can be repeatedly used at least up to 8 times when the root canal walls are not damaged during 

the irrigation procedure. 

The potential drawback of the groove/depression model is the inability to evaluate the volume 

of the debris present in the groove/depression. The groove/depression is a three-dimensional structure, 

while dentin debris is scored by evaluating the occupied area in 2D. The question whether a 3D 

volumetric analysis of the debris in the groove would give us more information and would improve the 

information we obtain from the model is still open. For the 4 mm-long groove, the 4-scale scoring 

system gives an indication on the cleaning efficacy of different irrigation protocols. For the depression, 
with only 0.3 mm in diameter, it was not possible to use the 4–scale scoring system. Therefore, we 

scored the samples as „clean‟ and „not clean‟, which might underestimate the differences between the 

irrigation procedures. OCT or MicroCT could measure the volume of the debris present and therefore 

could improve the accuracy of the evaluation of the depressions. 

Evaluation and improvements of passive ultrasonic irrigation (PUI) 

Intermittent flush method 
Intermittent flush technique has been applied when performing PUI in all the related studies in this 

thesis (except chapter 7). We can discern three steps: irrigant delivery, irrigant activation followed by 

again irrigant delivery (refreshment). Firstly, 2 mL of 2% NaOCl was delivered using a 10 mL syringe 

with 30-gauge needle (Navitip) placed at 1mm from WL with a flow rate of approximately 5 mL min
-1

. 

Thereafter, a stainless steel, noncutting wire (IrriSafe, Acteon, Merignac, France) was inserted into the 
root canal and driven ultrasonically (frequency approximately 30 kHz, file tip displacement amplitude 

within 100 μm) by a piezoelectronic unit (Suprasson PMax, Satelec Acteon) to activate the irrigant. 

After each ultrasonic activation, 2 mL irrigant was delivered again similar to the first time. There were 

some small variations in this schedule (Table 10-1) needed for the different protocols. 

Syringe irrigation was used as control groups in chapter 2-6, and did not remove debris from the 

groove or depressions. Therefore it can be concluded that irrigant delivery by a syringe with a needle, 

does not change the debris score in the groove or depression before ultrasonic activation. 
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Streaming  
Since the tip of the instrument was normally located at 1 mm from WL and the instrument could not 

enter the groove or depressions, the instrument per se could not physically disturb the dentin debris and 

the activated irrigant should be responsible for the removal of the debris from the groove and the 

depressions on the apical root canal wall. Therefore, it can be concluded that the streaming of the 

irrigant induced by the irrigation systems produce shear stress along the root canal wall and in the 

groove and depressions, resulting in the removal of debris from these areas. The cleaning efficacy is 

consequently influenced directly by the streaming. 
2

0
v

a


       

According to the equation (13) above (where v is the flow velocity (in m/s), ω is 2π times the 

driving frequency (in Hz), ε0 is the oscillation amplitude (in m) and a the radius of the tip (in m)), 

higher frequency, larger displacement amplitude and smaller instrument will result in higher streaming 

velocity. This could explain the result in chapter 5, where, a high intensity results in a higher cleaning 

efficacy. However, high intensity brings the risk of instrument breakage and an increased chance of 

wall damage in case of wall contact . Therefore, a new instrument, in respect of materials and profiles, 

is needed to solve these problems.  

Although a higher amplitude is associated with better cleaning efficacy, other parameters 

should also be taken into account. With the sonic device, the oscillation amplitude of the sonic tip was 

so high that it caused a lot of wall contact limiting significantly its free movement and efficacy. The 

frequency of the sonic device was significantly lower than that of the ultrasonic device, resulting in a 

lower flow velocity and cleaning efficacy (chapter 2). 

Apart from the flow velocity, the direction of the flow also plays an important role. A high-

velocity jet observed in the direction of the oscillating file (equal to the axis of the handpiece) resulted 
in an improved cleaning efficacy. It is therefore advised to direct the handpiece towards the oval 

extension and/or isthmus during PUI in order to maximize its effect. On the other hand, it is worthwhile 

to develop a handpiece which could change the oscillating direction automatically, or a device that 

could activate the flow in all directions equally. 

 

Dimension and taper  
It has been shown that dimension and taper of the root canal have an influence on the cleaning efficacy 

of syringe irrigation (14, 15) and PUI (10, 16) .  

Using a similar research model, we tested the effect of the insertion depth of an ultrasonically 

activated instrument on dentin debris removal from depressions in the root canal wall (Chapter 6). If 

we only evaluate the individual depressions, it is interesting to notice that the cleaning efficacy from 

these depressions is very similar, but the dimension of the root canal actually changed from apical to 

the coronal, from 0.39 mm (1 mm from WL) to 0.60 mm (5 mm from WL). According to this result, 

we could conclude that within this range the dimension of the root canal did not influence the cleaning 

efficacy of the ultrasonic activation of the irrigant.  

This finding seems not to be in line with the previous studies. However, both Lee and van der 

Sluis used a continuous flush technique with the irrigation duration of 3 min, while the intermittent 

flush technique with only 10 seconds of ultrasonic activation was performed in our testing. During the 
continuous flush technique, the irrigant flows continuously in the pulp chamber and the streaming 

induced by the ultrasonically activated instrument should direct the flow apically. It seems that it takes 

more or less 2 to 3 minutes before the flow has reached the apical root canal, because the laterally 

directed flow is more important than the apically directed flow. During the intermittent flush technique, 

the irrigant is directly delivered in and removed from the apical root canal. 

 

Ultrasonic activation phases  
In chapter 4 we described the three phases (start-up, steady and stopping) of the ultrasonic activation 

period, in combination with a rest phase during pulsed ultrasonic activation of the irrigant. It was the 

first time to evaluate the effect of pulsed ultrasound on the performance of PUI. Results indicated that 

the 50% duty cycle produced the best cleaning efficacy, although the total activation time was actually 

less than continuous activation. More start-ups could explain the results, but other groups with the same 

amount of start-ups did not result in a better cleaning efficacy, indicating both the duty cycle and the 

duration of each phase play a role. An explanation could be that the removal of debris from the groove 

theoretically follows two steps, namely, loosening of the debris in the groove by the shear stress of the 

activated flow and the removal of the dentine out of the groove and the root canal. Both steps need a 

certain time, which could explain the importance of the rest phase. Besides, from the chemical point of 



Chapter 10 

100 
 

view, an increase in the reaction rate was also found in the rest phase of the activated NaOCl solutions 

(17). In addition, the instrument used in the studies was recommended by the manufacturer for 

continuous ultrasonic activation. It could be prone to separation under pulsed ultrasound. This needs to 

be studied. 

Other aspects related to PUI 

Temperature 
Heat generation is inevitable during the use of ultrasound in endodontic treatment because the energy 

transmission from the ultrasonically oscillating instrument to the irrigant or dentin will result in heat 

generation or exchange. This effect can be beneficial as well as harmful. Temperature rise can 

generally enhance the chemical efficacy and disinfectant potential of the irrigant (18, 19); on the other 

hand, 47°C seems to be a critical threshold temperature for the occurrence of morphologically evident 

bone damage in the rabbit (20). Fortunately, irrigant temperature can exceed this critical value without 

causing any damage to the periodontal ligament, due to the fact that the dentin is a poor conductor of 

heat, insulating the external root surface from the temperature changes within the root canal (21). 

Moorer and Wesselink (28) found that the temperature of the 5-mL NaOCl rose from 22 to 

45°C after ultrasonic activation under the intensity of 100 W per cm
2
, and speculated that the 

temperature may reach 70°C within minutes due to the much smaller volume of liquid in the root canal 

(22). This speculation did not correlate with data from later publications where the temperature rise in 

root canals was measured. 

It is not advised during PUI, to force the oscillating instrument against the root canal wall. 

Therefore, the effect of heat generation by direct contact of the instrument to the root canal wall is 
minimal and mainly due to temperature changes in the irrigant.  

Ahmad et al reported a minor temperature rise of the irrigant (0.4–0.8°C) (23) and speculated 

that the temperature rise originated from heat loss from the file, conversion of sound energy into heat in 

the irrigant, and frictional contact of the file against the walls of the root canal. In that study, the root 

canal was instrumented to size 80# (indicating a large volume of the irrigant inside the root canal with 

the higher thermal buffer capacity). Furthermore, PUI was performed with continuous flow of fresh 

irrigant in the coronal root canal which cooled down the irrigant temperature in the root canal. Both 

factors may explain the small temperature changes. Zeltner (31) reported that a continuous flow in the 

coronal root canal resulted in a consistent temperature drop in the coronal third and a more variable 

pattern in the middle and apical thirds, indirectly indicating that the irrigant refreshment may be poor in 

the apical portion. This is consistent with the dentin debris removal capacity, which is limited within a 

short timeframe for ultrasonic activation of the irrigant combined with a continuous flow in the pulp 

chamber (24). Both Cameron (21) and Zeltner (25) found a similar pattern of a transient drop in 

temperature and then an increase when the intermittent flush was performed. Cameron recorded an 

increase of about 8°C maximum after 30-second ultrasonic activation, and 1°C after 10-second 

activation; Zeltner (31) detected 7.7°C as the mean maximum in the coronal and middle root canal after 

180-second activation. All the studies in this thesis applied the ultrasonic activation for no longer than 
20 seconds; we therefore assumed that the minor temperature change should not have influenced the 

irrigation efficacy on dentin debris removal. During PUI, both the irrigant and the root canal wall 

buffers the temperature change, it is therefore unlikely to result in heat-induced injury. Unexpectedly, 

the drop of the temperature during irrigation leading to the hypothermia may have some effect on the 

surrounding tissue, but this needs further research work. 

The following factors may influence the temperature changes in PUI: canal diameter, irrigant 

delivery method, activation duration, volume of the irrigant, design of the ultrasonic insert, method of 

generating ultrasonic energy (the magnetostrictive stack generator generates much more heat than its 

piezo crystal counterpart (21)), and power of the ultrasonic device.  

 

Cavitation 
There are two types of cavitation detected during PUI (26), stable and transient. The former could be 

defined as oscillation of bubbles under low-intensity ultrasound. In the latter situation, the bubbles 

implode resulting from the high acoustic pressures in an ultrasound field. Though we observed both 

types of cavitation by high speed imaging technique, it is still not clear what role they play in the 

cleaning efficacy regarding dentin debris removal. 

 

Curvature 
Debridement of curved root canal systems is more challenging than its straight counterpart regardless 

of instrumentation techniques (4, 27, 28). Innovative instruments and instrumentation techniques 
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therefore have been developed and evaluated specifically for curved root canal systems (29-33). 

However, similar irrigation protocols are adopted for both straight and curved root canals. The 

effectiveness of various irrigation techniques with irrigant activation in the curved canal still needs to 

be clarified.  

Three approaches of ultrasonic activation of the irrigant can be suggested. 1) The oscillating 

file follows the curvature and reaches close to the working length; 2) the file is located above the 

curvature in order to perform PUI, minimizing the chance to contact the root canal wall; or 3) the file is 

pre-bent and just follows the beginning of the curvature.  

There are few studies on the evaluation of PUI efficacy in the curved canal. Though some 
studies (34, 35) claimed that PUI was performed, they did not (or could not in case of a Ni-Ti 

instrument) pre-bend the file and inserted the file into the apical portion resulting in at least three 

contact points with the wall (Amato 2011, fig 1B), consequently the file oscillation would be restricted, 

if not eliminated, and the effectiveness could be hindered. Besides, Rödig (41) used a cutting file as 

oscillating instrument. It is likely that the instrument would produce smear layer and unfavorable 

cutting in the root canal wall, which could confound the results. Furthermore, the power setting plays 

an important role in the flow penetration and cleaning efficacy of PUI (Chapter 6) (6) for both straight 

and curved canal. Both studies by Amato and Rödig used low ultrasonic intensity.  

Although pre-bending a file will change the oscillation pattern to lower amplitude and smaller 

wavelength (36) (unpublished data by Bram Verhaagen), it is unlikely to affect the cleaning efficacy of 

PUI. If the file is located at the beginning of the curvature (Chapter 6), the flow penetration of the 

irrigant typically doesn‟t go much further than halfway the distance to the apex, regardless of the 

curvature (as long as not a severely curved canal, less than 40° is concerned), but this can be enhanced 

with increasing power setting. Al-Jadaa reported the effectiveness of PUI on tissue dissolution in 

simulated accessory canals by using a curved canal model (37), indicating the lateral irrigant 

penetration as well. We can therefore assume there is an effective field distance around the oscillating 

file (in front of the tip and laterally). Curvature per se may not influence the effectiveness of the flow, 
but the difficulty in reaching the working length determined by the location and length of the curvature 

in a curved canal. In addition, although the penetration depth of the flow observed by visual method 

was in agreement with the cleaned areas in the ex vivo experiments (chapter 6) in which the cleaning 

effect decreases with the distance in front of the file tip, it needs to further elucidate how the shear 

stress of the flow changes exactly regarding both in front of and around the oscillating file. 

Endodontic biofilm studies 

The conditions under which biofilms exist in vivo are not fully understood (38). The stages of structural 

organization of biofilm, the composition and activities of the colonizing microorganisms in various 

environments may be different, although the establishment of a micro-community on a surface seems 

to follow essentially the same series of developmental stages (38). As far as endodontic disinfection 

studies by using a biofilm model are concerned, the following aspects should be considered. 

√ Bacteria colonization condition (substratum, nutrient environment, biofilm formation time) 
√ Selected bacteria (oral species, root canal origins, mono-, dual- or multi-species) 

√ evaluation method (sampling, traditional culturing, SEM, Confocal laser spectrum microscopy 

[CLSM]) 

 

Bacteria colonization condition 
Wells (39), membrane filters (40), pegs (41, 42) and dentin or bovine dentin samples (43-47) are 

commonly used in in vitro biofilms studies to test the efficacy of selected disinfectants. The former 

facilitate optimal standardization conditions while missing dentin characteristics, such as the roughness, 

the presence and density of the dentin tubules (48). Dentinal tubules contain a considerable amount of 

unmineralized collagen (49), which might serve as an adhesion substrate to certain bacteria (50).  

Collagen-coated hydroxyapatite (HA) and uncoated HA discs were chosen as the biofilm 

substrate (51). It resembles dentin (HA and collagen) and the standard shape of the discs makes it 

possible to grow biofilms with consistent characteristics which has proven to be difficult when using 

dentin as the biofilm substrate due to the variations of the dentin surfaces with tubules (52). HA 

however, does not possess the fine details of the dentin microanatomy. 

The substratum not only influences the initial adhesion of colonizing cells, but also influences 

the production of signaling molecules that control cell physiology and virulence (53, 54). It has been 
shown that the biofilm development in the root canal and its penetration into the dentinal tubules have 

been associated with the environmental conditions (43). 
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Rich medium, optimal conditions are always provided when biofilms are cultured in the 

laboratory, which is very unlikely to happen in the real root canal (55). The availability of nutrients 

determines the bacterial composition of a biofilm (56). There is still no consensus in the literature 

regarding the time of biofilm formation, ranging from one day to 50 days (53, 57-60), although it is 

believed that a longer incubation time might produce a better structured and more aggregated biofilm, 

that is consequently more clinical relevant. It is therefore sometimes difficult to compare different 

studies testing similar disinfection approaches.  

 

Selected bacteria  
Single, dual or multiple species biofilms, found in oral or root canal infections or laboratory strains 

were used to establish a biofilm model in vitro.  

Entercoccus faecalis is the most commonly used bacteria in endodontic research. This seems 

to be logical, because it is commonly isolated in failed root canal treatments, and has biological 

features that have been revealed to support the assumption of its role as an endodontic pathogen, as 

mentioned in the introduction. However, E.faecalis is not necessarily the dominant pathogen in 

endodontic infection (61). Easiness of being isolated from the root canal and cultured in the lab might 

overestimate its role in the root canal infections. Other bacterial phylotypes which are more difficult or 

impossible to detect or culture might also play an important role. 

In recent years, researchers started to validate (new) endodontic disinfectants on single-species 

biofilm models, in place of tests on planktonic micro-organisms (62-66), as well as on dual or multi 

species biofilms (51, 67-69). It is well established that endodontic infections have a polymicrobial 

nature (70). Microbe-microbe interactions may increase total biofilm formation and change the 

characteristics of a biofilm, which may alter the resistance pattern to antimicrobials (71-73). How 

different species co-exist in a multispecies ecosystem is a particularly important aspect of 

polymicrobial disease etiology (74-77). Bacteria can respond differentially to their friend and foe (78). 

Taken the polymicrobial nature of endodontic infections into consideration, one may suggest a biofilm 
model needs to be multiple species or mixed species.  

We studied dual species biofilms of E.faecalis and S.mutants in vitro, the two species showed 

an enhanced resistance to the disinfectant (69). Bacteria never have the same biological behavior under 

different circumstances. They will propagate when growth factors and other favorable conditions are 

fully available. On the other hand, when the surroundings or the conditions change, the microorganisms 

will adapt and behave completely different from the former condition. The role as friend or foe could 

consequently also change in the dynamic ecosystem. Future studies can shed light on how the adaption 

of the microorganisms under different physical, chemical and biological stresses takes place. 

 

Evaluation method  
Often, sampling by paper points from the root canal is used to quantify the microorganisms in the root 

canal, but sampling only shows the planktonic microorganisms which can be removed from the root 

canal system (basically only the main canal), not the ones which are present as a biofilm on the root 

canal wall. However, this could partially be solved by using a file larger than the original apical 

dimension of the root canal to collect dentin shavings from the root canal wall. The oval shape of root 

canals could still be the cause of an underestimation of the bioflm present. Furthermore, evaluation 

before and after the treatment is not possible, although this can partially be resolved by control groups. 
Another confounding factor is how to evaluate the biofilms. For example, the presence of cells 

in metabolically inactive states which are incapable of cellular division preventing them from forming 

colonies on a plate (79, 80) may lead to overestimation of the efficacy of the tested antimicrobials. 

SEM has been used to visualize the amount and distribution of bacteria on the surface of the biofilm 

(57, 58, 81-84). However, it will not give information on the viability of the micro-organisms. 

 

Infected tooth models 
The generation of biofilms in root canals of extracted teeth could provide a more realistic scenario (85, 

86) by using the dentin as the substratum. Attempts to establish such biofilm root canal models have, 

however, suffered from several drawbacks (87), mainly due to the wide variation and anatomic 

complexity of a human root canal. Normally the following protocol was used. Teeth were decoronated, 

and autoclaved after conventional chemomechanical debridement of the root canals. Each root canal 

was then dispensed with an inoculum of microorganisms. After a certain incubation time, the root 

canals with biofilms were challenged by different treatment strategies.  

Though using dentin as a substratum mimics the clinical situation, the invasion of root 

dentinal tubules by bacteria is a multi-factorial event which is only possible for a limited number of 

oral bacterial (88). The penetration of microorganisms in infected root dentin has shown variations in 
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the experimental model due to the bacteria selected for biofilm formation and the time of incubation 

employed in the studies (43, 67, 89). Furthermore, the dentin of an extracted root is different because 

the tubules are „empty‟. In the clinical situation they will be filled with tissue fluid which will influence 

the adaptation of the biofilm and the migration into the tubules.   

In an adaptation of the above mentioned model, the intracanal bacteria/biofilm was established 

by contamination of the root canals of extracted teeth in situ with oral bacteria (90-92) in order to 

mimic the nutrient environment is the clinical situation. Briefly, volunteers carried appliances in their 

mouth with roots with prepared root canals which consequently were accessible to the oral 

microorganisms. In this way, a more clinical relevant biofilm, was established in standardized root 
canals. However, the composition of the biofilm will vary with the oral microbiota of the different 

volunteers participated. Once again, if the paper-point sampling was used, no information was obtained 

about the status of the biofilms in the root canal.  Although one of the studies performed a histological 

evaluation of the biofilm (91), it was not clear whether it was done with a series of sections.  

Since the groove model is a standardized model used for testing debris removal, we tried to 

establish a biofilm groove model to test biofilm removal of an irrigation protocol (93). The fact that 

bacteria not only attached in the groove but also outside the groove indicated wide variations among 

the models in the respect of biofilm formation. However, the overload of biofilm formation could be 

removed. Another problem was that the original groove was too deep to apply the culture medium 

without air inclusion resulting in non standardized amounts of biofilm in the different models. 

Shallower grooves could solve this problem. More difficult was the quantification of the biofilm 

formed in the groove model. Several approaches were attempted, two general staining methods (crystal 

violet and plaque indicator), two metabolic staining methods [resazurin and 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT)] and a nucleic acid staining method (syto9) (Table 2). The 

syto9 seemed to be the most promising staining and will be evaluated in future studies. 

The following points are therefore the potential problems in ex vivo biofilm study models: 

unpredictable even after weeks of culture; culturing on yes or no level; much variation; often poorly 
documented; mono or mixed species biofilm. These confounding factors should be considered when 

drawing conclusion from these studies. Furthermore, additional local factors in the root canal 

environment, complex root canal anatomy, and the polymicrobial nature of root canal infections may 

affect the function of the various irrigating solutions or techniques. Growing biofilms on standardized 

readily available surfaces, on the other hand, eliminates these problems and allows a more accurate 

assessment of antimicrobial efficacy.  
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Table 10-1. Variations of PUI applied in each chapter. 

Chapter Model Duration PUI 

Orientation of file 

oscillation 

Instrument 

size/taper Intensity Pulse intervals 

2 Groove 20 sec * 3 Toward the groove #20/.00 Blue 4 N/A 

3 Groove 10 sec 
Perpendicular to the groove 

#20/.00 Blue 4 N/A 
Toward the groove 

4 Groove 10 sec Toward the groove #20/.00 Yellow 4 

None 

730msON/ 

100msOFF 

400msON/ 

400msOFF 

100msON/ 

670msOFF 

5 Depression 10 sec Toward the depression #25/.00 

Blue 4 

N/A Yellow 4 

Green 4 

6 Depression 10 sec Toward the depression #20/.00 Blue 5 N/A 

 

 

Table 10-2. Overview of the tried quantification techniques 

Category Substance Result summary 

General stain Crystal violet Stains biofilm and dentin 

 Plaque indicator Stains biofilm and dentin 

Metabolic stain Resazurin Stains fluid not cells 

 MTT Stains biofilm to local 

Other stain Syto9 Autofluorescence of dentin 
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Chapter 1 gives a general introduction and outline of the thesis. It reveals the current challenges in 

root canal instrumentation and highlights the importance of root canal irrigation. An overview of 

different irrigation techniques is discussed. 

By using the groove / depression dentin debris removal model, several studies (Chapter 2-7) 

have been performed to evaluate the cleaning efficacy of different final irrigation protocols. In 

Chapter 7, the mechanical efficiency during irrigation with conventional syringe irrigation, manual 

dynamic activation (MDA) with tapered or non-tapered Gutta-Percha (GP) cones, the Safety Irrigator 

system, passive ultrasonic irrigation (PUI) and apical negative pressure (ANP) irrigation was 

investigated. 

 In order to understand the physical mechanisms of PUI and further improve the technique, 

different parameters were tested with the same model combined with the visualization of the fluid 

dynamical processes. In Chapter 2, the activation of the irrigant by the sonic device „EndoActivator‟ 

and the physical mechanisms of sonic activation by visualizing the oscillations of the sonic tip were 

evaluated. The influence of oscillatory direction of the ultrasonically driven file (Chapter 3), the effect 

of pulsed ultrasound (Chapter 4), the effect of the ultrasonic intensity (Chapter 5) and the influence of 
the insertion depth of an ultrasonically driven file and the curvature (Chapter 6) on PUI performance 

were investigated respectively.  The following could be concluded from these chapters: 

- In general it has been shown that acoustic steaming and cavitation will activate the irrigant when 

driven by an ultrasonically oscillating file. 

- The working mechanism of PUI is the acoustic streaming of the irrigant, the exact role of 

cavitation is still unclear. 

- PUI was the most effective technique in dentin debris removal from the apical irregularities, when 

compared with syringe irrigation, sonic activation by the Endoactivator, MDA and ANP irrigation. 

The oscillation amplitude of the sonically driven tips is 1.2 ± 0.1 mm, resulting in much wall 

contact and no cavitation of the irrigant. MDA technique performed with a tapered GP cone is 

more effective than with a non-tapered GP cone.  

- Oscillation of the ultrasonically driven file toward the groove is more effective in removing dentin 

debris from the groove than oscillation perpendicular to the groove, which can be related to the 

fact that there is a high-velocity jet from the file tip in a single direction following the file 

oscillation and a relatively slow inflow in the perpendicular direction. 

- PUI with a pulsation pattern of 400 milliseconds on/400 milliseconds off and a duty cycle of 50% 

is more effective in removing dentin debris from a simulated apical oval extension in standardized 

root canals than continuous ultrasonic activation. Duty cycles of 13% and 88% showed no 

difference compared with continuous oscillation. 

- Higher ultrasonic intensity resulted in a higher amplitude of the oscillating file and, consequently, 

enhanced the cleaning efficacy of PUI. 

- For dentin debris removal, activation of sodium hypochlorite three times 10 seconds in 

combination with refreshment of the irrigant seems to be sufficient. 

- A curvature in the root canal does not influence the effect of the acoustic streaming of the irrigant.  

Microbe-microbe interactions may increase total biofilm formation and change the 

characteristics of a biofilm which may alter the resistances pattern to antimicrobials. In Chapter 8, the 

biofilm formation of eight clinical strains of Enterococcus faecalis with or without Streptococcus 

mutans biofilm was investigated. Later on in Chapter 9, the influence of the presence of S. mutans on 

the antimicrobial resistance of E. faecalis was also tested by using a simple and high throughput assay. 

The following could be concluded from these two chapters: 

- Significantly more E. faecalis viable cells were found in biofilms in the presence of S. mutans. 

This phenomenon was, however, strain-dependent, which underlined the importance of studying 

biofilm formation in a more realistic multispecies setting. 

- The resistance of dual-species biofilms to NaOCl was 30-fold higher than in single-species E. 

faecalis biofilms. Viability counts on a selected NaOCl treatment (0.004%) confirmed this result 

and showed the increased resistance of E. faecalis in dual-species biofilms. Clearly, the high-

throughput and low cost resazurin metabolism assay has a great potential for testing novel root 

canal antimicrobial agents in mixed-species biofilms. 
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Chapter 10 includes a general discussion, focusing on the groove/depression model for 

testing irrigation techniques on dentin debris removal; the evaluations of PUI including streaming, 

cavitation, ultrasonic activation phases, temperature changes, and the influence of root canal 

geometrical characteristics (curvature, dimension and taper) on PUI; root canal biofilm models were 

discussed at the end. The following could be concluded: 

- The groove/depression model can be considered effective to compare the dentin debris removal 

efficacy of different irrigation techniques. Using volumetric analysis could improve the accuracy 

of the evaluation of the depressions. 

- Although higher ultrasonic intensity induces a more effective acoustic streaming of the irrigant in 

the root canal, instruments could be prone to breakage. Therefore it will be a challenge for the 

manufacturers to develop an instrument which can be used at higher ultrasonic intensities. 

- A technique to control the oscillating direction of the ultrasonically activated instrument could be 

helpful to improve the cleaning efficacy. 

- Within the range of a root canal diameter of 0.35 to 0.60 millimeter, the dentin debris removal 

efficacy of ultrasonically activated irrigation using the intermittent flush technique will not be 

influenced by the taper of the root canal. 

- The rest phase during the inactivation period of PUI also plays a role in the cleaning efficacy 

mechanically and/or chemically, and needs to be elucidated in the future work. 
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Hoofstuk 1 geeft een algemene introductie en een overzicht van het proefschrift. Het beschrijft de 

nadelen van de instrumentatie en het belang van de irrigatie van het wortelkanaal. Een overzicht van de 

verschillende irrigatietechnieken wordt besproken. 

De studies besproken in de hoofdstukken 2-7 hebben met behulp van het groeve/inkeping dentine 

model, de effectiviteit van verschillende irrigatieprotocollen in het verwijderen van dentine-debris uit 

het wortelkanaal geëvalueerd. In Hoofdstuk 7, worden handirrigatie, dynamische handirrigatie met een 

conische of niet conische gutta-perchastift, het Safety Irrigator systeem, ultrasone irrigatie en het 

EndoVac negatieve druk systeem getest op hun effectiviteit in het verwijderen van dentine-debris uit 

het wortelkanaal.  

Om de fysische mechanismen van de ultrasone irrigatie beter te begrijpen met als doel de 

techniek te verbeteren, zijn verschillende parameters getest in een onderzoeksmodel in combinatie met 

het visualiseren van de vloeistof dynamische processen. In Hoofdstuk 2, zijn de effectiviteit van het 

verwijderen van dentine-debris tijdens de activatie van een irrigatievloeistof met behulp van een 

sonisch oscillerende tip (Endoactivator) en de fysische mechanismen van het proces geëvalueerd. De 

invloed van de oscillatierichting van een ultrasoon geactiveerde vijl (Hoofdstuk 3), het effect van 

gepulseerd ultrageluid (Hoofdstuk 4), het effect van de ultrasone intensiteit (Hoofdstuk 5) mede als 

het effect van de positie van de vijl en de kromming van het wortelkanaal (Hoofdstuk 6) op de 

effectiviteit van de ultrasoon geactiveerde irrigatie zijn onderzocht. De volgende conclusies konden 

worden getrokken: 

- Akoestische stroming en cavitatie treden op tijdens activatie van een vloeistof met behulp van 

een ultrasoon oscillerende vijl. 

- Akoestische stroming is het werkingsmechanisme  van passieve ultrasone irrigatie (PUI) en de 

rol van cavitatie is nog niet helemaal duidelijk. 

- PUI verwijdert het meest effectief dentine-debris uit ovale uitlopers in het apicale wortelkanaal 

in vergelijking met handirrigatie, sonisch geactiveerde irrigatie met de Endoactivator, 

dynamische handirrigatie en irrigatie in combinatie met een negatieve druk (EndoVac). De 
oscillatieamplitude van de sonisch aangedreven tips is 1.2 ± 0.1 mm, wat resulteert in veel 

contact met de kanaalwand en minder actieve stroming (geen cavitatie). De dynamische 

handirrigatie is meer effectief met een conische gutta-percha stift dan met een niet conische 

gutta-percha stift. 

- Wanneer de ultrasoon oscillerende vijl in de richting van de schoon te maken groeve is gericht, 

is de irrigatie meer effectief. Dit kan verklaard worden door de vorming van vloeistofjets met 

een hoge snelheid in de richting van de groeve.  

- PUI met een pulsatiepatroon van 400 millisecond aan//400 millisecond uit en een „duty cycle‟ 

van 50%, verwijdert meer effectief dentine-debris uit een apicale ovale uitloper dan een 

continue ultrasone oscillatie.  De „duty cycles‟ van 13% en 88% verwijderden niet significant 

meer dentine-debris dan een continue oscillatie. 

- Een hogere ultrasone intensiteit resulteert in een grotere amplitude van de oscillerende vijl en 

een groter reinigend effect.  

- Voor het verwijderen van dentine-debris uit het wortelkanaal, lijken drie ultrasone activaties van 

10 seconden in combinatie met verversing van de irrigatievloeistof voldoende. 

- Een kromming in het wortelkanaal heeft geen effect op de akoestische stroming van de 

irrigatievloeistof. 

 

Interactie tussen verschillende micro-organismen kunnen de totale biofilmformatie doen 

toenemen en de eigenschappen van de biofilm doen veranderen welke de resistentie tegen 

antimicrobiële middelen kunnen beinvloeden. In Hoofdstuk 8, is de biofilm formatie van acht 

verschillende soorten Enterococcus faecalis  met of zonder Streptococcus mutans onderzocht. In 

Hoofdstuk 9 is de invloed van S. mutans op de resistentie van E. faecalis tegen natriumhypochloriet 

(NaOCl) getetst met behulp van een „high throughput‟ test. Op basis van deze onderzoeken kan 

hetvolgende geconcludeerd worden:  

- Significant meer E. faecalis kolonies konden worden aangetoond in biofilms waarin de E. 

faecalis samen met de S.Mutans was gekweekt. Dit was echter afhankelijk van de soort. Dit 

geeft aan dat het evalueren van de antibacteriële effecten van medicamenten, het best in een 

multibacterieel biofilmmodel gedaan kan worden. 
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- De resistentie van biofilms met twee soorten micro-organismen voor NaOCl was 30 maal hoger 

dan voor  E. faecalis biofilms met 1 soort micro-organisme.  

- De „high-throughput‟ resazurin test biedt veel mogelijkheden om relatief snel het effect van 

antibacteriele middelen te testen met „mixed-species‟ biofilms. 

 

Hoofdstuk 10 is een algemene discussie waar het „groeve/ inkeping‟ model wordt 

geëvalueerd; verder wordt PUI geëvalueerd aan de hand van stroming, cavitatie, ultrasone activatie 

fasen, temperatuur veranderingen en geometrische invloeden van het wortelkanaal (kromming, 

dimensie en taper). Het volgende kan geconcludeerd worden: 

- het „groeve/inkeping‟ model kan gezien worden als een effectieve methode om de effectiviteit 

van verschillende irrigatiesystemen betreffende het verwijderen van dentine-debris uit het 

wortelkanaal te testen. Volumetrische analyse zou een waardevolle toevoeging kunnen zijn voor 

de evaluatie van de inkepingen. 

- hoewel een hogere ultrasone intensiteit een meer effectieve akoestische stroming opwekt, 

kunnen de commercieel verkrijgbare vijlen makkelijk breken. Het is een uitdaging voor de 

industrie om nieuwe instrumenten te ontwikkelen.   

- een techniek om de oscillatie-richting van de vijl te kunnen controleren zou de effectiviteit van 

de ultrasone irrigatie kunnen verhogen.  

- wanneer de doorsnede van het wortelkanaal varieert tussen 0.35 en 0.60 mm, is er geen verschil 

in effectiviteit van PUI wanneer de „intermittent flush technique‟ wordt toegepast. 

- de „rust fase‟ na en tussen twee ultrasone activatie fasen speelt een rol in de effectiviteit van PUI  
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