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General introduction 

 



10

Optimizing the chemical aspect of root canal irrigation
 
General Introduction

Endodontology is concerned with the study of the form, function and health of the den-
tinal-pulp complex and periradicular region, in addition to injuries to and diseases of it. It 
also aids the prevention and treatment of apical periodontitis caused by root canal infection 
(Loest 2006). The aim of a root canal treatment is to completely remove inflamed and infected 
tissue present in the root canal system and to efficiently prevent the entrance of new micro-
organisms or nutrients in order to maintain or create a healthy environment around the root 
(Haapasalo et al. 2011). Recent evidence shows that endodontic therapy may not always result 
in complete healing of apical periodontitis (Liang et al. 2013). These results highlight the im-
portance of optimization of root canal cleaning procedures to face the following challenges: 

 1.  The root canal anatomy is complex and highly variable. The root canals are often 
long, multi-curved and oval shaped (Wu et al. 2000). The root structure consists 
of dentin which is a porous material containing tubules with a typical diameter 
of 0.6-3.2 µm and length of 1-2 mm and which are accessible for microorganisms 
(Haapasalo et al. 2011). Accessory root canal morphology such as lateral canals, 
fins and isthmi are unreachable by instrumentation (Peters et al. 2001) and diffi-
cult to clean with syringe-based irrigation (Verhaagen et al. 2013) consequently, 
persistent infection in those regions may lead to endodontic failure (Wu & Wes-
selink 2005; Ricucci et al. 2013). In this thesis we propose the use of root canal 
models of various complexities to study the occurrence of transient cavitation and 
streaming in sonic and ultrasonic activated irrigation (Chapter IV). 

 2.  In infected root canals microorganisms grow attached to the wall as biofilm 
(Ricucci et al. 2009), which is to a large extent resistant to mechanical and 
chemical attacks imposed by cleaning procedures and disinfectants. It is re-
ported in the literature that up to 90% of the biofilm structure is composed 
by an extracellular polymeric matrix (EPS) which gives the biofilm its visco-
elastic properties and capacity to deform and adapt under mechanical stresses 
(Körstgens et al. 2001). In this thesis we introduce a novel hydrogel model that 
mimics the viscoelastic properties of a biofilm and allows for the visualization and 
quantification of the cleaning ability of several cleaning methods and irrigants in 
artificial accessory root canal morphology (Chapter V). 

 3.  Mechanical instrumentation can remove the main bulk of infected tissue and its 
nutritional supply, facilitate delivery/refreshment of irrigants through out the root 
canal system and allow proper placement of a root canal filling (Hülsmann et al. 
2005). Its contribution for the cleaning of the root canal system is questionable 
(Attin et al. 2002) as it cannot adequately reduce viable microorganisms in the 
infected root canal system (Grahnen & Krasse 1963; Bystrom & Sundqvist 1981), 
nor can it prevent the formation of smear layer or dentin debris (Robinson et al. 
2012). Furthermore, even the most advanced instrumentation systems failed to 
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prepare the majority of the main root canal (Metzger et al. 2010) and may con-
tribute negatively to the outcome of the endodontic treatment by instrumenta-
tion failures, weakening of the root structure and apical crack formation (Gorni 
& Gagliani 2004; Wu et al. 2004; Shemesh et al. 2010). The optimization of the 
chemical aspect of disinfection aims to contribute for a future more efficient and 
safer non-instrumentation technique however it is still necessary to create space in 
the root canal system with instruments to be able to apply disinfection solutions or 
medicaments. 

 4.  Smear layer, produced during root canal instrumentation procedures, is strongly 
attached to the root canal wall and penetrates deep into the dentinal tubules and 
accessory root canal morphology. Both smear layer and dentin debris will inacti-
vate root canal antimicrobials and irrigants and hinder their access to the biofilm 
(Haapasalo et al. 2007). Recently, it was shown that the production of dentin de-
bris and the subsequent blockage of isthmi may be a larger problem than antici-
pated (Paqué et al. 2011). Its removal is challenging and plays a crucial role in the 
disinfection process. This debate is addressed in multiple studies in this thesis where 
we investigate the effect of dentin in the reaction rate of different NaOCl solutions, 
including its buffering capacity (Chapters II and III).

Root Canal Irrigation

Root canal irrigation can be defined as the procedure to deliver a liquid or irrigant in the 
root canal system before, during and after instrumentation of the root canal. The aims of 
this procedure are the mechanical detachment of pulp tissue; dentin debris and smear lay-
er (instrumentation products); micro-organisms (planktonic or biofilm) and their products 
(all together hereafter named substrate) from the root canal wall, their removal out of the 
root canal system and their chemical dissolution or disruption. For that, root canal irrigation 
should induce a flow of irrigant to the full extent of the root canal system, in order to come 
in close contact with the substrate, carry away the substrate and provide lubrication for the 
instruments.  Such flow should ensure an adequate delivery throughout the root canal sys-
tem, refreshment and mixing of the irrigant, in order to retain an effective concentration of 
the active chemical component(s) and compensate for its eventual inactivation. Its delivery 
should be targeted towards the root canal wall, in order to detach/disrupt the substrate by wall 
shear stress, meanwhile it should remain restricted to the constraints of the root canal, thus 
preventing irrigant extrusion towards the periapical tissues.  
 
Irrigant of choice: sodium hypochlorite.

Sodium hypochlorite (NaOCl) is widely used as the primary root canal irrigant (Dutner et 
al. 2012) due to its unparalleled action against microorganisms (McDonnell & Russell 1999) 
and biofilm (Arias-Moliz et al. 2009; Bryce et al. 2009) and its unique capacity to dissolve pulp 
tissue (Sirtes et al. 2005) and organic components of the smear layer (Baumgartner & Mader 
1987). Once delivered inside the root canal, NaOCl reacts with its organic content such as 
pulp, biofilm or dentin (canal wall, smear layer or debris) causing depletion of the free available 

Chapter I 
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chlorine (Baker 1947), resulting in protein degradation, rise of temperature (Baker 1947) and 
changes in pH (Jungbluth et al. 2011).
In spite of its low clinical toxicity (Zehnder 2006), NaOCl has been shown to be extremely 
caustic when in contact with organic tissue in vitro (Pashley et al. 1985), even at concentra-
tions lower than 0.1% (Chang et al. 2001; Heling et al. 2001; Barnhart et al. 2005). The choice 
of the NaOCl concentration to be used is generally considered a trade-off between cleaning 
efficiency and tissue damage in the case of inadvertent extrusion (Spencer et al. 2007).
Different strategies to optimize the efficiency of NaOCl solutions will be evaluated in this 
thesis:

1. Concentration
The amount of free chlorine available per volume of solution defines the concentration of 
NaOCl solutions (%). Clinically, the use of concentrations between 0.5% and 6% are sug-
gested, however, the optimal clinical concentration is still a subject of controversy (Zehnder 
2006). The cleaning efficiency of NaOCl (antimicrobial capacity and tissue dissolution ef-
fect) increases with its concentration (Moorer & Wesselink 1982; Arias-Moliz et al. 2009; 
Retamozo et al. 2010). However, higher concentrations help to dissolve more tooth structure 
(Sim et al. 2001); or could be more harmful when inadvertently extruded into the periapical 
tissues (Boutsioukis et al. 2013). In this thesis the impact of concentration on the reaction rate 
of NaOCl (Chapter II) and its capacity to compensate for the buffer capacity of dentin have been 
investigated (Chapter III). 

2. Refreshment
Refreshment has been suggested to be an effective method to compensate the loss of chemical 
efficiency of a lower concentration of NaOCl solutions (Moorer & Wesselink 1982; Zehnder 
2006), but this has never been proven. Refreshment may also help sustaining the irrigant 
concentration at the interface with root canal wall, enhancing diffusion of NaOCl into tubules 
and lateral canals (Verhaagen et al. 2013). The Intermittent Flush Method (IntFM) (Cameron 
1988) combines refreshment with ultrasonic activated irrigation (UAI), in a multiple refresh-
ment/activation cycle protocol. In this thesis we evaluate the influence of IntFM on the reaction 
rate of NaOCl (Chapter II) and on the removal of dentin debris from an artificially created 
groove in a root canal wall (Chapter V). 

3. pH
The pH of the NaOCl solution determines the equilibrium (Figure 1) of the free available chlo-
rine, the hypochlorite ion (OCl–) and the hypochlorous acid (HOCl) (Baker 1947). The biolog-
ical effect of NaOCl, which can be defined as its tissue-dissolving capacity and antimicrobial 
effect, will be influenced by this equilibrium. In alkaline solutions (pH > 7.5), OCl– prevails, 
which has a powerful oxidative effect and therefore a higher tissue dissolving capacity than 
HOCl (Baker 1947). On the other hand, HOCl prevails in acidic solutions (3 < pH < 7.5). It 
has a powerful bactericidal effect probably because it is a smaller uncharged molecule, which 
can relatively easily penetrate the bacterial membrane. After penetration, it can result in pro-
tein degradation (Winter et al. 2008). In this thesis we evaluate the buffer capacity of dentin in 
NaOCl solutions with different pH. We also characterize the short-term stability of the NaOCl at 
low pH and its reaction rate with dentin (Chapter III).
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4. Temperature 
Temperature is the only clinical strategy that has proven to be effective in compensating a re-
duction in concentration. (Sirtes et al. 2005) showed that a 1% NaOCl solution heated to 45°C 
equals the tissue dissolution capacity of a 5.25% NaOCl solution at 20°C; at 60°C the tissue 
dissolution capacity is even higher. However no evidence existed in the ability to keep the 
temperature high inside the root canal for the entire cleaning process. In this thesis we monitor 
the temperature evolution of pre-heated irrigant inside a root canal and introduce and validate a 
numerical model to study the thermodynamics of irrigation procedure (Chapter III). 

5. Surface of contact
Sodium hypochlorite acts by direct contact between free available chlorine molecules and 
organic matter (Moorer & Wesselink 1982). Increasing the movement of molecules in the 
root canal system increases the contact of active chlorine molecules and organic matter and 
therefore the tissue dissolution capacity/ antimicrobial effect of the irrigant. The study of the 
chemical and mechanical processes, interactions or impediments occurring at this interface is 
fundamental to understand the cleaning process. In this thesis we look at the interface NaOCl 
with a novel hydrogel, confined in accessory lateral canals and isthmi, using high-speed imaging 
(Chapter V). We also highlight the importance of respecting a clinically representative ratio vol-
ume of irrigant to the subtract surface to be dissolved in invitro chemical assays and introduce a 
new dentin model (Chapter III).

6. Activation
Irrigants are often delivered in root canals by a syringe with a needle. Once in the canal, they can 
be activated by different means such as sonic, ultrasonic or laser agitation/activation, in order 
to refresh consumed irrigant at the reaction site, to enhance wall shear stresses and to displace 
irrigant into the accessory root canal anatomy. The last two methods are the most efficient meth-
ods to mechanically clean confined areas of root canal systems (de Groot et al. 2009; Jiang et al. 
2010). Ultrasonic Activated Irrigation (UAI) increases tissue dissolution (Moorer & Wesselink 
1982), especially when NaOCl solutions are used (van der Sluis et al. 2010). Microstreaming and 
hydrodynamic cavitation (the formation and implosion of vapor bubbles) have been suggested 
as their working mechanisms (de Groot et al. 2009; Ruddle 2009; Jiang et al. 2010). However, the 
occurrence of cavitation inside the root canal has been questioned due to space restrictions. Var-
ious forms of irrigant activation are addressed in this thesis. We investigate the influence of Laser 
and Ultrasonic Activated Irrigation in the reaction rate of NaOCl (Chapter II); detect, quantify and 
visualize the occurrence of cavitation in sonic and ultrasonic activated irrigation for clinically re-
alistic settings (Chapters IV); and investigate various irrigant solutions in their capacity to remove 
dentin debris from the root canal during UAI (Chapter V).

7. Volume and time
Irrigation time and volume are key clinical aspects for which guiding evidence is scarce 
(Zehnder 2006). Currently, clinical protocols on irrigation (Liang et al. 2013) are governed 
by reported evidence on the mechanical aspect of irrigation (van der Sluis et al. 2010). To 
take into account the chemical aspect, further research into the optimal irrigation time and 
volume at given concentration, pH and temperature is required. However, the highly vari-
able clinical situation in terms of pathology, morphology, microbiology and the quantity and 

Chapter I 
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quality of tissue to be dissolved make its study a great challenge. With this in mind, the results 
presented in this thesis contribute to a better understanding of the optimum irrigant delivery 
time at given temperature and the cooling rate of irrigant in the syringe which should guide the 
pre-heated syringe turn-over (Chapter III).  

Objectives of the thesis

The aim of this thesis was to suggest new models and methodologies to measure, image and 
compare the cleaning efficiency of various irrigation methods and solutions and to optimize 
the chemical aspect of root canal irrigation. 

Outline of the thesis

In chapter II the optimization of the chemical efficiency of NaOCl in contact with dentin is 
under investigation. In a bovine tooth model, the effect of multiple factors such as concen-
tration, temperature, pH, laser and ultrasonic activated irrigation, irrigant refreshment and 
exposure time in the reaction rate of NaOCl with dentine is analyzed. The characterization of 
the chemical reaction, ultrasonic power and the dentin model in comparison with a human 
size tooth, are discussed. 

In chapter III new insights on the evolution of temperature and pH of irrigants during root 
canal therapy are presented. Clinically representative models are proposed and characterized. 
A numerical model simulating the thermodynamics of root canal irrigation was introduced 
and validated for endodontic research.

In chapter IV, the occurrence of transient cavitation (growing and implosion of bubbles) 
around sonic or ultrasonic activated endodontic instruments is investigated. The effect of power, 
confinement, tip design, taper and size in the occurrence of cavitation is analyzed. Combining 
sensitive analytical sonochemical techniques with powerful imaging tools, this chapter gives 
new detailed insights into the cleaning mechanisms of irrigant activation techniques. 

In chapter V, the cleaning efficiency and evolution of different irrigation methods and solu-
tions in confined accessory root canal anatomy, is assessed. A novel hydrogel model that 
mimics biofilm viscoelastic properties is introduced in endodontic research. 
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Chapter II
Optimizing the chemical efficiency of NaOCl
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Abstract
Aim To determine the influence of activation method (ultrasound or laser), concentration, 
pH and exposure time on the reaction rate of NaOCl when in contact with dentinal walls. 
Methodology The walls from standardized root canals in bovine incisors were exposed to a 
standardized volume of sodium hypochlorite (NaOCl) with different concentrations (2% and 
10%), pH (5 and 12) and exposure times (1 and 4 minutes). Two irrigation protocols were 
tested: PUI or LAI with no activation as the control. The activation interval lasted 1 minute, 
followed by a rest interval of 3 minutes with no activation. The reaction rate was determined 
by measuring the iodine concentration using an iodine/thiosulfate titration method. Results 
Exposure time, concentration and activation method influenced the reaction rate of NaOCl 
whereas pH did not. Conclusions Activation is a strong modulator of the reaction rate of 
NaOCl.  During the rest interval of 3 minutes the consumption of available chlorine increases 
significantly. This effect seems to be more pronounced after irrigant activation by laser. pH 
did not affect the reaction rate of 2% NaOCl.

Introduction

Sodium hypochlorite (NaOCl) solutions are commonly used in endodontics because of at 
least 3 important properties: organic tissue dissolving capacity, bactericidal effect and when 
properly used, the absence of clinical toxicity (Moorer & Wesselink 1982). In alkaline solu-
tions, when pure NaOCl is dissolved in water, the following reaction takes place:
 
 NaOCl → Na+ + OCl-

 OCl- + H2O ↔ HOCl + OH-

The free available chlorine consists of hypochlorous acid (HOCl) and the hypochlorite ion (OCl-) 
which exist in an equilibrium, depending on the pH of the solution (Baker 1946). The biological 
activity of NaOCl can be defined as its tissue dissolving capacity and bactericidal effect and will 
be influenced by this equilibrium. In alkaline solutions (pH>7), OCl- prevails, which has a pow-
erful oxidative effect and therefore a higher tissue dissolving capacity than HOCl (Baker 1946). 
On the other hand, HOCl prevails in acidic solutions (3<pH<7) and has a powerful bactericidal 
effect because it is a smaller uncharged molecule which can easily penetrate the bacterial mem-
brane. After penetration it can result in protein degradation (Winter et al. 2008).
In the root canal system, NaOCl reacts with organic matter like pulp tissue, microorganisms and 
organic components of the root canal wall, resulting in a loss of its available chlorine (∆[NaOCl]). 
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The average velocity of this chlorine consumption is defined as Reaction Rate (RR) and can be 
determined by the quotient between the difference in the concentration of NaOCl before and 
after exposure time (∆[NaOCl]) and the total exposure time (∆t)  (RR= ∆[NaOCl]/ ∆t) .
The chemical efficacy of NaOCl will be significantly influenced by many factors, including: its 
concentration (Hand et al. 1978, Thé 1979, Cunningham & Balekjian 1980, Koskinen et al. 1980, 
Abou-Rass & Oglesby 1981, Sirtes et al. 2005, Christensen et al. 2008), the surface contact (Ros-
enfeld et al. 1978, Moorer & Wesselink 1982), refreshment (Moorer & Wesselink 1982), expo-
sure-time (Thé 1979, Cunningham & Balekjian 1980, Moorer & Wesselink 1982, Christensen 
et al. 2008), type of reactant (Baumgartner & Mader 1987), pH (Baker et al.1949, Christensen 
et al. 2008), energy of the activation (Moorer & Wesselink 1982, van der Sluis et al. 2007, Jiang 
et al. 2010), temperature (Cunningham & Balekjian 1980, Abou-Rass & Oglesby 1981, Sirtes et 
al. 2005)  and interaction with other chemicals (Zehnder et al. 2002 and 2005, Shiozawa 2000). 
However, the effect of the above listed factors on the reaction rate is currently unknown. 
The mechanical aspect of the irrigation procedure (Weller et al. 1980, de Groot et al. 2009) 
and the tissue dissolution (Moorer & Wesselink 1982) are improved by Passive Ultrasonic 
Irrigation (PUI) or Laser Activated Irrigation (LAI), especially when NaOCl solutions are 
used (van der Sluis et al. 2010). No evidence was found in the literature of the influence of 
ultrasonic or laser activation of NaOCl solutions on the chemical kinetics of the reaction.
The chemical efficacy of NaOCl depends on its free chlorine form and its reactivity. Reaction 
rate, available chlorine consumption and percentage of chlorine loss (∆[NaOCl]/[NaOCl]0) 
are important variables when studying the reactivity of NaOCl in the presence of dentine and 
to understand its mode of action during root canal therapy.
The aim of this study is to determine the influence of activation method (PUI and LAI), con-
centration, pH and exposure time on the reactivity of NaOCl in contact with dentinal wall. 
The null hypothesis is that there is no difference in reactivity between 2% NaOCl and 10% 
NaOCl; no activation, PUI and LAI; 1 minute and 4 minutes exposure time and; pH 5 and 12 
in 2% NaOCl solutions.

Materials and Methods
Sample selection and standardization 

Sixty-six intact, freshly extracted, bovine maxillary central incisors were used for the experi-
ment. Prior to inclusion of the teeth, the root canals were evaluated radiographically (Advanced 
5.4, Emago, Amsterdam, The Netherlands) from two directions (bucco-palatal and mesio-dis-
tal) at 1, 8, 16 and 24 mm from the root apex, to ascertain that the canals were smaller than the 
final root canal preparation. Roots shorter than 26 mm were excluded.
The teeth were decoronated using a diamond cylindrical high-speed bur (Komet, Lemgo, Ger-
many) with air-spray cooling. Pulp tissue was entirely removed using cotton pliers and Hed-
ström files nr. 80 to 100 (Dentsply Maillefer Colorinox, Ballaigues, Switzerland). The contact 
area between the NaOCl solution and root dentin was standardized by limiting the root and 
working length (WL) to exactly 24 mm and by a standardized enlargement of the root canal 
with a round carbide handpiece bur 023 (Komet, Lemgo, Germany). All samples were irrigated 
with Milli-Q water (Millipore Corporation, Billerica, MA, USA) and brushed with a 5.0 mm 
diameter interdental brush (Lactona, Hatfield , PA, USA) for blood and debris removal.
The apex of the roots was closed using light cured composite (Clearfill Photo Core, Kuraray 
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Dental, Frankfurt am Main, Germany) without bonding system and the apical 20 mm were 
embedded in self-curing resin for handling purpose.

Independent variables
Irrigation methods: Activation Procedures

Two irrigation activation protocols were tested: Passive Ultrasonic Irrigation (PUI) and 
Laser Activated Irrigation (LAI) with no activation of the irrigant as the control. For ir-
rigant placement, a syringe with a 21G needle (Terumo, Leuven, Belgium) was used. The 
needle was inserted to Working Length (WL); total irrigant volume was 0.18 ml. 
PUI was performed with a 25 mm, stainless steel, non-cutting wire (diameter 0.20, taper 0.00) 
(Irrisafe, Acteon, Merignac, France) powered by a piezoelectronic unit (PMax, Acteon, Meri-
gnac, France). The oscillation of the wire was directed in bucco-palatal direction, and the power 
setting was “Red 10”. According to the manufacturer, the frequency used under these conditions 
was 30 kHz; the intensity 8 Watt and the displacement amplitude varied between 20 and 30 μm. 
Laser activation was performed by laser radiation (KEY2 laser, KaVo Dental GmbH, Biberach, 
Germany) from an optical fibre laser tip with outer diameter 280 µm and length 30 mm (type 
Gr. 30 x 28, Kavo Dental GmbH, Biberach, Germany). Calibration by the manufacturer showed 
that the optical fibre has a reduction factor of 0.36, which results in a fluence of 146 mJ.mm-2 for 
a laser pulse energy setting of 100 mJ. The Er:YAG laser emits at a wavelength of 2.94 µm which 
coincides with the major absorption band of water (Robertson & Williams 1971). A pilot study 
demonstrated that the optimal settings for chemical activation of NaOCl in bovine teeth are a 
power setting of 180 mJ per pulse and a pulse repetition frequency of 15 Hz. 
Wire (PUI) and optical fiber (LAI) were inserted 1 mm coronal from the working length and 
were moved slowly up and down 4 mm within the apical one-quarter of the root canal (de 
Groot et al. 2009); the activation time was 1minute. The irrigant loss during the activation of 
the irrigant was tested during a pilot study. The results from this pilot showed that the mean ir-
rigant loss during the activation protocols was 3 μl which is 1.7% of the irrigant volume. Based 
on this information, we concluded that the irrigant loss will not interfere with the results. 
In the control group the irrigant was just left in the root canal without any activation procedure. 

Concentration and pH

Two distinct concentrations and pH values were tested: 10% at pH 12 and 2% at pH 12 and 
pH 5. The pH 12 solutions were obtained by dilution of 155±5 g/L NaOCl (Boom, Meppel, 
The Netherlands) with milliQ water and pH 5 solution by titration of HCl 32% (Merck KGaA, 
Darmstadt, Germany).
The pH and the concentration were measured just before starting each test, using a pH meter - 
pHM220 MeterLAB (Radiometre analytical, Villeurbanne Cedex, France) and an iodometric 
titration assay respectively. 

Exposure time 

For all variables outlined above (activation procedure, concentration and pH) total exposure 
time to bovine dentine was 1 and 4 minutes. In the groups with an exposure time of 4 minutes, 
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the 1 minute of activation was followed by a 3 minute rest interval (no activation). After ex-
posure, the solution was collected by negative pressure using a sterile syringe and a 21-gauge 
needle and put in an Eppendorf tube for quantification of available chlorine.
 
Study design

Sixty-six bovine maxillary central incisors were randomly divided in 14 groups: 8 experimen-
tal groups (laser or ultrasound activation) (n=6) and 6 control groups (no activation)  (n=3) 
(Figure 1). The reaction rate of different concentrations and pH values of NaOCl was assessed 
after exposure to bovine dentine after the different irrigant activation protocols. Measure-
ments were preformed after 1 and/or 4 minutes. 

Reaction rate assay

The reaction rate of the NaOCl solutions was assessed by measuring the amount of total avail-
able chlorine (%v/v) in solution before and after exposure to bovine dentine, using a standard 
iodine/thiosulfate titration method (Vogel 1962).
As this method was described and validated only for large volumes (25ml), smaller volumes 
(from 25ml to 0.01ml) of a 10% NaOCl solution were tested for validation. A Pearson prod-
uct-moment correlation coefficient of 0.996 (P<0.001) between the NaOCl sample volume 
and sodium thiosulfate titrate volume was obtained validating the iodine/thiosulfate titration 
method also for sample sizes within the referred range. 
Measurements were done trice for each sample. Micropipettes (Finnpipettes, MTX Lab Systems, 
USA) were used for titration to increase the accuracy of the method. The reliability was tested using 
interclass correlation coefficient among the three measurements of each sample. A coefficient score 
of 0.999 for average measurements with P<0.001 was found, assuring a high reliability.

Statistics

Student’s t-tests for independent samples were performed to assess differences in final to-
tal available chlorine ([NaOCl]f) between groups with the same initial concentration.  To 
compare groups with different initial concentration (2% vs 10%), the percentage of chlorine 
reduction (Δ[NaOCl]/ [NaOCl]0) was used as dependent variable. For all tests, P-values<0.05 
were considered statistically significant.

Results

The total amount of available chlorine in the NaOCl solutions after 1 or 4 minutes exposure 
with bovine dentine is presented in Table 1 and the reaction rates in Figure 2.   
The difference between the exposure times was statistically significant (P<0.05) for all NaOCl 
solutions and irrigation activation protocols tested, except the 2% pH 5 without activation 
(P=0.157).
Activated NaOCl solutions (PUI and LAI) showed a higher reaction rate than non-activated NaOCl 
solutions (P<0.05). LAI was more effective than PUI after the 3 minute rest interval (P=0.001), but 
there was no difference between systems after the 1 minute activation interval (P=0.081). 
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The effect of activation on short-term exposure is presented in Table 2. There was no differ-
ence in total available chlorine consumption between 1 minute exposure of activated solution 
and 4 minutes without activation (P>0.05). 
High concentration (10% vs. 2%) result in significant higher consumption of available chlo-
rine (Table 1) with no difference in the percentage of chlorine reduction  (Table 3).  

Discussion

Bovine incisor dentine is considered a suitable substitute for human molar dentine (Schilke et 
al. 2000) due to the similar dentinal structure and number of tubuli. However, when used as a 
root canal model, the root canals are larger than human teeth, therefore lumen size, capacity 
and the contact area are significantly increased. After the standardization procedures, the 
prepared root canal had a cylindrical shape with a diameter of 2.3 mm (radius r = 1.15 mm) 
and a WL of 24 mm h. Equation (1) was used to calculate the contact area S between dentine 
and NaOCl.

 S=2.π.r.(h+r/2)  (1)

The volume V of the solution was determined using equation (2)
  
 V= π.r2.h  (2)

For the bovine teeth S=177.5 mm2 and V=99.7 mm3 (ratio V/S=0.56mm), whereas a human 
root canal with for example a parallel shaped preparation of size 60 (van der Borden et al. 
2010) with a length of 15mm has virtually S= 57.7 mm2 and V=4.2 mm3 (ratio V/S=0.07mm). 
The bovine teeth model used has more free chlorine available to react and relatively less or-
ganic matter. Such differences could predict a higher rate of consumption of the reactant 
— dentin organic matter — in our model compared to human teeth, whereas the reaction 
rate of the reagent (NaOCl) would be lower due to the relatively higher volume/surface ratio 
(Dreybrodt et al. 1996). Therefore a higher effect of activation on the reaction rate is expect-
ed in a clinical situation compared to the results of the current study, without the need of 
high-energy settings and possibly within a shorter activation time.
The increased lumen size (diameter of the canal in a cross section) increases the distance 
between the file tip and dentinal walls. This reduces the streaming (convection) from the os-
cillating file towards the dentinal walls, thereby possibly reducing the liquid-wall shear stress. 
Consequently there is less exposure of active chlorine molecules to dentine. Also the occur-
rence of cavitation on the root canal wall will be less likely. 
In order to balance the effect of such dimensional differences, energy of activation was set to 
power “Red 10” for ultrasound and energy per pulse of 180 mJ for laser. These settings have 
been proved to be optimal in out pilot study.   
In general, the reaction rate of a chemical reaction can be defined as the amount of a reactant 
reacted or the amount of a product formed per unit time. The reaction rate of NaOCl can be 
expressed by the velocity of the consumption of its available chlorine during a period of time. 
Its study is vital for understanding the behaviour of a NaOCl solution when it is in contact 
with organic components of the root canal system. 
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Sodium hypochlorite is highly reactive by nature (Dychdala 1977). In the setup used in this 
study, available chlorine loss may be explained by: a) reaction with organic content of dentine, 
b) reaction with residual pulp, debris and/or blood, c) reaction with the material of the activated 
instrument and d) activation, which causes degassing of the solution (Laugier et al. 2008). 
To minimize the impact of factor b), the teeth were thoroughly cleaned trying to limit the 
amount of smear layer by focussing on the removal of the complete pulp and flushing out of the 
residual blood. The small standard deviation (Table 1) indicates this procedure was effective.  
In a pilot study, all energy settings, activation times and protocols (ultrasonic or laser acti-
vation) were tested with NaOCl solutions in plastic 0.5 ml Eppendorf tubes. Activation of 
NaOCl solutions, for the volumes studied, resulted in no changes in the reaction rate of the 
NaOCl solution regardless the initial concentration of available chlorine or pH. These results 
exclude the influence of factors c) and d) in the outcome, which is in accordance with the 
results of Duckhouse et al. (2004).
 Sodium hypochlorite acts by direct contact between free available chlorine molecules and 
organic matter (Moorer & Wesselink 1982). In this context the movement of molecules with-
in fluids plays a major role. Increasing the movement of molecules in the root canal sys-
tem increases the contact of active chlorine molecules and organic matter and therefore the 
chemical efficacy of the irrigant. The flux of molecules within a liquid takes place through 
two mechanisms: diffusion and convection. Diffusion is the random movement of individual 
particles in the fluid. This process is slow and dependent on temperature and concentration 
gradients. On the other hand, convection is a faster and more efficient transport mechanism 
in which molecules are transported by the motion of fluid (Incropera & de Witt 1990). In the 
non-activated solution, diffusion seems to be the main mechanism of molecular transport. To 
what extent and how fast this occurs will depend on the chemical concentration distribution 
in the solution. For the activated irrigants the situation is different. Here the molecular flow 
through the root canal is a convection process sustained by acoustic microstreaming.
Activation of NaOCl influences its reaction rate probably by a synergistic effect of temperature 
and convection in the irrigant/root canal system. The relative importance of these factors how-
ever is not fully understood, although some aspects have been clarified. Activation increases 
convection to the dentinal wall by acoustic streaming (Jiang et al. 2010). It also increases the 
temperature of irrigants (Zeltner et al. 2009), but this rise of temperature alone cannot explain 
the tissue dissolution capacity of activated NaOCl in lateral canals (Al-Jadaa et al. 2009). The 
reported temperature rise during ultrasonic activation of NaOCl without refreshment is ± 8°C 
depending on the location of the measurement (Cameron et al.1988).  Looking at the tissue 
dissolution capacity of NaOCl, an increase of 25°C was needed to compensate for the effect of 
the concentration comparing a 1% to a 5.25% NaOCl solution (Sirtes et al. 2005). In this study, 
the temperature rise will be less because of the larger dimension of the root canals, and also the 
effect in the rest interval cannot be explained by the temperature. Therefore, the temperature 
will probably not affect the results, however it is interesting to know what the effect of activa-
tion will be on NaOCl solutions with a high temperature.
Mason et al. (1996) showed that high intensity ultrasound doubles the rate of hypochlorite 
catalytic decomposition in aqueous solutions. These results highlight the capacity of ultra-
sound to provide unique conditions to drive chemical reactions. These conditions predomi-
nantly derive from acoustic cavitation. 
Although cavitation has been observed to occur in root canal models during PUI (Lumley et al. 
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1988) or LAI (de Groot et al. 2009), its chemical effect on root canal cleaning is poorly studied. 
Activation was one of the most significant modulators of the reaction rate. For all exposure 
times, concentrations, and pH tested, activation during 1 minute either by ultrasound or laser 
increased the reactivity of NaOCl (Table 1 and 3). Activation compensates 3 minutes of expo-
sure time (Table 2), which is in line with the findings of Moorer & Wesselink (1982).
An increase in the reaction rate was also found in the rest interval of the activated NaOCl 
solutions (Figure 2), which has never been reported before in the literature. Activation, ac-
tivation type and concentration of the NaOCl solution were the major modulators of this 
phenomenon. The type of the activation seems also to play a role in the mechanism of action 
as LAI sustained a higher reactivity over time. The causes of such difference are not yet fully 
understood thus will be subject of further investigations.
The efficacy of NaOCl depends on the efficiency of its free chlorine form and its reactivi-
ty. In distinctly acid solution, chlorination predominates over oxidation whereas in alkaline 
solution oxidation is more pronounced. As the reaction dentine-NaOCl is predominantly 
oxidative, a high efficacy of an alkaline over an acidic NaOCl (Baker 1949) can be expected 
even though no difference in reactivity between pH 12 (OCl-) and pH 5 (HOCl) solutions was 
found in this study.
For all groups, 10% solutions react in a direct proportion with 2% as we found no differences 
regarding the rate of consumption between both concentrations (Table 3). This means that 
in 10% NaOCl solutions there is approximately 5 times more chlorine consumption than 2% 
(Figure 3). Such results are in accordance with the findings of Moorer & Wesselink (1982) and 
may explain the reported direct proportion between NaOCl concentration and its tissue dis-
solution capacity (Hand et al. 1978, Thé SD 1979, Cunningham & Balekjian 1980, Koskinen et 
al. 1980, Abou-Rass & Oglesby 1981, Moorer & Wesselink 1982, Sirtes et al. 2005, Christensen 
et al. 2008). 

Conclusions

Under the circumstances of this study, activation of NaOCl solutions significantly increased 
the reaction rate of these solutions. This increase was not limited to the activation interval 
but extended to the rest interval after activation. Here, an association was found between 
the reaction rate of NaOCl solutions and the activation, activation type and concentration of 
NaOCl. In general, pH did not seem to be a contributory factor. Furthermore, the concentra-
tion of NaOCl solutions did not affect the percentage of chlorine loss but only the amount of 
chlorine consumed.
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Tables

 Solution Activation Exposure time  1 vs. 4min

   1min 4min 
 NaOCl 2% pH5 No Act 1.5±0.06 1.33±0.16 p=0.157

 NaOCl 2% pH5 PUI 1.28±0.06 0.89±0.09 p<0.001

  NaOCl 2% pH5
  No Activation vs PUI p=0.002 p=0.001 

 NaOCl 2% pH12 No Act 1.65±0.04 1.39±0.05 p=0.002

 NaOCl 2% pH12 PUI 1.38±0.17 0.89±0.07 p<0.001

  NaOCl 2% pH12
  No Activation vs PUI p=0.01 p<0.001 

 NaOCl 10% pH12 No Act 8.16±0.09 7.44±0.10 p=0.001

 NaOCl 10% pH12 PUI 7.04±0.45 4.64±0.36 p<0.001

  NaOCl 10% pH12
  No Activation vs PUI p=0.004 p<0.001 

 NaOCl 10% ph12 LAI 7.43±0.22 3.82±0.27 p<0.001

  NaOCl 10% pH12
  No Activation vs LAI p<0.001 p<0.001 

 NaOCl 10% pH12

 PUI vs. LAI p=0.081 p=0.001

LAI, laser activated irrigation; PUI, passive ultrasonic irrigation.

Table 1: Mean ± SD of total available chlorine (%v/v) after 1 or 4 minutes exposure. In bold, 
comparison between means express the effect of exposure time and activation method.

 Solutions Activation 4min Exposure 1min Exposure 1 vs. 4min
   No Activation Activation
 2% pH 5 PUI 1.33±0.16 1.28±0.06 p=0.486

 2% pH 12 PUI 1.39±0.05 1.38±0.17 p=0.915

 10% pH 12 PUI 7.44±0.10 7.04±0.45 p=0.173

 10% pH 12 LAI 7.44±0.10 7.43±0.22 p=0.906
 

LAI, laser activated irrigation; PUI, passive ultrasonic irrigation.

Table 2: Mean ± SD of total available chlorine (%v/v) after 1 or 4 minutes exposure. In bold, 
comparison between means express the effect of activation on short-term exposure.
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 Exposure time Activation Solutions  P value
   2% pH 12 10% pH12 2% vs 10%
 1min  No Activation 17.33%±2 18.33%±1 P=0.507

 4min No Activation 30.67%±2 26.33%±1 P=0.034

 1min PUI 31.33%±9 29.83%±4 P=0.920

 4min PUI 55.83%±4 53.5%±4 P=0.286

LAI, laser activated irrigation; PUI, passive ultrasonic irrigation.

Table 3: Mean ± SD of the percentage of chlorine reduction (%v/v) of 2% and 10% NaOCl 
solutions after 1 or 4 minutes exposure and with or without activation of the solutions.

Figures

Figure 1: Distribution of the samples per groups. 
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Figure 2: Effect of exposure time, activation method, concentration and pH on the reaction 
rate of NaOCl solution, measured after 1 minute and 4 minutes of contact with dentine.

 

Figure 3: Illustration of the effect of activation method, concentration and pH on the total 
available chlorine (%v/v) of the irrigation solution, measured after 1 minute and 4 minutes of 
contact with dentine.
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Influence of refreshment/activation cycles and 
temperature rise on the reaction rate of sodium 

hypochlorite with bovine dentine during ultrasonic 
activated irrigation*

Abstract

Aim To evaluate the effect of multiple refreshment/activation cycles and temperature on the 
reaction rate of sodium hypochlorite (NaOCl) with bovine dentinee during ultrasonic activated 
irrigation (UAI) under laboratory conditions. Methodology The root canal walls of twenty-four 
standardized root canals in bovine incisors were exposed to a standardized volume of NaOCl 
at different temperatures (24°C and 38°C) and exposure times (20, 60 and 180 s). The irrigant 
was refreshed and ultrasonically activated 4 times for 20 s followed by a 40 s rest interval, with 
no-refreshment and no-activation as the controls. The reaction rate was determined by measur-
ing the amount of active chlorine in the NaOCl solution before and after being exposed to den-
tinee during the specific experimental conditions. Calorimetry was used to measure the electri-
cal-to-sonochemical conversion efficiency during ultrasonic activation. Results Refreshment, 
activation and exposure time all increased the reaction rate of NaOCl (p<0.05). During activa-
tion, the temperature of the irrigant increased up to 10°C. Such temperature rise was insufficient 
to enhance the reaction rate of NaOCl (p>0.125). Conclusions The reaction rate of NaOCl with 
dentine is enhanced by refreshment, ultrasonic activation and exposure time. Temperature rise 
of irrigant during ultrasonic activation was not sufficient to alter the reaction rate.

Introduction

Sodium hypochlorite (NaOCl) is the main irrigation solution used in endodontics because of its 
antimicrobial activity, tissue dissolving capacity and, when properly used, the absence of clinical 
toxicity (Zehnder 2006). Sodium hypochlorite is highly reactive by nature (Dychdala 1977). In the 
root canal system, NaOCl reacts with pulp tissue, microorganisms, biofilm and organic compo-
nents of the root canal wall, resulting in loss of its available chlorine (Moorer & Wesselink 1982). 
The reaction rate (chemical efficiency) and/or tissue dissolution capacity (chemical efficacy) of 
NaOCl are significantly influenced by the concentration, exposure time, laser/ultrasonic energy 
applied (Macedo et al. 2010), contact area (Rosenfelt 1978, Moorer & Wesselink 1982), tempera-
ture (Sirtes et al. 2005) and interaction with other chemicals (Shiozawa 2000, Zehnder et al. 2002, 
2005). Various studies have shown that ultrasonic activated irrigation (UAI) improves the tissue 
dissolution (Moorer & Wesselink 1982) as well as removal of dentine debris (van der Sluis et al. 
2010). Ultrasonic activation of NaOCl is believed to enhance its reaction rate by a synergistic effect 
of a temperature rise, enhanced streaming (resulting in mixing of the irrigant) and cavitation of the 
irrigant (Zehnder 2006). However, the exact working mechanism has not been clarified.

* Published as: Macedo RG, Verhaagen B, Wesselink PR, Versluis M, van der Sluis LWM (2013) Influence of 
refreshment/activation cycles and temperature rise on the reaction rate of sodium hypochlorite with bovine dentine 
during ultrasonic activated irrigation. International Endodontic Journal, In press 
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During UAI, the Intermittent Flush Method (IntFM) can be applied to refresh the irrigant 
(Cameron 1988, van der Sluis et al. 2010). Using IntFM, the irrigant is delivered into the root 
canal with a syringe subsequently, the irrigant is activated ultrasonically. These two steps are 
repeated in a multiple refreshment/activation cycle protocol. Depending on the irrigation 
time, this method is equally or more effective than refreshment with a continuous flow of 
irrigant into the pulp chamber (van der Sluis et al. 2009). In previous studies where IntFM 
was applied, a plateau in debridement efficacy over three refreshment/activation cycles was 
observed (Al-Jaada et al. 2009, van der Sluis et al. 2010). However, the effect of refreshment/
activation cycles on the chemical efficiency of NaOCl is still unknown.   
The reaction rate can be determined by the change in NaOCl concentration within a certain 
time interval due to the reaction with organic tissue. It has been proven that the reaction rate 
of NaOCl is directly correlated with organic tissue dissolution efficiency (Moorer & Wesselink 
1982) mainly due to its proteolytic effect (Baker 1947). In the current study, dentine is used as 
the substrate to react with NaOCl. It is composed of a complex organic and inorganic struc-
ture where type I collagen dominates the organic matrix (20% of weight percentage and 33% 
of volume) and hydroxylapatite the inorganic part (Nanci 2008). NaOCl has predominantly 
an impact on dentine’s organic matrix (Driscoll et al. 2002). It splits up the long peptide chains 
by chlorination of the final protein groups (Davies et al.  1993). 
Calorimetry is used to measure the ultrasonic power transferred into a solution. It provides 
a good measure to evaluate the mechanical and electrical efficiency of the sonochemical re-
actor system (Iida et al. 2005), as the mechanical effects of microstreaming and cavitation are 
directly correlated with ultrasonic power (Mason & Lorimer 2002).
The aim of this study is to evaluate the effect of a) temperature b) the influence of four ultra-
sonic refreshment/activation cycles on the chemical reaction of NaOCl with bovine dentine, 
and c) to measure temperature variations and the ultrasonic power of ultrasonic activated ir-
rigation under laboratory conditions. The null hypothesis were that there was no difference in 
reactivity between NaOCl at room temperature (24ºC) and preheated to 38ºC with or without 
ultrasonic activation; and between refreshment (intermittent flush method) and no refresh-
ment of NaOCl in ultrasonic activated irrigation.

Materials and Methods

The chemical reaction of NaOCl at different temperatures was assessed after exposure to bo-
vine dentine in different irrigation sequences. 

Sample selection and standardization 

Twenty-four intact, freshly extracted, bovine maxillary central incisors were randomly divid-
ed in seven groups: one experimental group (IntFM including 4 refreshment/activation cycles) 
with 6 teeth and six control groups with 3 teeth each. The groups are described in Figure 1 and 
Table 1. For the negative control groups, the NaOCl solution was placed in plastic Eppendorf 
tubes (0.2 mL). Prior to inclusion of the teeth, the root canals were radiographically evaluated  
(Advanced 5.4; Emago, Amsterdam, The Netherlands) from two directions (bucco-lingual and 
mesio-distal) at 1, 8, 16 and 24 mm from the root apex, to ascertain the included root canals 
were smaller than the final root canal preparation dimension. Roots shorter than 26 mm were 
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excluded. The teeth were prepared and standardized as described elsewhere (Macedo et al. 2010) 
limiting the root length to exactly 24 mm, parallel walls and the lumen diameter to 2.3 mm. 

Concentration, pH and temperature

A 2.5% NaOCl solution, with a pH of 12 and an initial temperature of 24oC (room temperature) 
or 38oC (pre-heated in a warm bath) was used as root canal irrigant. The solution was obtained 
by dilution of 155±5 g/L NaOCl (Boom, Meppel, the Netherlands) with milli-Q water (Millipore 
Corporation, Billerica, MA, USA).  The pH, temperature and the concentration were measured just 
before starting each test, using a pH meter (pHM220 MeterLAB, Radiometre analytical, Villeur-
banne, France), thermometer inside a root canal  (HI 93552R, HANNA instruments, IJsselstein, 
The Netherlands) and an iodometric titration assay (Vogel 1962), respectively. 

Activation procedures

The irrigant was delivered by syringe with a 21G needle (Terumo, Leuven, Belgium) inserted to 
working length (WL). The total delivered irrigant volume was 0.18 mL for each refreshment/ac-
tivation cycle. Thereafter, UAI was performed with a stainless steel, non-cutting wire (diameter 
0.20, taper 0.00, length 25 mm) (Irrisafe; Acteon, Merignac, France) powered by a piezoelectron-
ic unit (PMax, Acteon, Merignac, France) at 1 mm coronal from the WL. The oscillation of the 
wire was directed in a bucco-lingual direction, and the power setting was “red 10”. The frequency 
used under these conditions was 30 kHz; the electronic power was measured to be 4 Watt and 
the displacement amplitude 65 μm (Jiang et al. 2011). The irrigant loss during its activation was 
3 μL, which equals 1.7% of the total volume and thus not considered as significant. This value was 
determined by measuring the weight (Genius ME235P, Sartorius, Göttingen, Germany) loss of the 
irrigant-filled tooth during 1 min of activation, taking into account the density of the solution (Na-
OCl=1.11 g/cm³). Activation time ranged from 20 to 180 s (Figure 1). In the control groups without 
activation, the irrigant was just left in the root canal without any activation procedure. 

Reaction rate essay

The reaction rate of NaOCl was assessed by measuring the amount of total available chlorine 
in solution before and after exposure to bovine dentine, using a standard iodine/thiosulfate 
titration method (Vogel 1962). Exposure times ranged from 20 to 180 s (Figure 1). A previous 
study (Macedo et al. 2010) has shown high reliability and validity of this method for the bovine 
sample volumes used in this study. Measurements were done three times for each sample.

Calorimetry

A bovine tooth was used for calorimetric characterization of the reaction. An opening was 
drilled across radicular dentine to the canal with a round carbide bur (diameter 1.0 mm) at 
1 mm coronal from the WL, in order to mount T-type thermocouples (Labfacility, Dinning-
ton, UK) flush with the canal walls. The thermocouple was fixed in position with composite 
(Clearfil photo core, Kuraray dental, New York, USA), and its final position was verified with 
radiographs. The tooth was fixed by its coronal third. The thermocouple was connected to 
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a data recorder HI 93552R (HANNA instruments, IJsselstein, The Netherlands) operated by 
HI92000 software, recording the temperature every 2 s. The resolution of the measurement 
tool was 0.1°C and the accuracy ±0.5°C. A 2.5% NaOCl solution, pH 12 at 24oC, was activat-
ed for 60 s. A control group with 38°C preheated solutions was monitored for the same time 
period (60 s) with no activation. Measurements were done three times. The average ultrasonic 
power (W) dissipated was measured during 1 min using the following equation (1): 
              

ΔT  Power = CwMw –––––  (1)
              Δt

where Cw is the heat capacity of water (4.18 J/g ºC), Mw is the mass of water (g), and (ΔT/Δt) is 
the temperature rise per second (oC/s). The observed ultrasonic power dissipated into solution 
(W/mL) was calculated by dividing the ultrasonic power by the volume of liquid inside the bo-
vine tooth (0.18 mL). The electrical-to-sonochemical power conversion efficiency was obtained 
by the ultrasonically dissipated power divided by the electronic power input (4W). 

Statistical analysis

T-tests for independent samples were performed to assess the differences in the final total avail-
able chlorine ([NaOCl]f) between groups. To compare the total available chlorine after each cy-
cle a paired t-test was used. For all tests, P-values<0.05 were considered statistically significant.

Results

The total amount of available chlorine remaining in the NaOCl solution after exposure to 
bovine dentine is presented in Table 1 and the comparison between the groups in Table 2.   
The total amount of chlorine consumed during each activation/refreshment cycle (Fig. 3) decreased 
significantly (P<0.05). A cumulative effect in the amount of chlorine consumed was observed over 3 
activation/refreshment cycles, with an increase of 28% over the non-IntFM group (P=0.041).
Activation (UAI vs no activation) and longer exposure time (60 vs 20 s) both resulted in a 
significantly higher consumption of available chlorine (P<0.05). 
UAI increased the temperature by 3.9ºC and 9.9ºC after 20 and 60 s, respectively, of activation 
of irrigant solution inside the bovine tooth. However, pre-heating NaOCl to a temperature of 
38ºC did not result in a significant increase of its reaction rate when compared to irrigant at 
24ºC, for both activated and non-activated solutions (Table 2). 
The acoustic power transmitted to the solution was 1.1 W/mL, which corresponds to a power 
conversion efficiency of 4.95% at 30 kHz, ‘red 10’ and at 4W input condition.

Discussion

In this study, the amount of chlorine available in NaOCl was found to decrease during ultra-
sonic activation. This may be explained by: a) reaction with organic content of dentine, b) re-
action with residual pulp, debris and/or blood, c) reaction with the material of the activation 
instrument and d) activation itself, which could cause decomposition of the molecule (Mason 
et al. 1996) and also degassing of the solution (Laugier et al. 2008). To minimize the impact of 
factor (b) the teeth were thoroughly cleaned, in order to limit the amount of smear layer, pulp 
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and residual blood. The small standard deviation in the total remaining amount of available 
chlorine suggests that this procedure was effective. Two negative control groups using plastic 
Eppendorf tubes were included to test the influence of activation of irrigant on the reaction 
with the activation instrument itself (c) and on degassing and decomposition of the NaOCl (d). 
Exposure of the irrigant to the plastic walls of the control-microreactors resulted in no changes 
in the NaOCl concentration regardless of the activation protocol. These results exclude the in-
fluence of factors c) and d) in the outcome, which is in accordance with the results of Duckhouse 
et al. (2004). Therefore, it can be concluded that the reaction rate of NaOCl was based on the 
reaction of NaOCl with dentine only. This is confirmed by the observation that a progressive 
reduction of the total amount of chlorine that has reacted was seen after each activation/refresh-
ment cycle of the intermittent flush protocol (Fig. 3). This indicates that the reaction is limited 
by the amount of available organic substance to react, in this case in the root canal wall. In this 
study, bovine incisor dentine was used as it is considered a suitable substitute for human molar 
dentine (Schilke et al. 2000) due to the similar dentinal structure and number of tubules. Here, 
the organic substance is bound to inorganic material inhibiting the consumption of the organic 
content (Baumgartner & Mader 1987). When smear layer, dentine debris, pulp tissue or biofilm 
are present in the root canal, these structures will dictate the reaction of the NaOCl solution. 
Increasing the movement of molecules of irrigant in the root canal system improves the contact 
between active chlorine molecules and organic matter and therefore the chemical efficacy of the 
irrigant. The flux of molecules within a liquid takes place through two mechanisms: diffusion and 
convection. Diffusion is the result of the random movement of individual particles in the fluid. 
This process is slow and depends on temperature and concentration gradients (Squires & Quake 
2005). Convection is a faster and more efficient transport mechanism with which molecules are 
transported by the motion of fluid (Incropera & de Witt 1990). During ultrasonic activation the 
flow of irrigant through the root canal is dominated by convection through acoustic microst-
reaming (Ahmad et al. 1987, Roy et al. 1994, Jiang et al. 2010, Verhaagen et al. 2013), leading to 
mixing of the consumed and unused irrigant. This explains the chemical enhancement of NaOCl 
during UAI observed in this study and in earlier publications (Moorer & Wesselink 1982, Macedo 
et al. 2010). In the non-activated groups and in the rest period of the activated groups, diffusion 
will be the main mechanism of molecular transport. To what extent and how fast this occurs de-
pends on the concentration distribution in the solution, but also on the activation period, which 
can influence the reaction rate of the rest period (Macedo et al. 2010). 
In this study the intermittent flush protocol increased the reaction rate of NaOCl by 28% 
(P<0.05). This can be explained by the delivery of fresh NaOCl (active chlorine) into the root 
canal during each rest phase. Delivery of irrigant solution by a syringe induces convection of 
irrigant solution in the root canal (Boutsioukis et al. 2010). However, this convection most 
probably does not contribute to the overall efficacy of the chemical reaction of NaOCl, be-
cause of its short duration, limited volume and inefficiency in mechanical debridement of a 
simulated oval canal (van der Sluis et al. 2010). 
Refreshment has been claimed to be an effective method to compensate the loss of chemical 
efficiency of a lower concentration of NaOCl solutions (Moorer & Wesselink 1982, Zen-
hder 2006), but this has never been proven. From the results presented here and previously 
(Macedo et al. 2010) (Fig. 4), it can be concluded that the reaction rate of 2.5% NaOCl 
during 4 minutes of contact with dentine with refreshment is approximately five times less 
than 10% NaOCl without refreshment, and also two times less efficient compared to 1 min-
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ute of contact of the 10% NaOCl without refreshment. Such loss of efficiency observed at 
low concentrations cannot be compensated by a combination of ultrasonic activation and 
multiple refreshments. Figure 4 shows that the reaction rate of 2.5% NaOCl with refresh-
ment and ultrasonic activation during 4 minutes of contact is approximately two times 
less than 10% NaOCl without refreshment or activation, and also 1.55 times less efficient 
compared to 1 minute of contact with the same solution, under similar experimental con-
ditions (Macedo et al. 2010). A possible explanation is that penetration of NaOCl deep into 
the dentine is a diffusion process, dependent on temperature and concentration gradients.
It is often thought that ultrasonic activation of NaOCl enhances its reaction rate by a synergis-
tic effect of a temperature rise and mechanical effects (streaming and cavitation) of the irrig-
ant (Zehnder 2006). Here, it was found that UAI increased the temperature of the irrigant by 
3.9ºC and 9.9ºC after 20 or 60 s of activation, respectively. This is in line with previous reports 
that measured a temperature increase of approximately 8°C (Cameron et al. 1988, Zeltner et al. 
2009). Such temperature rises do not influence the reaction rate of NaOCl, as was shown here. 
This observation is in accordance with the data of Al-Jadaa et al. (2009) who demonstrated that 
the temperature rise measured during ultrasonic activation of the irrigant did not enhance the 
dissolution of bovine pulp tissue in lateral canals. Therefore, it can be concluded that the in-
crease in chemical effect by ultrasonic activation of the irrigant is due to mechanical effects such 
as microstreaming (improved mixing of irrigant resulting in refreshment of active molecules at 
the contact surface) and cavitation and not due to a temperature rise. The contribution of cavi-
tation to ultrasonic cleaning of root canals is still controversial (Ahmad et al. 1988, Lumley et al. 
1988), although recently its occurrence has been demonstrated (Macedo et al. 2013) under the 
conditions used in this study and in human-sized root canal models (Jiang et al. 2011). 
The ultrasonic power transmitted into NaOCl in the bovine teeth in this study (1.1W/mL) 
using a high ultrasonic intensity is comparable to human teeth when, according to man-
ufacturer instructions, low intensity is used (1.74W/mL). Therefore, the outcomes of this 
study are most probably similar for human teeth were a low intensity ultrasound is used. 
Nevertheless, inside a human tooth, the irrigant temperature could be influenced by the 
temperature of the surrounding structures (34-37ºC), which may affect the heat transport. 
This should be the subject for future studies. 

Conclusions

After three consecutive cycles of refreshment/ultrasonic activation of a NaOCl solution, a 
cumulative increase of its reaction rate was found. Activation and the total exposure time 
increased reaction rate of NaOCl. During activation, the temperature of the irrigant increased 
by up to 10ºC. However, such a temperature rise was insufficient to enhance the reaction rate, 
suggesting that mechanical effects such as acoustic streaming and cavitation are the dominant 
factors in ultrasonic activated irrigation.
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Tables

 
N

 Activation Exposure Temperature Total Available 
Consumption

  Time Time ºC Chlorine

IntFM (Cycles 1+2+3) 6 60 sec 180 sec 24  1.37 mol
Cycle 1 6 20 sec 60 sec 24 1.91% ± 0.08 0.72 mol
Cycle 2 6 20 sec 60 sec 24 2.17% ± 0.06 0.43 mol
Cycle 3 6 20 sec 60 sec 24 2.32% ± 0.05 0.23 mol
Cycle 4 6 20 sec 60 sec 24 2.43% ± 0.03 0.08 mol
No IntFM  3 60 sec 180 sec 24 1.67% ± 0.16 1.07 mol
Control 1 3 60 sec 180 sec 38  1.66% ± 0.13 1.08 mol
Control 2 3 20 sec 20 sec 24 2.20% ± 0.11 0.39 mol
Control 3 3 0 sec 180 sec 24 1.96% ± 0.04 0.70 mol
Control 4 3 0 sec 180 sec 38  1.92% ± 0.08 0.74 mol
Control 5 3 0 sec 60 sec 24 2.11% ± 0.05 0.51 mol
Negative Control 1 3 180sec 180sec 38  2.49%± 0.03 0.01 mol
Negative Control 2 3 0sec 180sec 38  2.48%± 0.02 0.02 mol

 

Table 1: Measurement group characteristics and mean ± standard deviation of total available 
chlorine [%(m/v)] after dentine exposure and corresponding chlorine consumption during 
the reaction.

Independent  Groups Difference
variables  % p value
Irrigation Protocol IntFM > No IntFM  28 0.041
Temperature Control 4 > Control 3  6 0.152
 Control 1 > No IntFM  1 0.958
Activation Cycle 1 > Control 5  41 0.015
 No IntFM > Control 3  53 0.039
 Control 1 > Control 4  46 0.028
Exposure Time Cycle 1 > Control 2 85 0.005
 Control 3 > Control 5 37 0.022

Table 2: Influence of independent (clinical) variables in the reaction rate of NaOCl. Bold 
font indicates statistical significant difference between groups (P < 0.05). Differences 
between irrigation protocols were determined using the formula [(A/B) - 1] × 100% 
where A is the total chlorine consumption (mol) in the most chemical efficient group 
and B in the least.
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  Figures

 
Figure 1: Distribution of the samples per group.

Figure 2: Example of the calorimetry data in a bovine tooth under in vitro conditions. The 
average temperature during the experiments was 28.8°C in the activated group and 34.6°C in 
the preheated group.
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Figure 3: Effect of refreshment in the total available chlorine involved in the reaction of NaOCl 
with dentine. Mean of the total available chlorine consumed during the reaction, after 1 min 
of exposure time.

Figure 4: Influence of concentration [%(m/v)], ultrasonic activated irrigation and refresh-
ment in the reaction rate of NaOCl with dentine. Mean of the total available chlorine con-
sumed in the reaction, after 1 and 4 min of exposure time. *Exposure time 3 min; **Data 
published in Macedo et al. 2010 under similar experimental conditions.
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Influence of the dentinal wall on the pH of NaOCl during 
root canal irrigation*

Abstract

Aim To evaluate the influence of dentin on pH levels of different concentrations of  sodium 
hypochlorite (NaOCl) solutions over time and to evaluate if pre-conditioning of dentin with 
17% EDTA or agitation of the NaOCl solution influences these pH levels. Methods A novel 
clinical representative model that respects the ratio volume of irrigant and dentin surface of 
a human root canal has been used. Three standardized bovine dentin bars (2mm × 2mm × 
10mm) were placed in a plastic test tube. One hundred and fifty tubes were distributed in 29 
groups. In the first experiment, the pH of various NaOCl solutions, with different concentra-
tions (3%, 6% and 9%) and pH (5 and 12), was monitored during exposure to dentin from 10 
to 300 seconds. In a second experiment, the effect of agitation (45Hz) and pre-treatment of 
dentin with 17% EDTA on the pH of various NaOCl solutions was studied after 30 seconds 
of exposure to dentin. Short-term chemical stability of the tested solutions was assessed for 
both concentration and pH. Results/Conclusions Exposure time (P <0.001) and concentra-
tion of the NaOCl solution (P <0.01) significantly influence its pH after exposure to dentin. 
However, the change in pH is too small to induce a change in the irrigant antimicrobial/tissue 
dissolution capacity. Agitation of irrigant and preconditioning of dentin did not alter the pH 
(P>0.05). Both the pH5 and pH12 solutions were chemically stable for 1 hour. 

Intruduction

Sodium hypochlorite (NaOCl) is widely used as primary root canal irrigant of choice (Dutner 
et al. 2012) due to its unpaired action against microorganisms (McDonnell & Russell 1999)  
and biofilm (Arias-Moliz et al. 2009) and unique capacity to dissolve pulp tissue (Sirtes et al. 
2005) and organic components of the smear layer (Baumgartner & Mader 1987). The reaction 
of NaOCl with these components in the root canal system (including the root canal wall), will 
reduce its available chlorine (Macedo et al. 2010). The reaction rate (chemical efficacy) and/or 
tissue dissolution capacity of NaOCl are significantly influenced by the concentration, expo-
sure time, laser/ultrasonic energy applied (Macedo et al. 2010), contact area (Rosenfeld et al. 
1978; Moorer & Wesselink 1982), temperature (Sirtes et al. 2005), interaction with other chem-
icals (Shiozawa 2000; Zehnder et al. 2002; Zehnder et al. 2005) and pH (Jungbluth et al. 2011).
The pH of the solution determines the equilibrium of the free available chlorine, the hypo-
chlorite ion (OCl–) and the hypochlorous acid (HOCl) (Baker 1947) (Fig.1). The biological ef-
fect of NaOCl, which can be defined as its tissue-dissolving capacity and antimicrobial effect, 
will be influenced by this equilibrium. In alkaline solutions (pH > 7.5), OCl– prevails, which 
has a powerful oxidative effect and therefore a higher tissue dissolving capacity than HOCl 
(Baker 1947). On the other hand, HOCl prevails in acidic solutions (3 < pH < 7.5). It has a 

* Published as: Macedo RG, Pascual Herrero N, Wesselink PR, Versluis M, van der Sluis LWM (2014) Influence of the 
dentinal wall on the pH of NaOCl during root canal irrigation. Journal of Endodontics. Accepted
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powerful bactericidal effect probably because it is a smaller uncharged molecule, which can 
relatively easily penetrate the bacterial membrane. After penetration, it can result in protein 
degradation (Winter et al. 2008). 
However, contradicting findings have been reported in the endodontic literature. A reduction of the 
pH down to 5 neither showed a decrease in the tissue dissolution of a NaOCl solution (Christensen 
et al. 2008), nor a change in its reaction rate when exposed to dentin (Macedo et al. 2010). The buffer 
capacity of dentin (Portenier et al. 2001) or any other component of the root canal system like e.g. 
pulp tissue (Jungbluth et al. 2011) could be an explanation for these results. Therefore, it is import-
ant to know the buffer capacity of the different components of the root canal system.
Because the influence of the buffer capacity of dentin on the pH of a NaOCl solution has never 
been evaluated, the first aim of this study was to evaluate the influence of dentin on pH levels 
of different concentrations of NaOCl solutions over time. The second aim was to evaluate if 
pre-conditioning of dentin with 17% EDTA or agitation of the NaOCl solution would influ-
ence the pH levels of NaOCl solutions. A clinical representative model that respects the ratio 
of the volume of the irrigant to the surface of a human root canal has been used. The null 
hypothesis is that there is no influence of the concentration or agitation of NaOCl solutions 
or preconditioning of dentin with EDTA on the pH levels of NaOCl solutions. 

Materials & Methods

Dentin bars were prepared from the roots of bovine incisors immediately after extraction, 
using a saw microtome (SP1600, Leica Microsystems, Glattbrugg, Switzerland) to a profile of 
2mm × 2mm; the length of the bars was controlled using a stereomicroscope (Stemi SV6; Carl 
Zeiss, Göttingen, Germany) and grinded to 10 mm. For all the dentin bars, the orientation 
of the tubuli was perpendicular to its long axis. All biological material used was stored over-
night in sterile Milli-Q water (Millipore Corporation, Billerica, MA, USA) at 4ºC to prevent 
bacterial growth.
In total four hundred and fifty dentin bars (2×2×10mm) were prepared, weighed and distrib-
uted to 150 plastic sample tubes (volume 1.5 mL; diameter 2.5 mm, taper 4%, length 25 mm) 
(Thermo Fisher Scientific, Waltham, USA) which were randomly distributed within 29 groups. 
Three dentin bars were included in each sample tube with an average sum of dentin surface of 
264mm2 and 527.7±9.9mg of weight. Table 1 represents the distribution of samples per groups.
Three different concentrations of NaOCl solutions and two pH values were tested: 12% and 
6% at pH 12 and 3% at pH 12 and 5. The pH 12 solutions were obtained by dilution of 10-15% 
NaOCl - reagent grade, (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) with milliQ water 
(Millipore Corporation, Billerica, MA, USA) and the pH 5 solutions by titration of perchloric 
acid  (HClO4 70-72%) (Merck KGaA, Darmstadt, Germany). The pH and the concentration 
were measured just before starting and after each test, using a Sentron pH meter (SENTRON 
Europe B.V., Roden, The Netherlands) with a Sentron microelectrode (Topac Inc, Cohasset, 
MA, USA) and a standard iodine/thiosulfate titration assay (Vogel 1962), respectively.
Using a micropipette (Finnpipettes; MTX Lab Systems, Vienna, VA, USA), the dentin bars, al-
ready placed in sample tubes, were irrigated with 0.6mL of the NaOCl solution to be tested for 
a certain time ranged from 10 to 300 seconds (Table 1). 
In a second experiment, the influence of agitation of the NaOCl solutions or pre-conditioning of 
dentin with 17% EDTA on the pH of the tested solutions was determined (Table 1b). During these 
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tests, the dentin bars were exposed for 30 seconds to a 3% and 6% NaOCl solution with pH 12 and 
3% NaOCl solution with pH 5. Negative control groups without agitation were included for all 
solutions tested. To determine the influence of agitation a vortex was used at 45Hz (Vortex Genie 
2, The Lab Warehouse, London, UK). To pre-condition dentin with EDTA, the bars in the sample 
tube were immersed for 1 min in 0.6mL EDTA 17% (Lottanti et al. 2009). The dentin bars were im-
mediately rinsed with Milli-Q water to stop the chelation, dried using absorbent papers (Kleenex®, 
Milsons Point, NSW, Australia) and placed in new sample tubes before the experiments. 
Short-term chemical stability of the above mentioned solutions, in 1.5mL plastic tubes (Thermo 
Fisher Scientific), was assessed by measuring the amount of available chlorine using the afore-
mentioned iodometric titration assay and the pH of the solution was measured over time (10, 
30, 45 and 60 min) using a pH meter and electrode. Three measurements were done for each 
solution at room temperature (21ºC). 
The relation of the pH and free chlorine levels of the different NaOCl solutions was monitored 
with Spearman’s rank correlation coefficient. Kruskal-Wallis one-way analysis of variance was 
performed to assess differences in final pH levels between groups with different concentration 
(3%, 6% and 12%). Mann-Whitney U tests were used to compare the influence of agitation and 
pre-treatment of dentin with EDTA on the pH levels of different NaOCl solutions. For all tests, 
P-values <0.05 were considered statistically significant.

Results

The relation of the pH levels of the tested NaOCl solutions after contact with dentin is rep-
resented in Fig.2. Spearman’s rank correlation coefficient was for all solutions a correlation 
coefficient of 1.00 and P-values <0.001 showing a direct proportion between the contact time 
of NaOCl-dentin and the buffering of the solutions. Average standard deviation per group 
was 0,35 and range [0.11-0.63].
A high concentration of NaOCl compensates the buffer effect of dentin. A NaOCl solution of 12% 
at pH12 shows a significantly lower reduction of the pH than the solutions at 3% and 6% (P-values 
<0.01) that show no differences in final pH for all tested exposure times (P-values >0.05).
Agitation of the solution or pre-treatment of dentin with EDTA did not influence the pH of 
the irrigant solutions after 30 s of exposure with dentin (P-values >0.05). 
The chemical stability essay showed that lowering the pH of the NaOCl solution to 5 using 
HClO4, reduces approximately 50% of the initial concentration of 6%. After preparing the 
solutions, the concentration (3%) and pH (5) were kept constant during one-hour at 21oC, 
therefore the turnover of the freshly made NaOCl solutions, used in this study was, 1 hour.

Discussion

This study contributed to the characterization of the influence of the buffer capacity of dentin 
on the pH of a NaOCl solution during root canal irrigation. It is known that contact of NaOCl 
with dentin causes depletion of the free available chlorine (Macedo et al. 2010; Macedo et al. 
2013), resulting in protein degradation, rise of temperature (Baker 1947) and changes in pH 
(Jungbluth et al. 2011).
At room temperature, the pKa of hypochlorous acid is 7.5. At this pH, equal amounts of HOCl 
and OCl– are present in the solution (Fig.1). In this study, NaOCl solutions with different 
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concentrations and pH levels were exposed to dentin for up to 300 seconds. The exposure 
time had a significant effect on the pH of the solution (P<0.001), in contrast to agitation and 
pre-treatment of dentin with 17%EDTA (P>0.05). Nonetheless, even with extended exposure 
times, not usual in endodontic practice, the pH levels were kept bellow 6.5 for the 3% NaOCl 
solution at pH 5 and above 9.5 for initial NaOCl solutions at pH 12. At these pH levels the 
free available chlorine is expected to be predominantly (>90%) HOCl for the acidic solutions 
and OCl– for the basic counterparts (Fig.1). So we can conclude that although dentin had a 
significant buffer effect on the pH levels of different NaOCl solutions, this will most likely not 
influence the biological effect.
For a typical root canal with a working length of 15mm, prepared until a master apical file size 
0.3/taper 0.06, the expected volume is 7.42mm3 and the expected dentin surface 35.4mm2. 
This results in a volume/surface ratio of 0.21mm. The model used in this study is composed 
of 3 dentin bars with the dimension of 2×2×10mm inside an inert plastic sample tube. The 
volume used was 0.6mL, which was chosen to guarantee an optimum inclusion of the bars 
within the liquid and to assure a clinically realistic volume to surface ratio of 0.227mm. Pre-
vious studies neglected the typical clinical conditions exposing large amounts of NaOCl with 
relatively small amounts of substrate to be dissolved (Moorer & Wesselink 1982; Sirtes et al. 
2005). Consequently, the expected reduction of the concentration of the irrigant solutions 
(Macedo et al. 2010) and the eventual buffer effect did not occur. 
NaOCl solutions with a lower pH have a higher antimicrobial effect when planktonic micro-
organisms are concerned (Bremer et al. 2002). However, in the root canal, microorganisms 
are present in a biofilm (Ricucci & Siqueira Jr 2010). Characteristic of the biofilm is that the 
microorganisms are protected by a highly hydrated extracellular matrix (Flemming & Win-
gender 2010). Therefore, the dynamics of the antimicrobial effect is completely different for 
microorganisms in a biofilm. It has been suggested that penetration of chlorine in a biofilm 
follows a diffusion-reaction pattern where chlorine will be reduced by the matrix material (De 
Beer et al. 1994). A large variation of penetration of chlorine into the biofilm was detected 
mainly depending on the structure of the biofilm. The study of Bremer (Bremer et al. 2002) 
showed that a reduction of pH of NaOCl to 6.5 resulted in a better bactericidal effect, than 
using the same concentration at pH12, in a two-species biofilm for one of the two species of 
microorganisms present in the biofilm. The effect on biofilm in the root canal is not known. 
In contrast, OCl– has proven to be more efficient in tissue dissolution than HOCl (Zehnder 
2006). The same authors suggested to alkalize NaOCl solutions using NaOH to compensate 
for the buffer effect that might occur whenever it is in contact with organic tissue inside the 
root canal. The contribution of dentin to such buffer effect does not justify this extra step. 
Nonetheless, the influence of other substances present in the root canal in early stages of the 
treatment (i.e. pulp tissue and biofilm) or retreatment (i.e. sealer and filling material) were not 
evaluated here, but should be subject of further studies. For the later stages of the root canal 
treatment, when the bulk of pulp tissue has been removed, this alkalinization does not seem 
to be necessary.
The initial concentration of the NaOCl solution was also a factor that influenced the final pH. 
The lower the concentration, the higher the reduction of pH after exposure. This effect is signif-
icant (P<0.01) for the highest concentration (12%), whereas there was no difference between 
the 3% and 6% NaOCl solutions. Clinically, concentrations between 0.5% and 6% have been 
recommended, however the optimal clinical concentration is still subject of controversy. In this 
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work, extending the concentration range up to 12%, does not suggest its use in endodontics but 
contributes to a full characterization of the influence of the concentration.
Agitation of a solution inside the root canal stimulates the refreshment of the free chlorine 
available at the interface with organic tissues, while pre-treatment of dentin with 17% EDTA 
removes the inorganic component of dentin and smear layer (Baumgartner & Mader 1987) 
exposing more collagen fibers. However, the effect of both variables does not influence the fi-
nal pH of a NaOCl solution after being exposed for 30 s to dentin (P>0.05). The exposure time 
was selected according to the best current evidence available, which should govern the clinical 
procedures (Liang et al. 2013). The intermittent flush method with three cycles of refreshment 
with 2mL of NaOCl solution followed by 20 seconds of ultrasonic activation was found to be 
the best irrigation protocol to remove dentin debris from an oval shaped canal (van der Sluis 
et al. 2010). If the flow rate of the refreshment is 0.22mLs-1 as reported by Boutsioukis et al. 
(2007) then 30 seconds is the approximate clinical time of each cycle. 
It can be concluded that the exposure time with dentin and concentration of a NaOCl solu-
tion significantly influence its pH. However, this change in pH is too limited to induce a bio-
logical effect. Agitation of irrigant and pre-conditioning of dentin did not alter the pH. Both 
the solutions with a pH of 5 and pH12 were chemically stable for 1 hour. 

Tables

 A      B
   

No Agitation
    No Agitation EDTA

       Agitation (45Hz) 

              Exposure time

 Solutions 
10s 30s 60s 180s 300s 30s 30s 30s

 NaOCl 12% pH12 3 3 3 3 3 _ _ _

 NaOCl 6% pH12 3 3 3 3 3 10 10 10

 NaOCl 3% pH12 3 3 3 3 3 10 10 10

 NaOCl 3% pH5 3 3 3 3 3 10 10 10

Table 1: Distribution of the samples per group. In experiment A the buffer effect of dentin 
on various NaOCl solutions was monitored over time; in B the influence of agitation and 
dentin pre-conditioning with 17%EDTA on the buffer effect of dentin on NaOCl solutions 
was tested. 
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 Figures

Figure 1: Free available chlorine in solution with regard to pH.  Temperature 25oC. (After 
Baker RJ 1959)

 
Figure 2: Effect of the buffer capacity of dentin on the pH of NaOCl. Average of various NaOCl 
solutions’ pH levels as function of the contact time with dentin (n=3). Dashed line represents 
the pKa of HOCl (pH 7.5) where both forms of active chlorine OCL- and HOCl exist in equi-
librium. Spearman’s rank correlation coefficient shows for all solutions a correlation coefficient 
of 1.00 and P-values <0.001. Average standard deviation was 0.35 and range [0.11-0.63].
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irrigant injected into a root canal ex vivo. International Endodontic Journal, Submitted

Temperature evolution of pre-heated irrigant injected
into a root canal ex vivo*

Abstract

Aims a) to monitor temperature changes inside the root canal and test the influence of differ-
ent external temperatures, flow rate, duration of irrigation and apical patency on the evolution 
of the temperature of injected pre-heated irrigant and the time that it remains above 45°C, 
and b) to introduce and validate a numerical model to study the thermodynamics of root ca-
nal irrigants. Methodology thermocouples were inserted into an incisor at the apical, middle 
and cervical positions to monitor intracanal irrigant temperature during and after injection of 
pre-heated irrigant (21°C, 45°C or 60°C). The tooth was immersed in a water bath of constant 
temperature of 21°C and 37°C. A one-dimensional numerical model was developed to inves-
tigate the influence of the thickness of the root wall and the surrounding periradicular tissues. 
Results An irrigant temperature very close to the pre-heating temperature was measured at the 
apical position during irrigation; after the irrigation stopped, the temperature dropped rapidly, 
with a half-time of 1.75-17.25 seconds, depending on the position and temperature condi-
tions. At the middle and cervical positions, a lower irrigant temperature was achieved than at 
the apex (P=0.028). The duration of irrigation had no influence on the average temperatures 
during delivery (P≥0.337), in contrast to the apical patency that had a large effect on the in-
tracanal irrigant temperature (P≤0.006). Syringes could be used for up to 2.5 minutes before 
they had cooled down from 60°C to below 45°C. A good agreement was found between the 
experiments and the numerical model. The model showed that the dentinal wall thickness and 
the periradicular tissue affect the temperature at the external surface of the tooth, but have lim-
ited effect on the irrigant temperature inside the root canal. Conclusions Irrigation of the root 
canal with irrigant pre-heated to 60°C resulted in temperatures higher than 45°C throughout 
the root canal during irrigation, and can therefore be used to enhance the chemical activity of 
the irrigant during irrigation. The numerical model agreed well with the experiments and is 
therefore a valid tool to study irrigant thermodynamics inside a tooth. 

Introduction

Sodium hypochlorite (NaOCl) is widely used as the primary root canal irrigant (Dutner et al. 
2012) due to its unparalleled action against microorganisms (McDonnell & Russell 1999) and 
biofilm (Arias-Moliz et al. 2009, Bryce et al. 2009). In addition, it has the unique capacity to 
dissolve pulp tissue (Sirtes et al. 2005) and organic components of the smear layer (Baumgart-
ner & Mader 1987). Clinically, concentrations between 0.5% and 6% are used, however the 
optimal clinical concentration is still a subject of controversy (Zehnder 2006); it is generally 
considered a trade-off between cleaning efficiency and tissue damage in the case of inadver-
tent extrusion (Spencer et al. 2007). 
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The chemical efficiency of NaOCl increases with concentration (Moorer & Wesselink 1982, 
Arias-Moliz et al. 2009, Retamozo et al. 2010, Macedo et al. 2010). However, NaOCl has been 
shown to be extremely caustic when in contact with organic tissue in vitro (Pashley et al. 
1985), even at concentrations lower than 0.1% (Chang et al. 2001, Heling et al. 2001, Barnhart 
et al. 2005). Although there is no reported evidence relating concentration of NaOCl and 
incidence and severity of symptoms, it may be reasonable to assume that, upon extrusion, the 
amount (both volume and concentration) of the extruded irrigant is related to tissue damage 
and marked symptomatology (Boutsioukis et al. 2013).  
Heating of the irrigant prior to delivery in the root canal has been suggested to increase the 
cleaning/antimicrobial efficiency of NaOCl solutions at low concentration. Sirtes et al. (2005) 
showed that a 1% NaOCl solution heated to 45°C equals the tissue dissolution capacity of a 
5.25% NaOCl solution at 20°C; at 60°C the tissue dissolution capacity of the 1% solution is 
even higher. On the other hand, a moderate temperature increase of 8 to 14°C did not increase 
the bovine pulp dissolution in artificially created lateral canals (Al-Jadaa et al. 2009) or the 
reaction rate of NaOCl with dentine (Macedo et al. 2013) respectively. All these studies have 
been performed in an in vitro setting allowing sufficient control of temperature. Increasing 
the temperature inside the root canal requires pre-heating of the irrigant, but upon injection 
the irrigant temperature may drop rapidly. Zeltner et al. (2009) used an ex-vivo model to 
monitor the temperature change of 1% NaOCl at 20°C delivered into the root canals of three 
canines submerged in a 37°C water bath. However their models had a root canal patent to the 
surrounding liquid, therefore it is possible that some of the delivered irrigant was extruded 
through the apical foramen. Furthermore there is no data on the temperature evolution of 
pre-heated irrigants during or after delivery in the root canal or on the influence of the irri-
gant flow rate, the duration of delivery and the cooling rate of the irrigant inside the syringe. 
Such information is fundamental to assess the potential effect of temperature in a clinical 
context.
Numerical simulations of heat conductance and dissipation can provide detailed information 
on the temperature changes over time and in the entire tooth compared to experiments, as 
shown previously (Lloyd et al. 1978, De Vree et al. 1983, Lin et al. 2010, Oskui et al. 2013). 
Such simulations have not yet been employed to study root canal irrigation with pre-heated 
irrigants.
Therefore, the aims of the present study were a) to monitor temperature changes inside a root 
canal ex vivo during the delivery of pre-heated NaOCl and to evaluate the effect of root canal 
patency, duration of delivery, irrigant flow rate b) to determine the irrigant cooling rate within 
the syringe c) to introduce and to validate a numerical model simulating the thermodynamics 
of root canal irrigation. 

Materials & Methods

Experimental setup

A freshly extracted, intact 21-mm-long mandibular incisor with a single oval root canal was 
prepared to size 35, 0.06 taper by rotary Ni-Ti instruments (Profile, Dentsply-Maillefer, Bal-
laigues, Switzerland). The working length (WL) was determined 0.5 mm short of the apical 
foramen. Holes were drilled through the cementum and dentin at 2.7, 6.7, and 11.1 mm from 
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the apex (denoted ‘apical’, ‘middle’ and ‘cervical’, respectively) using a round carbide bur of 0.6 
mm in diameter (LN bur size 006, Dentsply, Tulsa, OK, USA). Three T-type thermocouples 
(diameter 0.5 mm; Z2-T-2-MP, Labfacility, Bognor Regis, UK) were fixed inside the holes, 
flush with the root canal wall, with a total-etching (34% phosphoric acid) and bond (Scotch-
bond Universal Adhesive, 3M, MN, USA) and a flowable light-cured composite resin (Gran-
dio Flow; Voco, Briarcliff Manor, NY, USA), on the cementum surface. The apex was closed 
with the same bond/composite system, creating a water-tight seal. A fourth thermocouple 
was fixed to the outer surface of the root, at the ‘middle’ level. Figure 1 shows a sketch of the 
tooth and the setup.
The internal dimensions of the tooth and the thermocouple positions were determined from 
a CBCT scan at 120 kVp and 6 mA (Kodak 9000 3D; Carestream Health Inc, Rochester, NY) 
with a field of view of 50×37 mm, a voxel size of 76×76×76 µm and an exposure time of 10s.
The root was immersed inside a water bath (WB6, Medingen, Stuttgart, Germany) kept at a 
constant temperature of 21°C or 37°C. A rubber dam was applied in order to minimize the 
influence of coronally extruded irrigant on the temperature of the water bath. A fifth thermo-
couple was used to monitor the temperature of the water bath throughout the experiment. 
Irrigation was performed using a 30G open-ended needle (NaviTip, Ultradent, South Jordan, 
UT, USA) attached to a 5-mL syringe (Plastipak, Becton Dickinson, Oxford, UK). The syringe 
was hand-controlled. The syringe-needle assembly was pre-filled with irrigant and then heat-
ed au bain marie to 21°C, 48°C or 63°C (±0.5°C) using a heater-stirrer device (C-MAG HS 7, 
IKA, Staufen, Germany). All experiments in this study were performed using distilled water 
as the irrigant, as a pilot study showed no significant differences between distilled water and 
2% NaOCl, which have very similar thermodynamic properties. A sixth thermocouple was 
fixed inside the syringe to monitor the temperature of the irrigant; the irrigation procedure 
was initiated as soon as the temperature had reached 21°C, 45°C or 60°C. The thermocouple 
was fixed near the syringe outlet using a cyanoacrylate adhesive (Loctite 401, Henkel, Düssel-
dorf, Germany), creating a water-tight seal.
The response time of the thermocouples to a 25°C temperature increase was faster than the 
sampling time of 250 ms, ensuring that they could accurately monitor temperature changes 
within the range of the study. The six thermocouples were connected to a thermocouple data 
logger (TC08, Pico Technology, Cambridgeshire, UK) that recorded the temperature at the six 
positions at a sampling rate of 4 samples/s for 65 s, with an accuracy of 0.1°C. The recording 
was initiated at least 3 s before the start of the irrigation procedure.
Four sets of irrigation experiments were conducted:

a)  Influence of temperature of the initial temperature of the irrigant and of the surround-
ing medium on the intracanal irrigant temperature evolution: 2 mL of distilled water at a 
temperature of 21°C, 45°C or 60°C was delivered during 10 s, corresponding to a flow rate 
of approximately 0.2 mL/s. During these experiments the temperature of the water bath 
was set to either 21°C ±1°C or 37°C ±1°C.

b)  Influence of duration of delivery and the flow rate on the intracanal irrigant temperature 
evolution: 0.5 or 5 mL of distilled water was delivered during 25 s (flow rate of 0.02 or 0.2 
mL/s, respectively) at a temperature of 23°C or 60°C. During these experiments the tem-
perature of the water bath was set to 37°C ±1°C.
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c)  Influence of apical patency on the intracanal irrigant temperature evolution: 2 mL of dis-
tilled water at 60°C was delivered during 10 s, corresponding to a flow rate of approximate-
ly 0.2 mL/s, in the same root canal before and after sealing the apical foramen. During these 
experiments the temperature of the water bath was 37±1°C.

d)  Determination of the irrigant cooling rate within the syringe: 8 syringes filled with water were 
warmed up to 60°C and removed at once from the water bath. The syringes were then used con-
secutively for irrigation of the root canal with intervals of 30 s, starting 5 s after removal from the 
water bath; meanwhile the remaining syringes were allowed to cool in air at room temperature. 
From each syringe 2 mL of distilled water was delivered in the root canal during 10 s, with a wait-
ing time of 20 s between consecutive syringes, leading to a total experiment time of 4 min. The 
average temperature at the apical, middle and cervical positions during each injection was used 
for estimating the cooling rate of the irrigant inside the syringes.

The needle was positioned statically inside the tooth, at 1 mm short of WL in all cases, and 
each experiment was repeated 6 times.

Statistical analysis

In order to analyze the continuous temperature recordings, four quantities were extracted 
from each experiment:

 1.  the time period during which the temperature at the apical, middle and coronal thermo-
couples remained above the threshold of 45°C.This quantity was selected after Sirtes et 
al. (2005) findings, as it is the time during which the NaOCl at 1% was found to be more 
active than 5.25% at 21°C.

 2.  the average temperature recorded during irrigant delivery at the apical, middle, coronal 
and syringe thermocouples. This quantity gives an indication of the relative activity of the 
irrigant at each thermocouple position. It will also allow for comparisons on the heat trans-
fer between the pre-heated irrigant and the root canal at different positions.

  3.  the temperature at the apical, middle and coronal thermocouples 10 s after the end of de-
livery. This quantity permits analysis and comparison of the cooling rate at each position.

  4.  the maximum temperature change recorded by the thermocouple at the external surface 
of the root. This quantity allows assessing the potential for damage in the periodontal area, 
but also the cooling effect of the water in the bath.

Null hypothesis: There is no effect of the temperature of the surrounding medium, initial 
temperature of the irrigant, thermocouple position, duration of delivery, the flow rate and the 
presence of an open or closed apical foramen on the four quantities compared.
Due to the skewed distribution of the data and the null variance in some cases, nonparametric tests 
were employed. To compare the effect of temperature of the surrounding, duration of delivery, the 
flow rate and apical patency we used Mann-Whitney U-tests. The effect of the initial temperature 
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of the irrigant was accessed with Kruskal-Wallis with Mann-Whitney U as a post-hoc test. For 
comparisons of the temperature observed at the different thermocouple position, Friedman’s with 
Wilcoxon tests were used. For all tests, P-values < 0.05 were considered statistically significant.
 
Numerical setup

A one-dimensional time-dependent axisymmetric cylindrical model was created to calculate 
the temperature evolution at a single location in the tooth model (Fig. 2). Unless indicated 
otherwise, the dimensions at the apical location in the real tooth were used, however a circu-
lar cross-section was simulated. The center domain represented the irrigant in the root canal 
lumen. This domain was surrounded by a second domain that represented the wall of the root 
canal. The third domain represented the surrounding medium. In each of these domains the 
heat conduction equation (Bejan 1993) was solved, using a commercial finite element solver 
(COMSOL v4.2, COMSOL AB, Stockholm, Sweden):
   

    (1) 

with T the temperature as a function of time t at a certain point r from the center of the root 
canal. D represents the thermal diffusivity for each material (Table 1).
The numerical grid consisted of approximately 5000 elements with a maximum size of 5 µm; a 
higher resolution was imposed near interfaces. Grid-independency was verified. The thermal 
properties used in the numerical model are listed in Table 1 and are assumed constant within 
the temperature ranges considered here.
Axial symmetry was imposed at the centre of the root canal (r = 0 mm). At a distance of r = 
25 mm from the centre of the root canal, the surrounding medium was assumed to remain at 
a fixed temperature Tmedium of 37°C. The irrigant was assumed to have an initial temperature 
Tirrigant of 60°C; the tooth wall was initially at the same temperature as the surrounding medium. 
Validation was performed using the geometry of the tooth used in the experiments, at the 
apical position. In order to obtain simulation results for the sensor on the outer surface at the 
middle position as well, an irrigant temperature of 45°C was assumed and the wall thickness 
at the middle position was used in the simulation. 
The wall thickness d was varied in the range 0.25 to 1.50 mm in steps of 0.25 mm (Kerekes & 
Tronstad 1977a,b,c) in order to study its influence on the temperature of the inner and outer 
wall. The radius of the root canal was fixed at 0.256 µm, corresponding to the apical position 
of the tooth used in the experiments.
In order to compare in vivo irrigation (roots embedded in periodontal ligament (PDL) and 
bone at 37°C) to the ex vivo experiments, simulations were performed with air, water or PDL 
and bone as surrounding medium. The periodontal ligament was assumed to have a thickness 
of 0.2 mm (Kronfeld 1931) and embedded in alveolar bone of 10 mm (Baysal et al. 2013). The 
results were compared to the ‘baseline case’: the tooth in a water bath at 37°C, irrigated with 
distilled water at 60°C.
The cementum layer covering the root was not considered separately, because it is relatively 
thin and has a thermal diffusivity very similar to dentin (Söremark 1973). 
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Results

Experiments

General observations
Upon initiation of the irrigation, the temperature at the apical sensor location was observed to 
increase within 1 s to within 2°C of the syringe temperature (Fig. 3). After approximately 1 s, a 
stabilization of the temperature was observed, with no further increase in temperature during 
the 10 or 25 s of irrigation (Fig. 4). Rather, during irrigation, a slow decrease in temperature is 
present, corresponding to the cooling down of the irrigant inside the syringe.
At the middle and cervical positions, the temperature started to increase slightly later than 
at the apical position, and was always lower than the temperature at the apical position 
(P≤0.028), reaching only 50-75% of the syringe temperature. After the initial rapid increase, 
the temperature increased more slowly at approximately 0.1°C/s during the 10 or 25 s of irri-
gation. No difference was found between the middle and coronal positions (P≥0.086).
The standard deviation of the 6 measurements for each case was within 10% of the mean value 
(dashed lines in Figs. 3 and 4).
After stopping the irrigation at t=10 or 25 sec, the irrigant temperature inside the tooth dropped 
rapidly to the initial (external) temperature. The time it took to drop to 50% of the maximum 
value depended on the location. At the apex, it took 1.75-3 s to decrease to 50% of the maxi-
mum temperature; at the middle position 3-5 s and at the cervical position 12-17.25 s. The cer-
vical position therefore kept the temperature above 45°C for longer than the middle and apical 
positions (P<0.028), when irrigating with irrigant at 60°C.
The temperature at the outer surface of the root was observed to be influenced by the in-
jection of irrigant only after several seconds. Also at this location a constant temperature is 
reached, which is at most 4 degrees above the external temperature when the tooth was kept 
at a temperature of 21°C, and 2 degrees increase when the tooth was kept at 37°C. The highest 
temperature measured outside the tooth was 39°C.

a)  Influence of temperature of the initial temperature of the irrigant and of the surround-
ing medium on the intracanal irrigant temperature evolution.

Increasing the initial irrigant temperatures resulted in an increase in the average temperature 
during recording and 10 seconds after recording, for all three intracanal positions and both 
temperatures of the surrounding medium (P≤0.004). At the external thermocouple, the max-
imum temperature recorded also increased with irrigation temperature (P≤0.028)
The temperature of the surrounding medium affected the intracanal temperature at all in-
tracanal thermocouple positions, with higher average temperatures reached there when the 
surround medium was at 37°C (P=0.001). Furthermore, for all syringe temperatures and in all 
thermocouple positions, the temperature recorded 10 s after the end of irrigant delivery was 
higher when the bath temperature was 37°C (P≤0.002). The maximum temperature recorded 
by the external thermocouple was also higher when the bath temperature was at 37°C, for all 
syringe temperatures (P≤0.001). 
Irrigating with irrigant at room temperature inside the tooth at 37°C resulted in similar but 
inversed temperature changes as when using hot irrigant, although the initial irrigant tem-
perature was never reached at the apex.
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b)  Influence of the duration of delivery and the flow rate on the intracanal irrigant tem-
perature evolution.

When irrigating with an irrigant at 60°C, a longer duration of delivery resulted in increased pe-
riods in which the temperature was above 45°C, for all thermocouple positions (P≤0.044). Also 
the intracanal temperature 10 s after delivery was increased (P≤0.016). However no difference 
was found in average temperature at the intracanal or external positions (P>0.107). Irrigating 
with irrigant at 21°C resulted in similar but inversed temperature changes.
The flow rate did not affect the time above 45°C (P≥0.626) or the maximum temperature at 
the external surface (P=0.52) at any of the thermocouple positions. However, when irrigating 
at a low flow rate (0.02 mL/s), the increase in temperature at each of the three sensor loca-
tions was slower than at the higher flow rate, reaching the maximum temperature only after 
approximately 3 s (Fig. 4c). Furthermore, the initial irrigant temperature was never reached, 
suggesting strong cooling by the walls of the root canal. And only at the apical position could 
the irrigant increase above 45°C, not at the middle or cervical positions (P<0.028). A low flow 
rate also resulted in a lower average temperature during irrigation and 10 s after irrigation, at 
each of the thermocouples, compared with a high flow rate (P≤0.004).
  
c) Influence of apical patency on the intracanal irrigant temperature evolution.
With an open apex and the irrigant at 60°C, the temperature at the apical position was ob-
served to increase from 37°C to only 42°C, whereas it increased to 60°C when the apex of 
the same tooth was closed (Fig. 5). Similar reductions in the average intracanal temperature 
during delivery and the temperature 10 s after delivery were measured at the middle and cer-
vical positions (P≤0.006). For all thermocouple positions there was an increased time period 
where temperature is above 45oC in closed apex models (P=0.002).

d) Determination of the irrigant cooling rate within the syringe.
Once removed from the water bath, the irrigant within the syringes cooled down from 60°C 
to 45°C within a few minutes (Fig. 6). The cooling followed an exponential decrease given 
by:

  (2)

which, upon consecutive injections into the root canal, lead to temperatures at the apex that 
followed the following equation:

   (3)
The threshold of 45°C was reached after approximately 3.5 minutes.
At the middle and cervical levels, the irrigant temperature followed the following equation:

  (4)

which reached the 45°C temperature threshold after approximately 2.5 minutes.
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Numerical model

The numerical model of the tooth resulted in temperature evolutions that looked very similar 
to those found experimentally at the apical position (Fig. 7). The temperature decrease showed 
a slope similar to those observed experimentally however there is up to 2°C difference. 
Also at the outer middle sensor position, the agreement between measurement and simula-
tion was good, although in the experiment the temperature decreased faster.
Simulation of the tooth embedded in PDL and bone rather than water (Fig. 8a) lead to a 
slower dissipation of heat in the tissue, which resulted in a higher temperature (+1.26°C) of 
the tooth’s outer surface and a slower decrease in temperature inside the tooth. With air sur-
rounding the tooth the heat dissipation to the environment is predicted to be greatly reduced 
(Fig. 8b), which caused build-up of heat inside the tooth. The temperature at the inner surface 
of the tooth increased up to the irrigant temperature. The temperature at the outer surface of 
the tooth increased up to 57.23°C. 
Numerical simulations for the different wall thicknesses (Fig. 8c) showed that the wall thick-
ness had no relevant effect on the temperature inside the root canal, leading to a maximum 
of 0.1°C temperature differences compared to the standard case. The temperature at the outer 
surface of the tooth decreased with increasing wall thickness; it was 7.07°C higher for a wall 
thickness of 0.25 mm and 3.29°C lower at 1.50 mm compared to the standard case.

Discussion

This study aimed at characterizing the thermodynamics of root canal irrigation with pre-heat-
ed irrigants in an on-line setup, allowing time-resolved in situ measurements of the tempera-
ture evolution. In the ex vivo experiments, the irrigated tooth was immersed in a warm water 
bath, which allowed for direct validation of the numerical model. This validated model was 
then used to simulate in vivo conditions, which are difficult to validate. 
Distilled water was used as irrigant in this study. Since NaOCl is a sparse aqueous solution, 
its thermodynamic properties are assumed very similar to those of water and no relevant 
differences in the resulting temperatures are expected. However, chemical reactions such as 
that of NaOCl with organic material (e.g. dentin, pulp or biofilm) may act as a heat source 
(Baker 1947).
The temperature evolution during and after injection of pre-heated irrigant showed very simi-
lar behaviour for all irrigation protocols, with high temperatures at the apical location. There-
fore, in the apical area, a high irrigant temperature seems feasible and the chemical activity may 
be enhanced, for as long as irrigant delivery takes place. However, after delivery, the irrigant 
and the tooth cool down within seconds to the initial temperature and therefore the enhance-
ment in chemical activity only lasts shortly. This thermodynamic behaviour was also reported 
by Zeltner et al. (2009) and confirmed recently in a clinical situation by de Hemptinne et al. 
(2013). At the middle and coronal sensor locations, the irrigant temperature is lower than that 
of the injected irrigant, because the irrigant cools down along the root canal wall. The cooling 
is even more apparent when irrigating at a low flow rate. Nevertheless, the temperature at those 
locations remained above 45°C while irrigating with irrigant at 60°C, therefore the chemical 
activity could be enhanced at those locations during irrigant delivery, as well. 
Interestingly, there was no significant difference in temperatures measured at the middle and 
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cervical sensor positions. The reason for this is difficult to distil from these experiments and 
should be subject of further studying. 
According to Sirtes et al. 2005, raising the temperature of 1% NaOCl to 45°C can compensate 
for the lower concentration, resulting in a tissue dissolution capacity comparable to 5.25% 
NaOCl. The irrigant-cooling rate within the syringe is therefore important for clinicians to 
determine the usage time of pre-heated syringes filled with NaOCl. Assuming that a tempera-
ture of 45°C is still beneficial, a syringe pre-heated to 60°C can be used for approximately 4 
minutes before the temperature inside the syringe drops below 45°C. However, after approx-
imately 2.5 min the irrigant temperature within the syringe is not high enough to ensure 
that the temperature at the middle and cervical levels will remain above 45 °C. According to 
the simulations, the dimensions of the tooth seem to have little influence on this usage time, 
because wall thickness and middle or cervical positions were found here to have a negligible 
effect on the intracanal temperature.
The temperature stabilized inside the root canal within 3 s, when an equilibrium was estab-
lished between heat supplied by the pre-heated irrigant and heat dissipation through the root 
canal wall. An increase of the irrigant temperature inside the root canal was only achieved 
during the irrigant delivery. The heat accumulated inside the root canal wall, even during 
extended irrigation times, was rapidly dissipated, therefore long irrigation did not help in 
keeping the tooth warm after delivery (Figure 4).
Apical patency during in vitro research has a large influence on the temperature evolution, 
as extruded irrigant cannot contribute to an increase of the intracanal irrigant temperature. 
Ex vivo or in vitro irrigation experiments should therefore be performed with a closed apex 
in order to mimic the clinical situation regarding the flow pattern (Hocket et al. 2008, Bout-
sioukis et al. 2009, Tay et al. 2010) and thermodynamic conditions. Additionally, in vitro ex-
periments surrounded by air or water led to different equilibrium temperatures and therefore 
cannot be translated directly to in vivo situations. The wall thickness had a much smaller in-
fluence on the temperature of the irrigant inside the root canal, according to the simulations.
The one-dimensional numerical model showed temperature evolutions very similar to the ex-
periments, but with some differences in cooling rate after the injection has stopped. These dif-
ferences can be attributed to the absence of convection in the numerical model. Furthermore, 
the tooth geometry may be different than simulated, e.g. the tooth is oval-shaped instead of 
circular, which can result in more dissipation of heat as the surface-to-volume ratio is different. 
Additionally, in the experiment the outside thermocouple is glued to the outer surface and 
acts as a cooling fin. The thermal properties of the dentin of the tooth used in this study are 
also not exactly known, as these properties vary between different sections of the tooth and 
between teeth, depending e.g. on their age (Craig & Peyton 1961, Lin et al. 2010). Finally, there 
is heat transport into three directions that the current one-dimensional model cannot take into 
account. Nevertheless, the one-dimensional model can provide quick insights into a variety of 
control parameters, such as the wall thickness and surrounding material.
The one-dimensional model should be further expanded into a full three-dimensional model 
of a tooth during irrigation, with which also more complex root canal geometries can be sim-
ulated. Such a model should also include convection (Boutsioukis et al. 2009). 
The numerical model used in this study can also be used to investigate the possibility of using 
a heat source inside the root canal instead of pre-heating the irrigant. For example, an ultra-
sonically oscillating file is known to be able to heat up the liquid (Zeltner et al. 2009), however 
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it requires a dynamic model to estimate the acoustic power required to heat the irrigant.
For small wall thicknesses, e.g. near the apex, the temperature at the outside of the tooth was 
predicted numerically to reach values up to 52°C, suggesting that tissue damage may occur 
(Eriksson & Albrektsson 1983). With larger wall thicknesses there is more dentin to be heated 
up, resulting in a lower temperature of the tissue. In the experiments, the maximum tem-
perature observed in the middle third at the external surface of the tooth was 39.2°C For the 
reported temperature range there is evidence that an eventual thermal tissue damage won’t 
compromise the healing of the periapical tissues (Saunders 1990).
A pilot study on the thermal stability of NaOCl showed that heating of the NaOCl did not 
largely affect the concentration of NaOCl. After two hours at 60°C, the full concentration of 
NaOCl reduced from 8.5 to 7.9%; a 1:8.5 dilution remained stable at 1%. These concentrations 
were determined with a standard titration method (Vogel 1962).
Irrigation time and volume are key clinical aspects for which guiding evidence is scarce 
(Zehnder 2006). Currently, clinical protocols on irrigation (Liang et al. 2013) are governed 
by reported evidence on the mechanical aspect of irrigation (van der Sluis et al. 2010). To 
take into account the chemical aspect and the influence of temperature requires further re-
search into the optimal irrigation time, volume and temperature for more effective disinfec-
tion. With this in mind, the results presented here contribute to a better understanding of the 
optimum irrigant delivery time and pre-heated syringe turn-over. 

Conclusions

Irrigation of the root canal with irrigant pre-heated to 60°C resulted in temperatures higher 
than 45°C throughout the root canal, for flow rates of 0.2 mL/s. However this effect was only 
present during irrigant delivery, independent of the irrigation duration. Nevertheless this 
method can therefore be used to enhance the chemical activity of the irrigant during delivery. 
Syringes can be used for 2.5 minutes for this purpose. A numerical model to simulate the 
thermodynamic behaviour of the irrigant inside the tooth and its surroundings agreed well 
with the experiments and also suggested that certain in vitro models may lead to different 
outcomes than in vivo conditions. Especially the apical patency and the temperature of the 
surrounding medium are important to take into account as it had a large influence on the 
resulting irrigant temperature.
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Figures

Figure 1: Sketch of the tooth model immersed in a water bath (a), with a needle with pre-heat-
ed irrigant indicated. The six thermocouples used for monitoring the temperature are indicat-
ed. The cross-sections at the apical, middle and cervical positions are shown in (b), with the 
wall thickness at the Mesial, Distal, Buccal and Lingual sides given. (c) shows a CBCT scan of 
the tooth with the thermocouples visible as white spots.

 
Figure 2: Sketch of the one-dimensional numerical model (thick black line). Red dots depict 
the locations at which the temperature was evaluated.
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Figure 3: Results of the temperature measurements inside the real tooth, for two different 
temperatures of the surrounding water bath [Tbath = 21°C (left) or 37°C (right)] and three 
different irrigant temperatures (Tsyringe = 21°C, 45°C or 60°C). The irrigation time was 10 
seconds. The mean (solid line) and standard deviation (dashed lines) of the six measurements 
at each of the six sensor positions are shown.
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Figure 4:  Results of the temperature measurements inside the real tooth, for one surrounding 
temperature value (Tbath = 37oC) and two different irrigant temperatures (Tsyringe = 21oC 
or 60oC). The irrigation time was 10 and 25 seconds; the irrigation flow rate was high in (a-b) 
and (c-d), and low in (e), as indicated. The mean (solid line) and standard deviation (dashed 
lines) of the six experiments at each of the six sensor positions are shown. The measurements 
inside the syringe were performed in a separate experiment and therefore do not show the 
variations present in the other measurements.
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Figure 5: Temperature evolution at the apex of the real tooth in the case of an open (dashed lines) 
or closed (solid lines) apex. The tooth was initially at 37°C; the injected irrigant had a temperature 
of 60°C. The mean of the six repeats at each of the three intracanal sensor positions and the syringe 
sensor is plotted; the standard deviation is omitted for clarity but is within 10% of the means.

Figure 6: Average temperature at the apical, middle and cervical positions following the con-
secutive irrigation with 8 syringes filled with water that was cooling down from 60°C. Each 
data point represents one of the 8 syringes, lines are drawn to aid the eye. The time between 
injections was 20 seconds; the irrigation itself took 10 seconds. The threshold for enhance-
ment of the chemical activity is set at 45°C. The error bars indicate standard deviation of 6 
repetitions of the experiment; the dashed lines represent exponential fits to the data.
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Figure 7: Comparison of the measured temperature inside the root canal (solid lines) and the 
simulated temperature (dashed lines), at the apical (red) and middle outside (cyan) sensor 
positions. The solid blue line represents the temperature of the irrigant inside the syringe, 
however the syringe is not included in the simulation and the dashed blue line therefore rep-
resents the imposed intracanal temperature of the irrigant at the apex. The external tempera-
ture is 37°C, the irrigant temperature is 60°C. The standard deviation is not included here for 
clarity, but can be found in Figure 3.

   

Figure 8: The simulated temperature of the irrigant at the apical and middle outside positions. 
In (a) the surrounding material was varied between water and human tissue (both initially 
at 37°C), in (b) between water and air (both initially at 21°C). In (c) the wall thickness was 
varied from 0.25 mm to 1.5 mm (with 0.85 mm being the ‘experimental’ case).
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Sonochemical and high-speed optical characterization of 
cavitation generated by an ultrasonically oscillating dental 

file in root canal models*

Abstract

Ultrasonically Activated Irrigation makes use of an ultrasonically oscillating file in order to 
improve the cleaning of the root canal during a root canal treatment. Cavitation has been 
associated with these oscillating files, but the nature and characteristics of the cavitating bub-
bles were not yet fully elucidated. Using sensitive equipment, the sonoluminescence (SL) and 
sonochemiluminescence (SCL) around these files have been measured in this study, showing 
that cavitation occurs even at very low power settings. Luminol photography and high-speed 
visualizations provided information on the spatial and temporal distribution of the cavitation 
bubbles. A large bubble cloud was observed at the tip of the files, but this was found not to 
contribute to SCL. Rather, smaller, individual bubbles observed at antinodes of the oscillating 
file with a smaller amplitude were leading to SCL. Confinements of the size of bovine and hu-
man root canals increased the amount of SL and SCL. The root canal models also showed the 
occurrence of air entrainment, resulting in the generation of stable bubbles, and of droplets, 
near the air-liquid interface and leading eventually to a loss of the liquid.

Introduction

Ultrasound is frequently used in dentistry in a wide range of therapeutic applications (Walms-
ley 1988). Examples are the cleaning and disinfection of the inner and outer surface of a tooth, 
termed root canal therapy and periodontal scaling, respectively. Ultrasonic agitation of dis-
infecting solutions in the root canal is called Ultrasonically Activated Irrigation (UAI) (van 
der Sluis et al. 2007). It has been shown to improve the chemical and mechanical efficiency of 
root canal cleaning procedures (van der Sluis et al. 2007; Macedo et al. 2010) and it promotes 
organic tissue dissolution during endodontic therapy (Moorer & Wesselink 1982). In UAI an 
endodontic instrument is driven at 30 kHz and it has been shown to induce acoustic microst-
reaming and cavitation. These two phenomena are claimed to be the working mechanisms of 
ultrasonic irrigation (Ahmad et al. 1987; Jiang et al. 2010; Joyce Tiong & Price 2012).
The occurrence of cavitation during UAI has been discussed frequently over the past two de-
cades. Cavitation has been demonstrated to occur around ultrasonically oscillating endodontic 
instruments in an unbounded medium (Walmsley 1987; Ahmad et al. 1988; Laird & Walmsley 
1991; Roy et al. 1994; Lea et al. 2005; Felver et al. 2009; Joyce Tiong & Price 2012). Ahmad et 
al. (1988) argued that cavitation is unlikely to occur inside the root canal, because space re-
strictions limit the amplitude of oscillation of the endodontic file. In a recent article (Jiang et 
al. 2011), however, cavitation was shown to occur around the tip of an ultrasonically oscillating 
file, even within the confinement of a root canal, although only at high driving powers that are not 

* Macedo RG, Verhaagen B, Fernandez Rivas D, Gardeniers JGE, van der Sluis LWM, Wesselink PR, Versluis M 
(2014) Sonochemical and high-speed optical characterization of cavitation generated by an ultrasonically oscillating 
dental file in root canal models. Ultrasonics Sonochemistry  21, 324-35.
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commonly used clinically. Cavitation may also cause the enhancement of sonochemical reactions 
around dental scalers (Joyce Tiong & Price 2012). However, no clear data on the number, size, 
location and nature of cavitating bubbles during UAI exists. Furthermore, it is unclear how the 
confinement of the root canal affects the formation of cavitating bubbles.
Other than in pure liquids, cavitation is typically generated from nuclei, small pockets of air 
trapped in hydrophobic dirt particles or crevices in a wall. Bubbles can grow when the applied 
pressure drops below the ambient pressure minus the vapor pressure of the liquid (Brennen 1995; 
Jiang et al. 2010). The negative pressure needs to be generated by the oscillating endodontic file, 
similar to hydrodynamic cavitation which is known to occur for ship propellers and pumps (Arndt 
et al. 1991; Roy et al. 1994; Wienken et al. 2006; Hegedús et al. 2010). The file moves with an oscilla-
tory velocity U = 2πfA (with f the oscillation frequency and A the amplitude of oscillation) and the 
fluid around the file is assumed to have a similar velocity. Near the trailing edge of the file, the fluid 
velocity equals zero, leading to low-pressure areas there (Kundu & Cohen 2004). The potential 
for cavitation to be generated is then characterized by the cavitation number Ca (Brennen 1995):

   (1)

where ρ is the density of the liquid. Under the condition that nuclei with radii larger than a critical 
radius are available, cavitation can occur when Ca < 1, for which the velocity needs to exceed 15 m/s 
(Brennen 1995) in water. The typical frequency of oscillation for endodontic devices is 30 kHz, thus 
the threshold oscillation amplitude is approximately 80 μm. This is a value that endodontic devices 
are able to reach at high power settings (Lea et al. 2010; Verhaagen et al. 2013).
A distinction can be made between transient cavitation, involving a violent collapse of a bubble, 
and stable cavitation, which involves more gentle radial oscillations(Brennen 1995). Typically, 
transient cavitation is involved in sonochemistry (chemistry induced by sonication) (Suslick et 
al. 1990; Ashokkumar & Mason 2000; Fernandez Rivas et al. 2010) and surface modifications 
(cleaning, erosion) (Fernandez Rivas et al. 2012), whereas stable cavitation can lead to local en-
hancement of streaming and mixing (Liu et al. 2002; Marmottant et al. 2006).
It is also known that transient cavitating bubbles can emit light (sonoluminescence, SL) (Young 
1976; Lohse 2005; Suslick et al. 2011). For SL to occur, the pressure and temperature conditions 
inside the collapsing bubble have to satisfy the conditions for ionization and subsequent light 
emission (Hilgenfeldt et al. 1999). OHl radicals are formed when the conditions inside a bubble 
allow for the dissociation of water molecules (with dissociation energy ΔH=-5.1 eV):

   (2)

Some chemiluminescents react with OHl radicals and produce light emission, a process 
known as sonochemiluminescence (SCL) (Hatanaka et al. 2002; Kanthale et al. 2008). Cavi-
tating bubbles can generate SL or SCL, or both (Harvey 1939); the population of SL and SCL 
active bubbles are not exactly the same and can strongly overlap (Lee et al. 2005; Brotchie et 
al. 2009; Fernandez Rivas et al. 2012). The light emissions are generally faint, although SCL 
signals can be several orders of magnitude more intense than SL (Fernandez Rivas et al. 2012). 
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Dark conditions and the use of sensitive photo-multipliers are needed in order to detect SL 
or SCL, which then provide a measure of the amount of SL or SCL producing cavitation bub-
bles. Long exposure photography can be used as well, to obtain information on the spatial 
distribution of cavitating bubbles that produce SCL (McMurray & Wilson 1999). Temporal 
information on the cavitating bubbles can be obtained e.g. with a passive acoustic detector 
(Cleveland et al. 2000; Versluis 2013), however here we will use high-speed imaging (Versluis 
2013), in order to obtain information on both spatial and temporal scales, and on the nature 
and onset of cavitation around the oscillating endodontic file.
The aims of this study were to quantify and to visualize the occurrence of cavitation around 
endodontic files. Using sensitive sonochemical methods for detecting SL and SCL, the oc-
currence of cavitation at various power settings is investigated, as well as the influence of the 
confinement of the root canal. Using a range of file types, the influence of different cross-sec-
tional shapes, diameters and lengths of files on SL and SCL are studied. Measurements of 
the acoustic power density radiated by those files are provided by calorimetry. The SL and 
SCL measurements can provide information on the nature and characteristics of the bubbles. 
Long-exposure SCL photography and high-speed imaging provide additional visual support 
on the location and behavior of cavitating bubbles at different operation and confinement 
conditions.

Materials & Methods
Ultrasound setup

A light-tight box with dimensions 1.2×1.0×0.5 m was constructed (see Figure 1); dark condi-
tions inside were verified by long-exposure photography. Inside the box, an endodontic file was 
positioned in a 1.0×1.0×4.0 cm cuvette (Plastibrand, Brand, Wertheim, Germany) or in a glass 
root canal (RC) model of bovine or human dimensions, manufactured in-house. The models 
were submerged and fixed inside the cuvette. The bovine-sized model was a cylindrical closed-
end tube of diameter 2.3 mm and a length of 29 mm. The human-sized model was a cone of api-
cal diameter 0.3 mm, a taper of 6% and a length of 20 mm. The two root canal models allowed 
for the investigation of the influence of confinement on the occurrence of cavitation. The light 
transmission coefficient through these glass models was measured and corrected for.
Figure 2 shows a picture of an endodontic file and the different cross-sections; Table 1 gives 
an overview of the various files that have been tested. The first number in the name of the file 
indicates the diameter (times 10 μm), the second number indicates the length (in mm). The 
K-files (Satelec Acteon, Merignac, France) have a square cross-section and are twisted along 
the length of the file, leading to rotation of the cross-section; the orientation of the cross-sec-
tion at the tip of the file varies. The IrriSafe (IS) files (Satelec Acteon) also have a square 
cross-section but with rounded edges (with a radius of curvature of approximately 0.25×file 
radius); the ET25L (Satelec Acteon) has a circular cross-section (Verhaagen et al. 2012). One 
K-file (K15/25) was polished by the manufacturer to the same cross-section as IrriSafe files, 
in order to compare directly the influence of cross-section.
All files were driven with a commercially available endodontic ultrasound device (P-Max, 
Satelec Acteon, Merignac, France). The power settings on that device range (from low to high) 
from ‘Green’ via ‘Yellow’ and ‘Blue’ to ‘Red’, each with 10 steps. A previous study showed that 
the oscillation amplitude increased with power settings, with overlap between ‘10’ and ‘1’ in 
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consecutive power color settings (Verhaagen et al. 2012). In the sonochemical experiments, 
the power setting was either increased (three measurements) or decreased (three measure-
ments) between consecutive experiments, in order to investigate the presence of hysteresis. 
Each measurement group was measured three times; for each measurement a new file and 
fresh irrigant were used. Files that were suspected to have fractured (apparent from a sudden 
drop in SL/SCL signal) were also replaced.
The ultrasound device was switched on and off in cycles with a period of 10 seconds, consist-
ing of 3 seconds ON and 7 seconds OFF (duty cycle of 30%). The rest phase in between pulses 
allows the fluid to return to its initial state with respect to its temperature and gas content. 
These pulses were generated with a pulse-delay generator (TGP110, TTi, Huntingdon, UK).

Sonoluminescence and Sonochemiluminescence

For measurements of the sonoluminescence (SL), the cuvette and root canal models were 
filled with MilliQ airsaturated water. A photomultiplier tube (PMT; R508, Hamamatsu Pho-
tonics, Hamamatsu, Japan) was placed next to the cuvette. The PMT received an electrical 
voltage of 1.6 kV from a DC power supply (6516A, HewlettPackard, Palo Alto, CA, USA). 
The PMT output was recorded at a rate of 300 kHz with a high-speed data acquisition device 
(DAQ; USB-6356, National Instruments, Austin, TX, USA), which was also recording the 
pulse signal. Calibration showed a linear response of the PMT up to an output voltage of 1 V, 
above which saturation occurs. Typical pulse and PMT signals are shown in Figure 1c. The 
PMT signal was filtered with a running average with Gaussian weighing over 11 samples; the 
average value during each pulse was used as final SL or SCL value.
For sonochemiluminescence (SCL), air-saturated aqueous luminol (0.1 mM luminol in 0.1 M 
NaOH [both Merck, Whitehouse Station, NJ, USA]) solution was used, of which more details 
can be found elsewhere (Fernandez Rivas et al. 2012). The SCL signal was measured using the 
same PMT equipment as for SL. Simultaneously, photos near the file were taken with a CMOS 
photocamera (D300, Nikon, Tokyo, Japan) and 50 mm, f/1.8 lens (Nikon) with an aperture of 
1.8. The camera exposure was set at 30 seconds, with highest ISO value (Hi1.0) and automatic 
white balance. A photo was taken in ambient light before the SCL photos were taken, to identify 
the location of the cuvette or root canal model walls. The sum of the pixel intensity value in a 
region-of-interest was calculated from the blue channel of the RGB photos, for a quantitative 
analysis of the luminol photos. The intensity of the blue channel along two files was correlated 
with the oscillation amplitude pattern of those files, following a previously described and val-
idated one-dimensional model for endodontic files oscillating in air (Verhaagen et al. 2012).
The reliability of the PMT measurements was tested using an interclass correlation coeffi-
cient among three measurements of SCL of an ET25L file in three consecutive days. Each 
measurement was repeated six times. A coefficient score of 0.994 for single measurements 
with p < 0.001 was found, assuring a high reliability and repeatability.
The chemical activity of the OHl radicals produced by transient cavitation was compared to 
those dissolved in a NaOCl solution by a fast injection of luminol into the cuvette, filled with a 
10% NaOCl solution (Sodium Hypochlorite, Sigma-Aldrich, St. Louis, MO, USA). The PMT 
response was recorded using the equipment described above. The luminol was injected at a 
flow rate of 1 mL/min through a 27G needle, driven by a syringe pump (NE1010, New Era 
Pump Systems, Wantagh, NY, USA).
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Statistical analysis

Students t-tests for independent samples were performed to assess differences in SCL between files 
with different lengths (21 vs. 25 mm) and cross-sections (square (K) vs. square with round edges 
(IrriSafe) vs. circular (ET)). ANOVA tests were used to assess the influence of diameter (size 10 vs. 
25 vs. 30) in SCL and of the confinement (cuvette vs. bovine-sized RC model vs. human-sized RC 
model) in SL. For all tests, p-values < 0.05 were considered statistically significant.

Calorimetry

The acoustic power density radiated by three files was measured inside the cuvette and the 
two root canal models using calorimetry. A 0.2 mm diameter T-type thermocouple with dig-
ital read-out (HI 93552R; HANNA Instruments, Woonsocket, RI, USA) was fixed inside the 
cuvette. In the case of the root canal models, the thermocouple was glued inside a side chan-
nel of diameter 1.5 mm located at 2 mm from the apex of the root canal. Sampling was per-
formed every 2 seconds with an accuracy of 0.1 K.
The files were driven for 1 minute by the same endodontic device at power setting ‘Blue 1’ 
or ‘Red 10’. The acoustic power density Wac (in W/L) was determined from the temperature 
increase ΔT measured during a time interval Δt:
  

  (3)

with ρ the density of the liquid and cp its specific heat.

High-speed visualization

The generation of cavitation bubbles on the files was visualized using a high-speed camera 
(HPV-1, Shimadzu Corp., Kyoto, Japan), recording at a frame rate of 1 million frames per 
second. The camera was attached to a microscope (BX-FM, Olympus, Tokyo, Japan) provid-
ing 20× magnification, resulting in a resolution of 3 μm/pixel. Illumination was provided in 
bright-field mode using a continuous wave light source (ILP-1, Olympus). The file of interest 
was positioned parallel or perpendicular to the image plane, such that a side-view of (a section 
of) the file or its cross-section was visible and in focus. The file itself was submerged in a large 
water tank (75×62×117 mm) filled with tapwater. For one set of experiments, degassed water, 
luminol or NaOCl (10%, Sigma-Aldrich, St. Louis, MO, USA) was used instead of tapwater.
The files were driven at power settings ‘Blue 5’ or ‘Red 5’ using the endodontic ultrasound 
device.
In one additional experiment a dentin disc was placed at a distance of approximately 200 μm 
from a K15/25 file, in order to investigate the influence of a neighboring wall on the cavita-
tion phenomenon. The dentin discs (diameter 5 mm, thickness 1.5 mm) were prepared from 
freshly prepared bovine incisors using a trephine (Deng & Ten Cate 2003).
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Results

Sonochemical characterization

SL measurements

During each pulse of ultrasound (3 seconds), there was an increase in PMT signal for the SL mea-
surements, rising within 1 second, and falling off to the noise level within 1 second after the pulse 
ended (see Figure 1c for an example). As a general trend, the higher the ultrasonic power setting, 
the higher the signal output of the PMT. Below a power setting of ‘Blue 1’ no increase in PMT 
signal above the noise level could be detected.

The SL signal for one example file (IS25/21) inside the cuvette and bovineand human-sized 
root canal models is plotted in Figure 3, showing that a smaller confinement increases the SL 
signal. This trend was observed for all files (p < 0.001).

SCL measurements

The signal for SCL during each pulse was similar in shape to that of SL, but approximately 3 
orders of magnitude higher. Therefore, already at the low power setting of ‘Green 5’ (below the 
power settings plotted in Figures 3 and 4) a SCL signal could be observed for several files. The 
SCL signal is plotted in Figure 4 as a function of power setting for various files oscillating inside 
the cuvette. The average and standard deviation of the 18 measurements are used. For all files 
there was an increase in SCL signal for increasing power setting. The SCL signal ranged over 
5 decades and was found to be highly dependent on the file type. Both IrriSafe files resulted 
in a SCL value higher than the K-files of similar dimensions (P = 0.001). Files with a larger 
diameter generally also resulted in a higher SCL values (P < 0.001). The ET25L, with a circular 
cross-section, resulted in significantly lower SCL values (P < 0.001). The polished K15/25 file 
showed no differences with the unpolished K15/25 file (P = 0.567).
There is no clear correlation between the amount of cavitation observed and the oscillation 
amplitude of the file tip as obtained in a recent study (Verhaagen et al. 2012), see Figure 5. 
This suggests that not only the oscillation amplitude (as a function of power) but also the file 
diameter and cross-section have an influence on the generation of cavitation. Further discus-
sion is provided in the remainder of this work.
The injection of luminol into a NaOCl solution showed a rapid increase of the SCL signal, 
rising within one second to a value of 60 V, where the PMT is fully saturated.

Comparison of SL and SCL measurements

In Figure 6 the SL and SCL results for all files have been normalized to the maximum value 
of the K30/21 file. Both methods show that the K30/21 file generates the highest amount of 
cavitation, followed by the two IrriSafe files. 
For SL, the ratio between files is different than for SCL, which can be attributed to the generation of 
bubbles that are either more light-producing or more chemically active (Labouret & Frohly 2002; 
Brotchie et al. 2009; Fernandez Rivas et al. 2012). Also, for SCL of several files the PMT signal was 
easily saturated, affecting the relative amplitudes, although the ordinal scale should not be affected. 
The increase in cavitation with increasing power setting is also apparent from these plots.
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The differences in SL and SCL values between increasing and decreasing the power setting for 
consecutive experiments were not significant. Therefore hysteresis was ruled out, justifying 
the combination of the data. Also, it can be concluded that the possible changes in tempera-
ture and gas content were not enough to alter the overall cavitation features.

Luminol photography

Overlaying the long-exposure photos with those of the confinement showed a blue area (lu-
minol) between the file and the wall (see Figure 7), especially at the higher power settings. In 
the cuvette there is a large area of luminol photo signal along the file, with brighter areas along 
the file that can be related to a distribution of nodes and antinodes along the file, see Figure 
8. The bright areas are separated by a few millimeters, which is consistent with the distance 
between the antinodes on an oscillating file in air. The locations of the maximum intensity 
in the luminol photos and those of the oscillation patterns do not match exactly, because the 
oscillation patterns are obtained from a simulation for files oscillating in air (Verhaagen et al. 
2012); in water or luminol, the wavelength will increase, which will result in a better match 
of the maxima in the luminol photo intensity with the antinodes. Nevertheless, the areas of 
higher luminol photo intensity can be associated with the location of the antinodes away from 
the tip of the file and not with the tip of the file itself. Toward and beyond the tip of the file, the 
luminol photo intensity decreases.
In the confinement of the bovine-sized and human-sized root canal models, the luminol pho-
to intensity was observed to be uniformly distributed between the file and the wall. The lu-
minol photo signal was also observed beyond the file tip toward the apex of the confinement.
A quantitative analysis of the luminol photos showed an increase of intensity with increasing 
power (Figure 9). These trends were similar to the SL and SCL results (Figure 4). However, 
the luminol photos have a resolution of 2 decades whereas the SCL data spanned more than 
5 decades, making the SL and SCL methods more sensitive than the luminol photography 
method.

Calorimetry

Sonication of the water inside the cuvette showed a linear increase in temperature within the 
measurement time of 1 minute, see Figure 10a. The IS25/25 file driven at the high power set-
ting was found to have the highest slope (0.08 K/sec) and a maximum temperature increase 
of 4.9 K, with the slope and temperature increase at low power setting being approximately 
half of those values. The K25/21 and IS25/21 file at high power both had a slope of 0.02 K/sec.
Inside the bovineand human-sized root canal models (Figure 10b and 10c, respectively), the 
temperature increased by 12 and 14 K, respectively, within 1 minute. The slopes were not 
linear but showed an initial fast rise in temperature, followed by a more gradual increase. This 
change in slope could be due to heat conduction by the glass confinements that starts to play 
a role after a few seconds.
Table 2 shows the acoustic power density as calculated from Figure 10a-c and Equation 3, 
assuming a linear temperature increase over time. The acoustic power density is on the order 
of 0.1-1 W/L. The confinement of the bovine-sized root canal model increased the acoustic 
power density by a factor of 2.5 to 6, depending on the file. An even smaller confinement, of 
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the size of a human root canal, increased the acoustic power density by another factor of 1.2 
to 2.8. In all confinements, the IS25/25 file had the highest acoustic power density, followed 
by the K25/21 and IS25/21 files.

High-speed visualization

High-speed recordings confirmed of the occurrence of cavitation, predominantly at the tip of 
the file where a large cloud of bubbles was formed with a size on the order of the file diameter. 
At subsequent antinodes along the file, single, smaller cavitation bubbles were observed with 
diameter on the order of 10 μm, see Figure 11. The generation of the large bubble cloud at the 
tip of the file can be observed in more detail in the recordings of the cross-section of the file, 
see Figure 12.
The orientation of the square cross-section was observed to have a large influence on the cav-
itation formed at the file edges. When the in-focus tip of the file oscillated along the diagonal 
of the cross-section (‘diamond’), cavitation as observed at the corners of the cross-section. 
However, when the in-focus tip of the file had one of its sides in the direction of oscillation 
(‘square’), the cavitation cloud was observed to form out-of-focus, i.e. at a part of the file 
with diamond orientation. The distance between square and diamond orientation in the axial 
direction along the file is 0.25 mm (Verhaagen et al. 2012), whereas the focal depth of the 
microscope optics is around 0.10 mm.
The bubble cloud was observed to grow in front of the moving file already during the decel-
eration of the file, i.e. before reaching its maximum displacement. This can be attributed to a 
phase difference between the file oscillation velocity and the induced pressure, as predicted in 
another study (Verhaagen et al. 2013).
The bubble cloud was observed to grow and to collapse twice per period in the wake of the 
oscillating file. Small bubbles with a diameter less than 5 μm were observed to split off from 
the bubble cloud and to obtain a steady velocity of approximately 1 m/s away from the file. 
These bubbles could be observed for at least 3 ms before dissolving or moving out of focus. 
The generated bubbles were therefore likely to be of the stable cavitation type. This was 
further confirmed by their tendency to flow along a glass wall placed nearby rather than 
collapse onto it.
Degassing the tap water before oscillating the file resulted in a reduction (to almost zero) in 
the size of the bubble cloud and the number of bubbles split off (see Figure 13). This behavior 
is expected since there is less gas and less nuclei available to nucleate bubbles. Oscillating the 
file in a luminol solution appears not to affect the size of the bubble cloud compared to tap 
water. When using a NaOCl solution, on the other hand, a large increase in size of the bubble 
cloud was observed. It also resulted in larger bubbles being shed off, which is a typical effect 
of a salty solution that is described in literature (Wall et al. 1999; van der Sluis et al. 2010).
A dentine wall placed within 200 μm of the oscillating file did not reduce or increase the 
amount of cavitation occurring close to the file, see Figure 14. However, more interesting was 
the observation that the bubble cloud tended to collapse onto the file rather than onto the 
wall, independent of the distance between the file and the wall. Cavitating bubbles were only 
incidentally observed on the dentine wall. Similar observations were made for the file oscil-
lating inside the confinement of the root canal (see Supplementary Movie 1), where cavitation 
on the glass wall was only observed in a limited number of cases. However, the roughness of 
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the wall of a real root canal is much larger than that of the glass models employed here, which 
increases the number of potential bubble nucleation sites. More cavitation may therefore be 
expected inside a real tooth.
The water-air interface at the coronal part of the root canal was observed to be unstable when 
certain files and insertion depths were used, see Figure 15. This instability can be related to an 
antinode of the oscillating file coinciding with the air-water interface. Droplets were observed 
to split off from the unstable interface, leading to a reduction of the amount of fluid present 
in the root canal, as also reported in a previous study (Macedo et al. 2010). The instability of 
the interface also led to air entrainment, resulting in large and stable bubbles (more than 100 
μm in diameter) in the root canal liquid volume. Such stable bubbles could oscillate together 
with the ultrasonic file and exhibit surface oscillations. This can locally increase the streaming 
significantly, even at remote locations such as inside a side channel of the root canal.

Discussion

The sonochemical dosimetry and the visualization measurements have shown that cavitation 
can take place around endodontic files, even within the confinement of a root canal model. The 
amount of cavitation varied between the file types but always increased with increasing power 
setting. The observation that cavitation could already be measured for very low power setting 
(‘Green 5’), where the oscillation velocity of the file is below the 15 m/s cavitation threshold limit 
as derived before, suggests that the fluid flows around the edges of the file with a velocity higher 
than the oscillation velocity of the file. This phenomena is known as edge cavitation.
Regarding the geometrical properties of the file (length, diameter and cross-section) we ob-
served an increase in the SL and SCL signals with increasing file diameter, which can be ex-
plained by a larger amount of fluid that has to be displaced by a thicker file, leading to larger 
velocity and pressure gradients. The polishing of the square cross-section of the IrriSafe files 
did not affect the SL and SCL signals.
Changing the file length, diameter or cross-section of the file was shown previously to have 
a large and not straightforward influence on the file oscillation characteristics (Verhaagen et 
al. 2012). However, no clear relation between SCL value and the predicted oscillation am-
plitude at the tip of the various files was found (Figure 5), in spite of our findings reported 
here and that of a previous study (Lea et al. 2005) that a higher amplitude (power setting) 
for a single file does increase the SCL value. This leads to the hypothesis that the cavitation 
cloud observed at the tip of the file does not induce a measurable amount of SCL, but that it 
is rather the smaller bubbles that were observed at the other antinodes that contribute to the 
SCL emission. This hypothesis is supported by the observation that the IrriSafe files generated 
a higher SCL signal. The IrriSafe files have a lower tip oscillation amplitude than K-files of 
similar dimension, but all antinodes on the IrriSafe files have approximately the same ampli-
tude due to the absence of a taper on these files , leading to a preference for more and smaller 
bubbles all along the file rather than a large bubble cloud at the tip. The K-files typically have 
a high amplitude at the tip, leading to the formation of the cavitation bubble cloud, but the 
amplitude of consecutive antinodes decreases rapidly and seems not to generate any cavita-
tion. The luminol photos (as well as additional visualizations not included here) also support 
this hypothesis, as generally near the tip of the files the intensity in the long-exposure photos 
decreased. It should also be considered that there may be bubbles present with a size smaller 
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than the optical resolution, which nevertheless could contribute to the SL and SCL signals.
The different nature of the large bubble cloud and the small individual bubbles can be ex-
plained in the following way. Bubble clouds as the one observed at the file tip can cause acous-
tic shielding, which reduces the ultrasound intensity that is experienced by bubbles inside the 
cloud. As a consequence, the energy focusing effect of each individual bubble collapse and 
the active bubble population are reduced, leading to less SCL intensity when compared to the 
single bubbles induced at locations along the file with lower amplitude (Hatanaka et al. 2002; 
Zeravcic et al. 2011). It is expected that these spherical bubbles collapse more symmetrically 
and efficiently and are therefore contributing the most to radical production. Cavitating bub-
bles in bubble clouds furthermore have a smaller expansion maximum radius (Yasui et al. 
2008), which also affects the SL and SCL (Hatanaka et al. 2002).
Considering the file oscillation amplitude in terms of acoustic power, similar results are re-
ported in the literature. It has been found that higher power can be detrimental to OHl radical 
formation (Fernandez Rivas et al. 2010; Fernandez Rivas et al. 2012). The reason for this is 
that a population of smaller and more spherical bubbles is proportionally larger at low power, 
as the growing and collapsing bubbles do not affect each other, contrary to bubble formation 
at a high power setting. Furthermore, numerical simulations of OHl production rates suggest 
that a decrease of SCL takes place if the bubble temperature inside an air bubble is too high 
due to a high pressure. OHl radicals are then consumed by oxidizing nitrogen inside the bub-
ble (Yasui et al. 2004). The bubble temperature can also increase as a result of bubble-bubble 
interaction with smaller bubbles (Yasui et al. 2011).
As mentioned in the introduction, cavitating bubbles can generate SL or SCL, or both; the 
population of SL and SCL active bubbles are not exactly the same and strongly overlap (Lee et 
al. 2005; Brotchie et al. 2009; Fernandez Rivas et al. 2012). In this study we have localized and 
identified the bubbles that are SCL-active using both high-speed imaging and long-exposure 
luminol photography. Additional experiments using long-exposure SL photography equip-
ment, as reported elsewhere (Ashokkumar et al. 2010; Fernandez Rivas et al. 2012), will have 
to be performed to provide similar evidence for the situation of SL emission.
The calorimetry measurements have shown that during one minute, the temperature of the 
liquid increases with 1-15º C (Figure 10). According to literature (Didenko et al. 1994), a 
drastic decrease in SL in water takes place as temperature increases from 15 to 70º C. As the 
temperature increases in the liquid, the gas concentration decreases, making the number of 
nucleated bubbles decrease. Also the ratio of vapor to gas increases as the solubility of gas 
decreases, which diminishes SL. Furthermore, the bubble can become saturated by vapor and, 
in the final stage of the adiabatical collapse, can arrest the compression phase, decreasing the 
SL intensity. There are several other parameters and reactions taking place inside the bubble 
(which depend on frequency as well) that are beyond the scope of this study but are reported 
elsewhere (Flint & Suslick 1991; Didenko et al. 1994; Yasui et al. 2004; Flannigan & Suslick 
2005; Okitsu et al. 2006). In this study, however, the ultrasound is pulsed with 3-second pulses 
and 7-second rest intervals, thereby limiting such temperature effects. Pulsation is further-
more reported to have beneficial sonochemical effects, for example when the pulse length is 
tuned to the dissolution time of the generated bubbles (Dekerckheer et al. 1998).
The reaction between NaOCl and luminol resulted in a SCL value that was much higher than 
the highest value of SCL produced for all of the files. As saturation of the PMT was likely, the 
ratio of OHl production by cavitation to that dissolved in the NaOCl solution could not be 

Chapter IV 



82

determined. Nevertheless the enhancement by OHl production by cavitation to the chemical 
cleaning effect of NaOCl is likely to be small.
The observation that the areas of high intensity in the luminol photos are not limited to the 
vicinity of the file but are actually spread out between the file and the wall, suggests that the 
reaction between the luminol and the radicals produced by cavitation does not always take 
place in the vicinity of the file. Cavitation can also take place at crevices in the circumferen-
tial wall and tiny bubbles that have split off from the bubble cloud (possibly smaller than the 
optical resolution of 3 μm/pixel). These phenomena have been observed and modeled before 
(Fernandez Rivas et al. 2012). Within the confinement of the root canal the acoustic field 
may be such that cavitation of small bubbles can occur even beyond the file tip. These small 
bubbles do not loose their sphericity and are therefore very SCL active compared to the larger 
bubbles.
A smaller confinement was found to lead to an increase in the SL and SCL signals. This could 
be attributed to the increase in acoustic power density emitted within these confined geome-
tries, due to the presence of the root canal walls (Iida et al. 2004). It could also be attributed to 
the increase in pressures as predicted in a previous study (Verhaagen et al. 2013). It should be 
noted that the human-sized root canal models have a conical shape as opposed to cylindrical, 
which could affect the SL and SCL signals because of the decreasing space around the file 
toward its tip. It should also be noted that the cuvette may not be considered an ‘unconfined’ 
case, as the sides of the cuvette are 50 times larger than the typical diameter of a file.
In the present study, the files were positioned in the center of the root canal during the 
sonochemical characterization experiments, which, however, is difficult inside the small 
human-sized root canal model. A recent study (Boutsioukis et al. 2013) has indicated that, 
during clinical use of Ultrasonic Activated Irrigation UAI, contact with a wall cannot be 
avoided, which introduces a secondary, audible frequency on top of the 30 kHz oscillation. 
These two frequencies can lead to constructive or destructive interference, resulting in occa-
sionally higher or lower velocities, with an associated probability of cavitation occurrence.
The bubble cloud at the file tip tended to collapse onto the file itself, not on a nearby wall, 
where removal of biofilms and smear layer is required. Erosion and cleaning of a hard wall 
takes place by jetting of collapsing bubbles and shock waves induced upon collapse (Krefting 
et al. 2004; Van Terwisga et al. 2009; Fernandez Rivas et al. 2012). However, bubbles collapsing 
near a soft wall may generate a jet away from the wall, thereby pulling the soft material off the 
wall (Brujan et al. 2001). Therefore if the file is close to the wall when the bubble collapses, this 
cavitation cloud may enhance the cleaning of root canals, without causing erosion damage to 
the dentin wall.
The reported observation during clinical use of UAI that aerosols are generated outside of 
the root canal cavity, suggests that instability of the irrigant-air interface and resulting air 
entrainment as shown here, does indeed take place. Air entrainment was also often observed 
for the glass models employed in this study when not submerged in the cuvette, leading to a 
root canal filled with large air bubbles (O(100 μm) in radius). Air entrainment results in loss 
of irrigant, in the extreme case preventing generation of acoustic streaming (Verhaagen et 
al. 2013), for which a fluid is required. The entrained bubbles, however, could enhance the 
cleaning of the root canal system by locally increasing the streaming and mixing. In different 
studies it was furthermore reported that the increased uptake of gas by the liquid at higher 
powers resulted in an increased SL value (Henglein et al. 1989). The free surface oscillation 
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itself has previously been reported to negatively affect SCL values (Tuziuti et al. 2010; Fernan-
dez Rivas et al. 2012).
The SL and SCL methods of cavitation detection used in this study were more sensitive than 
the method using the luminol photos (Figure 9). Therefore, previous studies using luminol 
photography (Felver et al. 2009; Joyce Tiong & Price 2012) probably underestimated the oc-
currence of cavitation, which is present already for lower power settings as this study shows. 
Nevertheless, the luminol photos are useful in obtaining information on the spatial distribu-
tion of cavitation (Figure 8), which cannot be obtained from the SL and SCL PMT measure-
ments. Other dosimetry methods have been reported in the literature, e.g. terephtalic acid 
(TA) (Lea et al. 2005). However, a pilot study showed that the concentration range that was 
generated with our ultrasound equipment was below the sensitivity level of the TA method. 
In future work, additional temporal detail and insight into the oscillatory or transient nature 
of the cavitation can be obtained using passive acoustic detection. The high-speed imaging 
performed in the present study provides additional information on the occurrence of cavita-
tion in a small region-of-interest during a short time span. Additionally, the luminol photos 
show a large region-of-interest time-averaged over several seconds. The combination of these 
three techniques is then a good approach for an integral characterization of endodontic files 
and equipment. We have shown that such characterization of cavitation in UAI is relevant 
because cavitation occurs and may contribute to mechanical and chemical cleaning.

Conclusion

The generation of cavitation in different root canal models, generated by the oscillation of sev-
eral endodontic files, was demonstrated even at low power settings by means of sonochemical 
(SL and SCL) and optical techniques. This methodology of testing endodontic devices was 
found to be sensitive and is a useful method in the characterization of existing or new end-
odontic files and devices.
The amount of cavitation varied between the files; the averaged SCL signals spanned 5 de-
cades and increased with increasing power setting. Generally speaking, a larger diameter 
increased the cavitation activity. The confinement of a bovine and a human root canal was 
mimicked and showed an increase of cavitation activity by an increase in the number and size 
of the bubbles, and an increase in the SL and SCL values.
High-speed recordings showed that a cloud of cavitation bubbles, generated at the sharp edg-
es of a file with a square cross-section, only collapsed on the file itself and not on a nearby wall. 
This bubble cloud did not contribute to SCL, but may help the root canal cleaning by pulling 
on material on a nearby wall. At antinodes with smaller amplitude, small individual bubbles 
were observed and they contribute for the major part to the SL and SCL observed.
Air entrainment at the liquid-air interface was found to lead to stable cavitation bubbles 
which promote streaming and mixing.
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Tables

Table 1: Overview of the file types and measurements on them. Files that allow for compar-
ison of file length (L, solid line), diameter (D, dashed line) or cross-section (CS, double line) 
are linked with lines. * Polished to the same cross-sectional shape as the IrriSafe files.

Figures

Figure 1: Sketch of the experimental setup, not to scale. The light-tight box and the equip-
ment it contains is depicted on the left (a), with the models sketched below (b). An example 
of the SL signal recorded on the PC is shown on the right (c).

 
Figure 2: Photo of an endodontic file and sketches of the three different cross-sections. The 
vibration direction is indicated with arrows.
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Figure 3: Average and standard deviation of the SL signal for an IS25/21 file inside different 
confinements (colors).
 

Figure 4: Average and standard deviation of the SCL signal measured with the PMT for nine 
different files, with varying length, diameter and cross-section, oscillating inside the cuvette. 
The shaded area above 1V represents saturated PMT response and therefore underestimated 
results.

 
Figure 5: Average and standard deviation of the SCL signal for six files, plotted versus its os-
cillation amplitude as determined in a previous study (Verhaagen et al. 2012).
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Figure 6: SL (a) vs. SCL (b) for various files. Note the double y-axis scaling.

 
Figure 7: Overlay of luminol photos (blue) with ambient light photos, showing the spatial 
distribution of luminol inside the cuvette (a) and bovine-sized (b) and human-sized (c) root 
canal models. The confinements have been outlined with solid yellow lines; the luminol-air 
interface is indicated with a dashed yellow line. The white bar in (a) is 2.5 mm wide.
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Figure 8: Comparison of the normalized intensity in the luminol photos of two files with the 
oscillation characteristics of those files. The oscillation characteristics are obtained from a 
previously described simulation (Verhaagen et al. 2012) of the files oscillating in air. In water, 
the wavelength has been reported to increase, which will improve the match of the maxima in 
the luminol photo intensity with the antinodes.

 
Figure 9: Luminol intensity for 5 power settings and 9 files, to be compared to Figure 4. The 
photo intensity ranges only three decades, whereas the PMT signal spanned 6 decades.
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Figure 10: Plot of temperature increase versus ultrasound sonication time, for three files (col-
ors), inside the cuvette (a) or bovine-sized (b) or human-sized (c) root canal (RC) model. Low 
and high power are indicated with open and closed symbols, respectively. The values are averag-
es of 3 measurements. The standard deviations are not indicated for clarity but are at most 1 K.
 

Figure 11: Sketch of the occurrence of cavitation along the length of an oscillating file. At the 
tip of the file (I), a large cavitation bubble cloud is formed; at other antinodes (II), only small, 
single bubbles are observed. Still images are taken from a high-speed recording in which the 
file is oscillating inside the confinement of a root canal model.
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Figure 12: Cavitation at the tip as visualized from the side (upper rows) and head-on (lower 
rows), during one half of an oscillation cycle. The white arrows indicate the direction in which 
the file moves; their length represents velocity magnitude. The numbers indicate time in mi-
croseconds. The white bar is 200 μm. 
 

Figure 13: Representative images of the cavitation cloud (grey) on the tip of a K-file (black), 
in different liquids. The arrows indicate that the motion of the file is to the left. The diameter 
of the file at the tip is 150 μm.

 
Figure 14: File next to a dentin wall, showing no collapse of the bubble cloud on the wall. The 
dashed line in the first panel indicates the original location of the wall, showing the damage 
done by the file itself. The numbers indicate time in microseconds; the white bar is 200 μm.
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Figure 15: Air entrainment due to an oscillating file (outlined in white) inside a glass root canal 
model (thick white line). An antinode of the oscillating file leads to instabilities at the air-irrigant 
interface (I), resulting in the generation of a spray of droplets of irrigant. After some time, this 
loss of irrigant results in a large volume fraction of the root canal being occupied by air rather 
than irrigant (II). Stable bubbles can split off from this air pocket (III). The white bar is 200 μm.
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Cavitation measurement during sonically and 
ultrasonically activated irrigation*

Abstract

Introduction The aim of this study was to quantify and to visualize the possible occurrence 
of transient cavitation (bubble formation and implosion) during Sonic (SAI) and Ultrasonic 
(UAI) Activated Irrigation. Methods The amount of cavitation generated around several end-
odontic instruments was measured by sonochemiluminescence (SCL) dosimetry inside four 
root canal models of human dimensions and varying complexity. Furthermore, the spatial 
distribution of the SCL in the root canal was visualized with long-exposure photography. 
Results Instrument oscillation frequency, ultrasonic power and file taper influenced the oc-
currence and amount of cavitation. In UAI, cavitation was distributed between the file and the 
wall extending beyond the file and inside lateral canals/isthmuses. In SAI, no cavitation was 
detected. Conclusions Cavitation was shown to occur in UAI at clinically relevant ultrasonic 
power settings both in straight and curved canals; but not around sonically oscillating instru-
ments, driven at their highest frequency.

Introduction

Sonic Activated Irrigation (SAI) and Ultrasonic Activated Irrigation (UAI) aim to improve 
the chemical and mechanical efficiency of root canal irrigation procedures (Moorer & Wes-
selink 1982; van der Sluis et al. 2007; Ruddle 2009; Jiang et al. 2010; Macedo et al. 2010). For 
both methods, acoustic microstreaming and hydrodynamic cavitation (the formation and 
implosion of vapor bubbles) have been claimed as their working mechanisms (Ahmad et al. 
1987; Ruddle 2009; Jiang et al. 2010; Joyce Tiong & Price 2012). However, for SAI, Jiang et al. 
(2010) suggested that cavitation cannot occur because the velocity of the sonically oscillating 
instrument is too low. For UAI, Ahmad et al. (1988) argued that cavitation is unlikely to occur 
inside the root canal. Due to space restrictions, the amplitude of oscillation of the endodon-
tic instrument would probably not be high enough to produce cavitation. However, recently 
cavitation was shown to occur during UAI within the confinement of a root canal (Jiang et 
al. 2011; Macedo et al. 2014), even with contact of the file against the wall (Boutsioukis et 
al. 2013), though at higher power settings than advised by the manufacturer for endodontic 
purposes. To our knowledge, cavitation has never been observed during SAI.
A distinction can be made between transient cavitation, involving a violent inertial collapse of 
a bubble, and stable cavitation, which involves more gentle volumetric oscillations (Brennen 
1995). In this article we investigate specifically the occurrence of transient cavitation involved 
in enhancing chemical reactions (Suslick et al. 1990; Fernandez Rivas et al. 2010; Joyce Tiong 
& Price 2012), surface cleaning and erosion (Fernandez Rivas et al. 2012).  
The aims of this study were to quantify and to visualize the occurrence of cavitation during 

* Published as: Macedo RG, Verhaagen B, Fernandez Rivas D, Wesselink PR, Versluis M, van der Sluis LWM, (2014) 
Cavitation measurement during sonically and ultrasonically activated irrigation. Journal of Endodontics. In press
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UAI and SAI in a root canal model of human dimensions with varying morphological com-
plexity and with different oscillating instruments and power settings. In transient cavitation, 
high pressure and temperature conditions inside the collapsing bubble lead to the formation 
of OHl radicals by sonolysis of H2O molecules (Suslick et al. 1990; Hatanaka et al. 2002). 
A chemiluminescent molecule can react with the OHl radicals and produce light emission 
(sonochemiluminescence (SCL)) (Hatanaka et al. 2002; Kanthale et al. 2008). No SCL is gen-
erated with stable cavitation. Strict dark conditions and sensitive photo-multipliers were used 
here to detect and quantify the production of SCL in cavitation bubbles at various power 
settings, as a direct means to quantify the amount of cavitation. Long-exposure SCL pho-
tography provided additional information on the location of cavitation bubbles at different 
operation and confinement conditions (Macedo et al. 2014). 

Materials & Methods

The methodology includes two distinct experiments: sonochemical dosimetry and visualiza-
tion experiments, both explained in detail in a previous study (Macedo et al. 2014). Both took 
place in a light-tight box with dimension 1.2×1.0×0.5 m; dark conditions inside were verified 
with long-exposure photography. Inside the box, an endodontic file was positioned in an in-
house manufactured PDMS  (PolyDiMethylSiloxane; Sylgard 184, Dow-Corning, Midland, 
MI) root canal model. The model was of human dimensions (apical diameter of 0.35 mm, a 
taper of 6% and a length of 20 mm), fixed inside a 1.0×1.0×4.0 cm cuvette (Plastibrand, Brand, 
Wertheim, Germany). 
SAI was performed by the Endoactivator system (Dentsply, Tulsa, OK, USA), using the yellow 
(apical size ISO 15/0.02 taper), red (25/0.04) and blue (35/0.04) polymer tips. The highest 
operational frequency (190 ± 5 Hz (Jiang et al. 2010)) was used, since that is most likely to 
generate cavitation. For UAI, IrriSafe files 25/21 (apical size/length) and 25/25 and the K25/21 
(all Satelec Acteon, Merignac, France) were used (Kanthale et al. 2008; Jiang et al. 2011), driv-
en with an endodontic ultrasound device (P-Max, Satelec Acteon). The power settings on the 
device ranged from low to high using colors codes, from `Green’ via `Yellow’ and `Blue’ to 
`Red’, each with 10 steps increments. 
For the sonochemical dosimetry measurements, the instruments were centered and fixed at 
1 mm from working length (WL) using a translation stage. The ultrasound and sonic devices 
were switched on and off by a pulse-delay generator (TGP110, TTi, Huntingdon, UK) in 3 
cycles with a period of 10 seconds, consisting of 3 seconds ON and 7 seconds OFF (duty cycle 
of 30%). The rest phase in between pulses allows the fluid to relax to its ambient state with 
respect to its temperature, gas content and flow. Each measurement was done six times with a 
new file and fresh irrigant. No file/tip separation has been observed during the experiments. 
For all SCL experiments, air-saturated aqueous luminol (0.1 mM luminol in 0.1 M NaOH 
(both Merck Millipore, Billerica, MA, USA)) solution was used (Fernandez Rivas et al. 2012). 
A photomultiplier tube (PMT; R508, Hamamatsu Photonics, Hamamatsu, Japan) was placed 
next to the cuvette. The PMT received an electrical voltage of 1.6 kV from a power supply 
(6516A, Hewlett-Packard, Palo Alto, CA, USA); its output was recorded at a rate of 300 kHz 
with a high-speed data acquisition device (DAQ; USB-6356, National Instruments, Austin, 
TX, USA). The average and standard deviation of each of the 18 activation cycles (6 measure-
ments of 3 cycles) were calculated as outlined before (Macedo et al. 2014). Calibration showed 
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a linear response of the PMT up to an output voltage of 1 V, above which saturation occurs 
(underestimation of the amount of cavitation). An interclass correlation coefficient score of 
0.994 for single measurements with p<0.001 was found (Macedo et al. 2014), assuring a high 
reliability and reproducibility. 
In the visualization experiments, the spatial distribution of the SCL in the root canal during 
UAI with a IrriSafe file 25/25 was observed using long-exposure photographs, taken with a 
CMOS photocamera (D300, Nikon, Tokyo, Japan) and 50mm, f/1.8 lens (Nikon). The camera 
exposure time was set at 30s, with highest ISO value (Hi1.0) and automatic white balance. A 
picture of the root canal model was taken in ambient light before the SCL photos were ac-
quired under dark conditions, to identify the location of the root canal model walls. 
Four different root canal models were used (Figure 3), with varying morphological complex-
ities but equal main root canal size (apical diameter 0.35mm, taper 6% and length 20mm). 
These models were made out of PDMS, which has good optical accessibility. The first model 
was a straight canal; the file was centered and fixed at 2 or 5 mm from WL. The second model 
had a lateral canal of diameter 0.250mm located at 3mm from WL; the file tip was at 2 mm 
from WL and oscillated in the direction of the lateral canal. The third model had an isthmus 
of size 3×0.15×4 mm located at 2-5 mm from the apex; the file was placed at 2 mm from WL 
and oscillated in the direction of the isthmus. The fourth model had an apical curvature, start-
ing at 4 mm from the apex and with an Schneider angle of 27o (Schneider 1971). The file was 
inserted either at the start of the curvature (4 mm from WL) or was pre-bent and inserted up 
to 1 mm from WL, leading to contact with the root canal wall.

Statistical analysis

Student’s t-tests for independent samples were performed to assess differences in SCL be-
tween files with different lengths (21 vs. 25 mm), file type (square (K-file) with 2% taper vs. 
square with round edges (Irrisafe) with 0% taper). For all tests, P-values < 0.05 were consid-
ered statistically significant.

Results

The SCL values for all studied sonic and ultrasonic tips inside the root canal model is plotted 
in Figure 1. It is evident that cavitation does not occur around sonic tips. An increased power 
setting increases the SCL signal for all ultrasonic files (P< 0.001). Already at the power setting 
of ̀ Green 5’ a SCL signal could be observed for the Irrisafe files. Both Irrisafe files resulted in a 
SCL value higher than the K-files of similar dimension (P=0.001). The length of the ultrasonic 
file had no influence on the SCL value (P>0.05).
Figure 2 shows the location of cavitation along two ultrasonically oscillating files. The IrriSafe 
file shows 5 locations of cavitation, whereas the K-file only shows cavitation at the tip and the 
first antinode. These locations appear to match well with the antinodes on the files as obtained 
in a previous study (Verhaagen et al. 2012).
Overlaying the long-exposure SCL photos with the ambient light photos of the root canal 
models with varied morphological complexity shows the spatial distribution of cavitation 
(Fig. 3). For all models, cavitation occurred between the ultrasonic file and the wall. SCL was 
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also observed at the entrance of simulated lateral morphologies and beyond the tip of the file, 
up to approximately 1 mm when the file was at WL-2 mm and up to 2 mm when the file was 
at WL-5 mm in the straight canal. Cavitation occurred even in curved canal models with a file 
oscillating before or beyond the curvature with file-to-wall contact. 

Discussion

The occurrence of transient cavitation during UAI, although claimed by some (Roy et al. 1994; 
van der Sluis et al. 2007) and doubted by others (Ahmad et al. 1988; Zehnder 2006), has now 
been demonstrated in this paper for clinically relevant power settings. The reason for such con-
troversy up to now was that cavitation dosimetry in an endodontic context is experimentally 
challenging and limited by several factors. The most important ones are the small volumes 
of irrigant used in dentistry (10-100 mL), the short duration of ultrasonic agitation (20-60 
sec) and the contact of the irrigant with open-air atmospheric conditions. On-line dosimetry 
methods such as SCL have recently been successfully applied in the dental context to quantify 
transient cavitation occurring around oscillating endodontic files (Macedo et al. 2014) and 
scalers (Joyce Tiong & Price 2012).
The type of file influenced the amount of cavitation (Figs. 1 and 2), the Irrisafe file design 
being more effective than the K-file with similar dimensions. These two files differ in taper 
(2% for K-file and 0% for IrriSafe) and cross-section (square (K-file) and square with round-
ed edges (IrriSafe)). The shape of the edges has been proven to have no effect on cavitation 
generation (Macedo et al. 2014). The taper, however, affects the number and amplitude of the 
antinodes on the file. All the antinodes on the IrriSafe file have an amplitude sufficiently high 
to induce cavitation, whereas only the tip and the first antinode on the K-file have such a high 
amplitude, see Figure 2.
Using similar methodology, Ahmad & Roy in (1994) reported limited sonochemilumines-
cence signal even at high power intensity, making them questioning the clinical occurrence 
of cavitation. They suggested that file-to-wall contact would dampen the file oscillation and 
therefore inhibit the occurrence of cavitation. The comparison of their results with those pre-
sented here is difficult, but their negative results may be attributed to the dissipation of energy 
at the Cavi-endo coupling system (Williams & Walmsley 1988). Besides, it has been proven 
in a recent article that unintentional file-to-wall contact occurs in a clinical context but does 
not completely stop the oscillation of the file, the microstreaming or cavitation (Boutsioukis 
et al. 2013). 
The generation of cavitation may be different in a dentin root canal compared to the present 
PDMS model. However, in previous studies such PDMS models were found to be a suitable 
root canal model (Verhaagen et al. 2012), and the change in light transmission has been cor-
rected for (Macedo et al. 2014). The use of luminol solution instead of NaOCl as irrigant may 
have underestimated the amount of cavitation produced, as NaOCl may act as a surfactant 
and thereby favor cavitation (Mason 2003). However, luminol is required in order to detect 
SCL, but cannot be combined with NaOCl because the two react (Macedo et al. 2014). In a 
recent article more cavitation was detected visually around an endodontic file oscillating in 
NaOCl than in luminol (Macedo et al. 2014). This affects all ultrasonic groups equally. 
In this study SAI at the highest frequency showed no SCL, regardless of the tip size used, while 
UAI produced SCL throughout its complete power range. The absence of cavitation during 
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SAI was predicted by Jiang et al. (2010) due to the reported slow movement of the tip, which 
was below the threshold needed for cavitation. Such a cavitation threshold can be determined 
by estimating the pressures required for the formation, growth and collapse of a bubble within 
a given liquid. Bubbles can grow when the applied pressure drops from the ambient pressure 
to below the vapor pressure of the liquid (Liu et al. 2002; Marmottant et al. 2006). Such neg-
ative pressures need to be generated by the oscillating tip, where the oscillation amplitude 
is maximal. The likelihood of cavitation occurrence is defined by the cavitation number Ca 
(Brennen 1995):

  (1)
  
where ρ is the density of the liquid (1100 kg/m3 for NaOCl). With sufficient cavitation nuclei 
(pre-existing gas pockets) available, and for Ca < 1, cavitation can occur. The corresponding 
velocity threshold is 15 m/s.
The velocity U of the (ultra)sonic tip can be calculated with the equation U  = 2πfA (with f 
being the file oscillation frequency and A the amplitude of oscillation).  The typical frequency 
of oscillation for endodontic devices is 30 kHz and with a typical oscillation amplitude of 
approximately 100 μm at high power settings (Lea et al. 2010; Verhaagen et al. 2012; Verhaa-
gen et al. 2013), it exceeds the Ca < 1 condition, instantly leading to cavitation. On the other 
hand, a sonic tip oscillating at a frequency of 190 Hz and an oscillation amplitude of 1.2 mm 
oscillates with a velocity of only 1.4 m/s. Furthermore, 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 for SAI. This inhibits free oscillation of the sonic tip, thereby reducing the velocity of the 
irrigant (Marmottant et al. 2006; Jiang et al. 2010). This was further confirmed by the poor 
dentin debris removal performance of SAI in simulated oval extensions in an ex-vivo root 
canal model (Jiang et al. 2010).
The long-exposure photography used in this study permits the observation of the spatial 
distribution of SCL inside root canal models with varied morphological complexity such as 
curved main canals and lateral internal morphology (Fig. 2) as often encountered in root ca-
nal systems (De Deus 1975). The results of this study show that cavitation is not limited to the 
ultrasonic file tip but is also distributed further up along the file. These findings corroborate 
the ones reported by Macedo et al. (2014) where SCL has been related to a distribution of 
nodes and antinodes along the file. 
SCL has also been observed here in simulated lateral morphology, but only a small distance 
into the simulated lateral canal and isthmus. This suggests that the cavitation is induced by the 
oscillating pressure generated when the file oscillates at ultrasonic frequencies. This pressure 
has recently been shown to extend only a limited distance away from the file (Verhaagen et 
al. 2013).
Cavitation was observed up to approximately 2 mm beyond the tip of the file, even in a curved 
canal where contact with the wall took place. Such results reinforce the assumption that cav-
itation is possible under clinical conditions where file-to-wall contact cannot be completely 
avoided (Boutsioukis et al. 2013). Furthermore, it shows, together with a recent article in the 
flow in curved canals (Malki et al. 2012), that the presence of a curvature does not significant-
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ly affect the mechanisms of action of ultrasonic activation. Future studies should focus on the 
contribution and optimization of this phenomenon for cleaning the root canal system. 
In conclusion, cavitation was shown to occur in UAI at clinically relevant ultrasonic power 
settings both in straight and curved canals and at the entrance of lateral canals and isthmuses, 
and also up to 2 mm beyond the tip of the file. No cavitation was detected around sonically 
oscillating instruments, driven at their highest frequency.

Figures
 

Figure 1: Average and standard deviation of the SCL signal for three different ultrasonic files 
with varying length, diameter and cross-section, and for three sonic tips. All instruments 
oscillated inside a human-sized root canal model. The settings marked in gray are clinically 
relevant (according to the manufacturers). For values above 1V the PMT was saturated and 
those values are therefore underestimated.
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Figure 2: Cavitation occurrence along the IrriSafe 25/21 (a) and K15/21 (c) files during ul-
trasonic activation in water, as observed with long-exposure photography. The white clouds 
originate from light reflected off cavitation bubbles. The oscillation patterns of the two files (24) 
are shown in (b) for correlation between the file antinodes and the locations of the cavitation.

 
Figure 3: Overlay of SCL photos (represented in red) with ambient light photos, showing the 
spatial distribution of cavitation inside human-sized root canal models with varied complex-
ity. The confinements have been outlined with thin solid yellow lines; the file insertion depth 
(2, 4 or 5 mm) is indicated with yellow bars next to the apical part of the canal.
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Study on the influence of refreshment/activation cycles 
and irrigants on mechanical cleaning efficiency during 

ultrasonic activation of the irrigant*

Abstract

The aims of this study were to evaluate dentin debris removal from the root canal during 
ultrasonic activation of sodium hypochlorite (2 and 10%), carbonated water, and distilled 
water and to determine the influence of three ultrasonic refreshment/activation cycles of the 
irrigant using the intermittent flush technique. Root canals with a standardized groove in one 
canal wall, which was filled with dentin debris, were irrigated ultrasonically. The irrigant was 
refreshed and ultrasonically activated 3 times for 20 seconds. The quantity of dentin debris 
after irrigation was determined after each refreshment/activation cycle. 
The results showed that ultrasonic activation of the irrigant combined with the intermittent 
flush method produces a cumulative effect over three refreshment/activation cycles. Sodium 
hypochlorite as an irrigant is significantly more effective than carbonated water, which is sig-
nificantly more effective than distilled water in removing dentin debris from the root canal 
during ultrasonic activation.

Introduction

The aim of irrigation of the root canal system is to remove pulp tissue, and or micro-organisms, 
smear layer, and dentine debris from the root canal system, neutralize endotoxins, and lubricate 
canal walls and instruments (Zehnder 2006). Irrigation of the root canal system allows the irrig-
ant to be chemically active (chemical) and permits the flushing of debris (mechanical).
Passive ultrasonic irrigation (PUI) is ultrasonic activation of an irrigant in the root canal via 
a small, ultrasonically oscillating instrument (diameter 0.15 or 0.20mm) placed in the center 
of the root canal after the root canal has been shaped up to the master apical file (Ahmad et 
al. 1987). PUI can induce acoustic streaming and/or cavitation of an irrigant, thereby enhanc-
ing the flushing effect (mechanical) (Ahmad et al. 1987; Roy et al. 1994). Furthermore, PUI 
results in an increase in the temperature of the irrigant (Cameron 1988), which will increase 
the tissue dissolving capacity of NaOCl (chemical) (Sirtes et al. 2005; Al-Jadaa et al. 2009). 
These factors facilitate the removal of pulp tissue, bacteria, the smear layer, dentin debris, and 
Ca(OH)2 from the root canal (Ahmad et al. 1987; Burleson et al. 2007; Van der Sluis et al. 
2007). However, if this is due to the acoustic streaming, cavitation or both is unknown. 
The mechanical effect of irrigation is not similar for all irrigants activated by ultrasound. For 
example, plain water is less effective than 2% NaOCl (Van der Sluis et al. 2007). However, 
whether 10% NaOCl or carbonated water (water with CO2 bubbles to enhance cavitation) are 
more effective than plain water or 2% NaOCl is unknown.

* Published as: van der Sluis LWM, Vogels MPJM, Verhaagen B, Macedo R, Wesselink PR (2010) Study on the influence of 
refreshment/activation cycles and irrigants on mechanical cleaning efficiency during ultrasonic activation of the irrigant. 
Journal of Endodontics 36, 737-740



105

To refresh the irrigant during PUI, the Intermittent Flush Method (IntFM) can be used. 
During the IntFM, a syringe is used to inject the irrigant into the root canal; then, the irrigant 
is activated ultrasonically (Cameron 1988). Depending on the irrigation time, this method 
is equally or more effective than refreshment with a continuous flow of irrigant in the pulp 
chamber (van der Sluis et al. 2009). In previous studies, three refreshment/activation cycles 
were used (Van der Sluis et al. 2007).  However, it is not known if a cumulative effect resulting 
from the three cycles indeed occurs.
Therefore, the purposes of this study were 1) to evaluate the effect of different irrigants (2% 
and 10% NaOCl as well as carbonated and distilled water) on the removal of dentin debris 
from the root canal during passive ultrasonic irrigation, 2) to measure the fluidic properties of 
these irrigants, and 3) to evaluate the effect of three ultrasonic refreshment/activation cycles 
during the Intermittent Flush Method.  

Materials and Methods  

Fluid property measurements

Density was measured on a balance (Sartorius LE324S, Elk Grove, Illinois, USA). Surface 
tension was measured using a tensiometer (Krüss K11, Hamburg, Germany) by submerging 
a plate into the fluid, slowly pulling it out, and measuring the resultant force. Viscosity was 
measured using a rheometer (Haake RheoStress 600, Kansas, USA) by measuring the stress 
during rotation at speeds of 10 to 200 s-1. The temperature during the measurements was 
21°C.

Dentin debris removal

Twenty canines (maxillary and mandibular) were instrumented with the GT system 
(Dentsply Maileffer, Ballaigues, Switzerland) until size 30, taper 0.06 (master apical file 
(MAF) reached the apical foramen (working length (WL). Only canines with root canals 
smaller than size 30, taper 0.06 were included (radiographic evaluation 3, 5, and 8 mm from 
the root apex). After instrumentation, the teeth were longitudinally split through the canal. 
A standard groove 4 mm in length, 0.2 mm in width, and 0.5 mm in depth was cut in one 
canal wall 2 to 6 mm from the apex, the dimension of the groove is comparable to an apical 
oval root canal (Lee et al. 2004) (Fig. 1). Each groove was filled with dentin debris that had 
been mixed for 5 minutes with 2% NaOCl to simulate a situation in which dentin debris 
accumulates in uninstrumented canal extensions during root canal preparation. This mod-
el was introduced to standardize the root canal anatomy and the amount of dentin debris 
present in the root canal before the irrigation procedure, and it was intended to increase the 
reliability of the evaluation of dentin debris removal. The methodology is sensitive, and the 
data are reproducible (Van der Sluis et al. 2007). 
Images of the grooves were taken using a Photomakroskop M 400 microscope with a digital 
camera (Wild, Heerbrugg, Switzerland) at 40x magnification; the photos were then scanned 
as tagged-image file format images. After reassembling the two root halves by means of 
wires and sticky wax, the root canals were irrigated with PUI combined with the IntFM or 
syringe irrigation. 
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Irrigation Procedures

PUI was performed with a 21 mm, stainless steel, non-cutting wire (diameter 0.20 mm, taper 
0.00) (Irrisafe\Acteon, Merignac, France) powered by a piezoelectronic unit (PMax\Acteon) 1 
mm coronal from the WL. The oscillation of the wire was directed toward the groove. According 
to the manufacturer, the frequency used under these conditions was approximately 30 kHz; the 
intensity 7.5 Watt and the displacement amplitude varied between 20 and 30 μm. For syringe 
irrigation and IntFM, a syringe (Terumo, Leuven, Belgium) and a 30 gauge needle (Navitip, 
Ultradent, South Jordan, UT, USA) were used. The needle was inserted until it reached 1 mm 
coronal from the WL. For both techniques, the total irrigant volume was 6 ml. The total irriga-
tion time was 2 minutes, divided in 3 sequences of 40 seconds. In the ultrasonic activation group 
the sequence was divided in 20 seconds ultrasonic activation and 20 seconds refreshment. After 
each sequence, the amount of dentin debris in the groove was determined.
Four irrigation solutions, including NaOCl 10% (pH 10.9), NaOCl 2% (pH 10.8), carbon-
ated water (Spa Barisart; pH 10.8), and distilled water (pH 7), were tested. In total, 6 exper-
iments were performed with the 20 models after a pilot experiment demonstrated that the 
non-cutting wire did not damage or alter the root canal wall or the oval extension during 
ultrasonic activation of the irrigant. Another pilot study demonstrated that 20 seconds of 
ultrasonic activation of NaOCl is as effective as 60 seconds with regard to the removal of 
dentin debris.  
In groups 1 and 3 (n=20), the root canals were irrigated using syringe irrigation with NaOCl 
10% and carbonated water, respectively, as the irrigant. In groups 2, 4, 5, and 6 (n=20), the 
root canals were irrigated with PUI and 10% NaOCl, carbonated water, 2% NaOCl, and dis-
tilled water, respectively, as the irrigant.    
The root halves were separated after the irrigation procedure in order to permit evaluation of 
the removal of dentin debris from the groove by images as described above. 
The quantity of the debris in the groove before and after irrigation was scored independently 
by three calibrated dentists using the following scores: 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 
groove is completely filled with debris (Fig.2). 
The inter-rater agreement was determined and the differences in debris scores between the 
different groups were analyzed by means of the Kruskal-Wallis test and Mann-Whitney test. 
The differences in debris scores at different irrigation times were analyzed by means of the 
Friedman test. The level of significance was set at P= 0.05.

Results

The fluid properties of the irrigants are listed in Table 1, and the results of the irrigation pro-
cedures are listed in Table 2. There was a statistically significant difference between the groups 
(P< 0.001). Within the PUI groups, both 2% and 10% NaOCl were significantly more effective 
than carbonated water, which itself was significantly more effective than distilled water in 
removing dentin debris. Overall, the PUI groups removed significantly more dentin debris 
than the syringe irrigation groups. 
The differences in debris scores between the refreshment/ activation cycles were statistically 
significant (Friedman test P < 0.001) for all groups. A further comparison (Wilcoxon Signed 
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rank test) demonstrated that all PUI groups revealed statistically significant differences be-
tween the irrigation times. Cohen’s Kappa coefficient of inter-rater agreement was 0.85.

Discussion

The results demonstrate that each of the three refreshment/activation cycles removed addi-
tional dentin debris, indicating the presence of a cumulative effect. In another study, using the 
IntFM to remove bovine pulp tissue from lateral canals, also a cumulative effect was reported 
with a plateau of efficiency after the third activation cycle (Al-Jadaa et al. 2009). 
NaOCl (2% or 10%) is the most efficient irrigant tested for the mechanical removal of dentin 
debris during ultrasonic activation. Because the fluidic properties of the irrigants are com-
parable, the streaming of the irrigants should be comparable as also confirmed by the results 
of the syringe irrigation groups, in which no significant difference was seen between 10% 
NaOCl and carbonated water. 
Therefore, another processes then streaming alone should be responsible for the results. 
Acoustic cavitation, which can be defined as the creation of new bubbles or the expansion, 
contraction, and /or distortion of pre-existing bubbles (so-called nuclei) in a liquid; this pro-
cess is coupled to acoustic energy could be one of them (Leighton 1994). When a salt solution 
like NaOCl is activated by ultrasound, it is known that the coalescence of bubbles is inhibited 
and results in a greater number of smaller bubbles (Wall et al. 1999). Furthermore, the oscil-
lation of a bubble depends on gas dissolved in liquid, temperature and impurities of the liquid 
(Brennen 1995). Further research should try to find an answer to these questions.
Carbonated water is supersaturated with CO2. Normally, carbon dioxide loss is slow and oc-
curs via diffusion through the surface layer exposed to the atmosphere and bubble formation. 
Ultrasound enhances the rate of bubble formation (Baur et al. 2006), which could have a pos-
itive influence on the removal of dentin debris during PUI. However, the exact mechanism 
remains unknown. 
The chemical effect of the tested irrigants on dentin debris does not influence the dentin 
debris removal, since there was no difference between NaOCl and carbonated water during 
syringe irrigation. Whether ultrasound is capable of changing the chemical structure of the 
irrigants is unknown.
Because the increase in temperature of NaOCl alone does not contribute to the effect of the 
ultrasonic activation (Al-Jadaa et al. 2009), this can be ruled out as a contributing factor. 
This study used dentin debris, which has an organic component of approximately 30% 
(Haapasalo et al. 2007). The organic tissue dissolving capacity of NaOCl is higher than that 
of carbonated water and distilled water. However, the dentin debris, used in this study, was 
abundantly soaked for 5 minutes in NaOCl, thereby dissolving a portion of the organic com-
ponent. Furthermore, there was no significant difference between 2% and 10% NaOCl, even 
though the organic dissolving capacity of the latter is higher (Sirtes et al. 2005). In an earlier 
study, water was also less effective than NaOCl during PUI in the removal of non-organic 
material from the root canal. The pH of the irrigants was comparable (pH 10.8, with the ex-
ception of distilled water with pH 7).  
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Conclusion

When the Intermittent Flush Method is used during ultrasonic activation of the irrigant, a 
cumulative effect occurs over three activation cycles. The use of sodium hypochlorite as an 
irrigant is significantly more effective than carbonated water, which is significantly more ef-
fective than distilled water in removing dentin debris from the root canal during ultrasonic 
activation. 

Tables 

 Density [kg/m3] Surface tension [mN/m] Viscosity [mPas]

water 1.010 ± 0.002 72.9 ± 0.0 1.14 ± 0.03

NaOCl 2.5% 1.065 ± 0.002                 74.3 ± 0.1 1.37 ± 0.03

NaOCl 5% 1.105 ± 0.002                 76.6 ± 0.0 1.65 ± 0.03

NaOCl 10% 1.229 ± 0.002                80.0 ± 0.0 2.58 ± 0.03

Carbonated water (Spa Barisart) 1.000 ± 0.002                 73.5 ± 0.0 1.02 ± 0.03
 

Table 1: Fluidic properties of distilled water, carbonated water and different concentrations 
of NaOCl at 21°C.

Groups  Before irr. After 1 median After 2 median After 3 median

1 * NaOCl 10% syr. 3 3  2 2

2 * º NaOCl 10% PUI 3 1  1  0.5 

3 º †  H2CO3 syr. 3 3 2 2

4 * † # H2CO3 PUI 3 2  1.5  1 

5 * † # NaOCl 2% PUI 3 2  1 0 

6 º # H2O PUI 3 3 3 2

* Sign. Diff. all irrigation moments, group: 1-2, 1-4, 1-5.
° Sign. Diff. all irrigation moments, group: 2-3, 2-6.
† Sign. Diff. all irrigation moments, group: 3-4, 3-5.
# Sign. Diff. all irrigation moments, group: 6-4, 6-5.

Table 2: Dentin debris score before and after each irrigation sequence.  
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Figures

 

Figure 1: Schematic drawing of the groove model.

 

Figure 2: Images of the different scores, from left to right score 0 to 3.
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A novel methodology for quantifying the removal of a 
biofilm-mimicking hydrogel from lateral morphological 

features of the root canal*
Abstract
Aim To introduce and characterise a reproducible hydrogel as a suitable biofilm-mimic in end-
odontic research.  To monitor and visualise the removal of hydrogel from a simulated lateral 
canal and isthmus for: i) Ultrasonic Activated Irrigation (UAI) with water, ii) UAI with NaOCl, 
iii) NaOCl without UAI. Methodology A rheometer was used to characterise the viscoelastic 
properties and cohesive strength of the hydrogel for suitability as a biofilm mimic. The remov-
al rate of the hydrogel from a simulated lateral canal or isthmus was measured by high speed 
imaging operating at frame rates from 50 to 30.000 fps. Results The hydrogel demonstrated 
viscoelastic behaviour with mechanical properties comparable to real biofilms. UAI enhanced 
the cleaning effect of NaOCl in isthmi (P<0.001) and both NaOCl and water in lateral canals 
(P<0.001). A greater depth of cleaning was achieved from an isthmus (P=0.009) than from a 
lateral canal with UAI, and also at a faster rate for the first 20 seconds. NaOCl without UAI 
resulted in a greater depth of hydrogel removal from a lateral canal than an isthmus (P<0.001). 
The effect of UAI was reduced when stable bubbles were formed and trapped in the lateral canal. 
Different removal characteristics were observed in the isthmus and the lateral canal, with initial 
highly unstable behaviour followed by slower viscous removal inside the isthmus. Conclusions 
The biofilm-mimic hydrogel is reproducible, homogenous and can be easily applied and modi-
fied. Visualisation of its removal from lateral canal anatomy provides insights into the cleaning 
mechanisms of UAI for a biofilm-like material. Initial results showed that UAI improves hydro-
gel removal from the accessory canal anatomy, but the creation of stable bubbles on the hydro-
gel-liquid interface may reduce the cleaning rate. 

Introduction

Bacteria adhere to surfaces and rapidly form a biofilm, in which they are protected against 
chemical and mechanical stresses (Flemming et al. 2007). In infected root canals, these bio-
films adhere to the root canal wall (Ricucci et al. 2009) and are particularly problematic in 
accessory root canal morphologies such as lateral canals, fins and isthmi because these areas 
are unreachable by instrumentation (Peters et al. 2001; Ricucci et al. 2013). Few studies have 
thus far focused on how bacteria in a biofilm cope with mechanical stresses and in endodon-
tics this topic has yet to be addressed.
Biofilms are structured by a matrix of extracellular polymeric substance (EPS), which encom-
passes up to 90% of the biofilm. The EPS matrix provides the biofilm with viscoelastic properties, 
facilities nutrition and acts as protection from chemical and mechanical attacks imposed by dental 
cleaning procedures and disinfectants (de Paz 2007; Stewart & Franklin 2008). Indeed the visco-
elastic properties facilitate the biofilm’s ability to deform and adapt under mechanical stresses. 

* Published as: Macedo RG**, Robinson J**, Verhaagen B, Walmsley D, Versluis M, Cooper P, van der Sluis LWM 
(2014) A novel optical methodology for quantifying the removal of a biofilm-mimicking hydrogel from lateral 
morphological features of the root canal. International Endodontic Journal, Submitted
** Both authors contributed equally to this study and should both be listed as first author
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Under minor stresses, a biofilm can deform elastically, whereas under more intense stresses it can 
flow viscously (Körstgens et al. 2001; Flemming et al. 2007). Understanding this behaviour in re-
lation to fluid flow and chemical action of irrigants is fundamental for optimising biofilm removal 
strategies during root canal irrigation. Therefore, there is a need for an endodontic research model 
which can study the viscoelastic behaviour of biofilm during irrigation procedures. 
Until now, there has been no consensus with regards to a representative endodontic biofilm 
model which would simulate the clinical situation in vitro, as neither the properties or behaviour 
of a real biofilm are easy to replicate in vitro (Stewart & Franklin 2008). A potential way forward 
would be the introduction of model viscoelastic materials such as hydrogels in endodontic mod-
els, which could mimic the viscoelastic properties of biofilm reported in the literature.
Ultrasonic Activated Irrigation (UAI) has been shown to be more effective than conventional 
syringe irrigation in mechanically cleaning confined areas of the root canal system (Burleson 
et al. 2007; van der Sluis et al. 2010). The results were explained by an increase of irrigant flow 
towards these confined areas (Jiang et al. 2010). However, the cleaning mechanism and en-
hancement of UAI for removing a viscoelastic material like biofilm is yet to be demonstrated. 
The use of optical methods, including low- and high-speed imaging, inside optically transpar-
ent root canal models can potentially provide qualitative and quantitative information  on the 
cleaning mechanisms associated with UAI (de Groot et al. 2009).
The aims of this study therefore were a) to develop and characterise a biofilm-mimicking 
hydrogel, b) to characterise how this hydrogel is removed from simulated lateral canals and 
isthmi by UAI and the role, origin and growth of large bubbles therein, and c) to measure the 
hydrogel removal rate from the simulated lateral canals and isthmi with and without UAI, and 
with water or NaOCl as irrigant.

Materials & Methods

A) Characterisation of the hydrogel model

Composition

A hydrogel was created by dissolving 3 g of gelatin (Merck, Whitehouse Station, NJ, USA) and 
0.06 g of hyaluronan (sodium hyaluronate 95%, Fisher, Waltham, MA, USA) in 45 mL of filtered 
water at 50ºC (Popa et al. 2011). Red food dye (0.25 g; KTC, Wednesbury, UK) and hollow glass 
spheres (0.2 g; average diameter of 10 μm, density 1100 kg/m3; Sphericel, Potters Industries, 
South Yorkshire, UK) were added to aid visualisation. A pilot study using a thermocouple had 
demonstrated that the gel would solidify after 1 minute in a model at room temperature of 21°C. 
Therefore, the hydrogel was kept in liquid phase in a water bath at 30°C prior to use.  

Rheological measurements

A commercial rheometer (MCR501, Anton Paar, Graz, Austria) was used to measure the 
viscoelastic properties and cohesive strength of the hydrogel. A volume of 150 µL of hydrogel 
was placed between the conical top plate (diameter 40 mm) and the bottom plate (Figure 1). 
The storage and loss moduli were measured in the frequency range 0.1 – 100 Hz and tem-
peratures in the range 21-31°C. These variables were controlled through the bottom plate. A 
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delay of 10 minutes between experiments ensured that the hydrogel reached an equilibrium 
temperature. These measurements were repeated three times.
The cohesive strength was determined by varying the strain from 0.5 to 500% (with 100% being 
the gap between the two plates) and by measuring the resulting storage and loss moduli, at a fixed 
frequency of 0.5 Hz and a temperature of 21°C. These measurements were repeated three times.

B) Visualisation and characterisation of the hydrogel removal process

Root canal models with simulated lateral canal and isthmus 

Transparent root canal models (Figure 2) were produced by solidifying Poly-DiMethyl-Silox-
ane (PolyDiMethylSiloxane; Sylgard 184, Dow-Corning, Midland, MI) around a D-size finger 
spreader (Dentsply Mailefer, Bellaigues, Switzerland). For a model containing an isthmus, 
a thin metal strip (width 3 mm, thickness 0.15 mm, length 4 mm, total volume 1.8 µL) was 
glued to the spreader at 2-5 mm from the spreader tip. For a model containing a lateral canal, 
a metal wire (diameter 250 µm, length 5 mm, total volume 0.25 µL) was glued to the spreader 
at 3 mm from the spreader tip. The main root canal in these models had a length of 18 mm, 
apical diameter of 0.35 mm and a taper of 6%. The hydrogel was injected into the isthmus or 
lateral canal using a 30G NaviTip (Ultradent, South Jordan, UT, USA) needle whilst care was 
taken to avoid any air entrapment. The hydrogel was allowed to solidify for at least 1 minute 
at room temperature whilst the root canal models were positioned in front of a microscope 
(BX-FM, Olympus, Tokyo, Japan) under 2.5× magnification.
 
Imaging methods

A high-speed camera (SA2, Photron, Tokyo, Japan) was attached to the microscope and op-
erated at frame rates from 50 up to 30,000 frames/second, for analysis of full lateral canal/
isthmus cleaning and details of the hydrogel removal process, respectively. Illumination was 
provided under bright-field mode using a continuous cold-light source (ILP-1, Olympus). 

C) Quantitative measurements on the hydrogel removal

The removal of hydrogel from a lateral canal (a) or an isthmus (b) was investigated by using 
ultrasonic activation with water (i) or NaOCl (ii) as irrigant and compared with iii) NaOCl 
without ultrasonic activation. Filtered water without activation was used as negative control (iv). 
This formed 6 experimental groups and 2 negative control groups, which were repeated 6 times. 

Irrigation methods

An IrriSafe 25/25 (Acteon Satelec, Merignac, France) ultrasonic file was positioned into the 
centre of the main root canal as indicated in Figure 2. The files were positioned using a preci-
sion translation stage (9067M, New Focus, San Jose, CA, USA). The placement reproducibili-
ty was tested by co-registering together the first frame of 35 random movies using normalised 
cross-correlation (Lewis 1995). The average error in the placement differences in the two 
directions perpendicular to the optical axis was 10 µm and 13 µm, respectively. 
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The main root canal was filled with a syringe and a 30G NaviTip needle with filtered water (Mil-
liPore, Billerica, MA, USA) or NaOCl (Sigma-Aldrich, St. Louis, MO, USA). Using a standard 
titration method (Vogel 1962), the concentration of NaOCl was determined to be 8.7%.
For the ultrasonic activated groups the IrriSafe file was activated for 20 sec with a power set-
ting ‘Yellow 5’ on an ultrasonic device (Suprasson P-Max, Acteon Satelec), which corresponds 
approximately to 40% of its ultrasonic power range as recommended by the manufacturer. In 
the non-activated groups, the irrigant was left to rest in the main root canal for the same time 
period without any activation procedure.

Data analysis

The recorded movies of hydrogel removal were analysed in MatLab (The Mathworks, Natick, 
MA, USA). For each frame, the area in the lateral canal/isthmus that was occupied with hy-
drogel was calculated and converted into either volume or depth into the lateral canal/isth-
mus. The mean and standard error of the 6 measurements were plotted as a function of time. 
Due to the skewed distribution of the data and the null variance in some cases, nonparametric 
tests were employed. Kruskal–Wallis with Mann Whitney U as post hoc tests were performed 
to compare the volume of hydrogel removed, in each root canal model, by the 4 different ir-
rigation protocols. Mann Whitney U test were used to compare the hydrogel removal depth 
from lateral canals and isthmi, by similar irrigation methods. 
The null hypothesis is that there is no significant difference between the 4 irrigation protocols in 
removing hydrogel from lateral canals or isthmi. For all tests, P-values < 0.05 were considered statis-
tically significant. Bonferroni correction for multiple comparisons was applied where appropriate. 

D) Origin and grow of bubbles during UAI 

A root canal model was created as described above but without accessory anatomy.  The mod-
el was used to study the origin and growth of bubbles formed during UAI; alignment, settings 
and activation time of the UAI were as described above. Bubble volume growth was analysed 
in MatLab, by measuring the radius of a bubble in each frame of the recording.

Results
 
A) Characterisation of the hydrogel model:

Rheological properties

The storage (G’) and loss (G”) modulus as a function of frequency and for different tempera-
tures are plotted in Figure 3, together with the damping factor δ = G”/G’. At room tempera-
ture, the storage modulus was of the order of 102 Pa and the loss modulus was one order of 
magnitude lower, indicating that the hydrogel is a solid gel. At higher temperatures, the stor-
age modulus decreased faster than the loss modulus did, resulting in a liquid gel (G”>G’, δ>1) 
at 31°C, with a storage modulus of 10-2 Pa and a loss modulus one order of magnitude higher. 
With increasing frequency the (solid) hydrogel exhibited more fluid-like behaviour, as G” 
approaches G’ (viz. δ approaches 1). The crossover from solid- to liquid-like behaviour was at 
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approximately 60 Hz (at 21°C), which indicates that the relaxation time of the cross-linking 
hydrogel components is 1/60 = 16.7 ms (Wloka et al. 2004). At higher frequencies, the hydro-
gel behaved like a liquid (G”>G’, or δ>1).
In Figure 4 the storage and loss moduli are plotted as a function of temperature at a fixed fre-
quency of 1.33 Hz. The solid-to-liquid transition temperature was at 26.5±0.5°C.
Increasing the shear in the range of 0.5 to 500% indicated that the hydrogel exhibits linear 
behaviour up to a strain of 50% (Figure 5). At higher strain the hydrogel started to stiffen and 
above 200% cohesive failure occurred. 

B and C) Analysis on the hydrogel removal process 

a) Hydrogel removal from a lateral canal

i) Ultrasonic activation with water
When the file started to oscillate, the hydrogel near the lateral canal entrance exhibited highly 
unstable motion. In addition, parts of the hydrogel were torn off in the lateral canal. After the 
first 100 µm had been removed from the lateral canal, pieces of hydrogel with an average vol-
ume of 5.1±0.9 nL were removed every 3.5±2.4 seconds (~105 oscillation cycles at a frequency 
of 30 kHz). Deeper into the lateral canal, the time between detaching of these pieces became 
larger and the fragments themselves became larger. This behaviour is illustrated by the repeat-
ed sudden increases in Figure 6, which shows the removed volume of hydrogel as a function 
of time. These are illustrated further with representative still images (Fig. 7).
The tracer particles embedded in the remaining hydrogel indicated that there was high-fre-
quency oscillatory movement of these particles together with the oscillating file. However, the 
particles oscillation amplitude decreased rapidly with increasing distance from the file.

ii) Ultrasonic activation with NaOCl
With NaOCl no initial rapid removal of hydrogel was detected as had been with water and a 
more gradual cleaning was observed. When the UAI was initiated, a large number of minute 
bubbles formed within 20 ms (the interframe time of the imaging camera). Additionally, the 
characteristic sudden increases observed with water were not present when NaOCl was used.
The amount of hydrogel removed after 20 seconds (16%) was lower than with filtered water 
(29%) (P<0.001). After approximately 10 seconds a plateau was reached, characterised by no 
further removal of the hydrogel. This was associated with a large amount of stable bubbles 
having formed in the lateral canal, which prevented streaming and further removal (Figure 
4a). These bubbles had a typical radius of 60 ± 10 µm. 

iii) NaOCl without activation
Within seconds after delivery of NaOCl in the root canal, a reaction was initiated place be-
tween the NaOCl and the hydrogel. This reaction was apparent from a discoloration of ap-
proximately 50 µm of the hydrogel interface, with the interface itself receding as the hydrogel 
was being consumed by the NaOCl. Furthermore, bubbles were formed near the interface at a 
growth rate of ~1.7 µm per second, up to a size of the order of 100 µm in radius.
The chemical reaction of NaOCl with the hydrogel took place at a rate of 0.6 nL/s, with a de-
crease in reaction rate after approximately 1 minute. 
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iv) Water without activation (negative control group)
After irrigant delivery we observed no quantifiable volumetric change in the hydrogel from 
the lateral canal. The measurement time was 120 seconds.

b) Hydrogel removal from an isthmus

i) Ultrasonic activated irrigation with water
Similar to the lateral canal case, the hydrogel near the isthmus entrance was ruptured and parts 
of the hydrogel exhibited highly unstable motion. Beyond a distance of approximately 500 µm 
into the isthmus, the removal took place more gradually and there was a smooth curved inter-
face of the hydrogel that advanced relatively slowly into the isthmus. The amount of hydrogel re-
moved from the isthmus during 20 seconds is plotted in Figure 8 and representative still images 
from one recording are shown in Figure 9. After 20 seconds, approximately 80% of the isthmus 
had been cleaned and further cleaning continued to occur, but at a decreasing rate.
The particles embedded in the hydrogel indicated that the interface of the hydrogel was con-
tinuously being sheared away. Meanwhile there was high-frequency oscillatory movement of 
the particles embedded in the hydrogel together with the oscillating file. However, the parti-
cles oscillation amplitude decreased rapidly with increasing distance from the file.
Clusters of bubbles formed inside the isthmus, with a total cluster diameter of approximately 
75 µm. The bubbles that comprised the clusters had radii smaller than 20 µm.

ii) Ultrasonic activated irrigation with NaOCl
With NaOCl the initial removal near the isthmus entrance was slower than with filtered water. 
At the start of file oscillation, a large amount of minute bubbles were formed (radius below the 
optical resolution of 4.2 µm; Figure 5b). Nevertheless the removal rate increased rapidly and 
after 2 seconds there was more hydrogel removed than with water (P=0.022). At ~15 seconds 
the removal stopped, because the bubbles hindered further removal.

iii) NaOCl without activation
The chemical reaction rate of NaOCl with the hydrogel was 3 nL/s, which was faster than with 
ultrasonic activation (P<0.05). The reaction rate was constant within the maximum measure-
ment time of 120 seconds.

iv) Water without activation (negative control group)
After irrigant delivery we observed no quantifiable volumetric change in the hydrogel from 
the isthmus. The measurement time was 120 seconds.

Comparison between the hydrogel removal rates from an isthmus and a lateral canal
The dynamic removal of hydrogel from an isthmus was very different than from a lateral ca-
nal. Figures 10a and b show the borders of the hydrogel at several time intervals, displaying 
the different removal characteristics. 
The activation with ultrasound enhanced the cleaning effect of NaOCl (P<0.001) in both lat-
eral canals and isthmi (Figure 11). After 20 seconds, the cleaning depth in an isthmus was 
more than three times higher than in lateral canals (P=0.009).
The chemical reaction (in volume) between NaOCl with the hydrogel was faster inside the 
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isthmus than inside the lateral canal (P<0.001). However, the smaller cross-sectional area of 
the lateral canal meant that after 20 seconds of activation, the depth of removal was higher in 
a lateral canal than in an isthmus (P<0.001).

Comparison between the hydrogel removal rates with NaOCl or water
After 20 seconds of activation, lateral canals were more effectively cleaned (in volume) by 
UAI when using water compared with NaOCl (P=0.001). In isthmi, however, there was no 
difference in the total hydrogel removed from the isthmus for both irrigant types (P=0.81). 

D) Origin and growth of bubbles during UAI 

High-speed recordings of a bubble on a wall during ultrasonic activation in water showed bub-
bles oscillating together with the file.  There was no measurable growth during each file oscilla-
tion. Nonetheless, on a time scale of seconds, the bubble radius was observed to grow at a rate of 
roughly 2 µm/s. No bubble growth was observed in the absence of ultrasonic activation. 

Discussion

Anatomic complexities and high variability of the root canal system have been show as early 
as the work of Hess and Zurcher (1925) to the most recent microCT studies introduced by 
(Peters et al. 2000). It has also long been established that a root with a round tapering canal 
and a single foramen is exception rather than the rule, as reviewed by (Vertucci 2005). In 
this work, the root canal system has been simplified to a straight cone with a single lateral 
canal or isthmus placed in a single position in the apical third and perpendicular to the main 
canal. This simplification and standardisation of the accessory root canal morphology allows 
fair comparison between the cleaning capacity of different irrigation systems and solutions. 
It also provides an insight on the general mechanism of cleaning of the accessory root canal 
morphology, which is often neglected. 
The hydrogel that was introduced in this study was intended as a controllable substitute for 
a natural bacteria biofilm. The measurements of the material properties showed that this hy-
drogel is indeed a viscoelastic material and that its storage and loss moduli are in the same 
range (101-104 Pa) as those reported in literature for various biofilms (Böl et al. 2013). This 
suggests that the hydrogel may indeed be used as a substitute for a naturally occurring biofilm 
for studying its interaction with flow. This could lead to insights into the removal of biofilms 
from lateral morphological features, in order to optimise root canal disinfection procedures.
The mechanical properties of the hydrogel can be varied by adjusting the concentrations of 
the components. Nevertheless, a natural biofilm contains additional components from that 
of the hydrogel, conceivably leading to different behaviour (He et al. 2013). Furthermore, a 
natural biofilm may exhibit stronger adherence to the substrate, which was not controlled in 
the present experiment. The attachment of the hydrogel to glass is, however, difficult to con-
trol (Sagvolden et al. 1998), but is important as natural biofilms are stratified, with a stronger, 
well adhering layer at its base (Rochex et al. 2009). Also, natural biofilms are typically hetero-
geneous and contain water channels that reduce the strength of the biofilm, a property not 
mimicked in the hydrogel. Thus far no studies have been identified within the literature for 
cone-plate rheometry of natural biofilms to enable comparison with our hydrogel. 

Chapter V 
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Repeated production of the hydrogel demonstrated its consistent behaviour and properties, 
indicating its reproducibility. The interdependence of the viscoelastic properties of the hy-
drogel with temperature suggests that the thermal conditions in the laboratory environment 
should be monitored when using this hydrogel model. In addition, in order to further reduce 
the variability between experiments it may be recommended to better control the placement 
of the file in the optical depth direction.
Knowledge of the properties of the hydrogel (or a biofilm) allows the coupling of these prop-
erties to the forces exerted by a flow. However, during ultrasonic activation of the irrigant, the 
biofilm is exposed to forces that oscillate at 30 kHz. At such frequencies the biofilm or hydro-
gel may exhibit behaviour very different to those measured with the rheometer. At frequen-
cies approaching 100 Hz, which was the maximum frequency possible with the rheometer, 
the hydrogel began to demonstrate different behaviour than at low (near static) frequencies. 
Therefore high-frequency measurements of the mechanical properties of the hydrogel and of 
natural biofilms should be designed, which are not straightforward.
Ultrasonic activated irrigation was capable of removing 80% of the hydrogel from an isthmus 
and 16-29% of the hydrogel from a lateral canal. The visualisation of the hydrogel remov-
al allows for an interpretation of how such a viscoelastic material is removed. This is done 
by linking the observations to the known acoustic streaming induced by the ultrasonical-
ly oscillating file (Verhaagen et al. 2013). Near the entrance of these morphologies, there is 
rapid removal of hydrogel by the oscillatory component of the flow, which is known to be 
dominant near the file (Verhaagen et al. 2013). Further away into the isthmus, a steady jet is 
formed (Jiang et al. 2010; Verhaagen et al. 2013) which caused the slow, viscous removal that 
resembles removal by an impinging jet (Yenkel & Middleman 1987). However, in the lateral 
canal, there is no space for the jet to develop and the viscous removal is absent. Rather, the 
oscillatory pressure induced by the file is transferred into the hydrogel and causes weakening 
of the hydrogel, until a threshold is reached and a part of the hydrogel can be detached. This 
effect should also occur inside the isthmus but it is likely to be insignificant compared with 
the removal by the steady jet.
Optimising the removal of a viscoelastic material from lateral anatomies by UAI is not 
straightforward since there is no single removal mechanism for the viscoelastic hydrogel. The 
oscillatory flow component near the file appears to be very efficient, but its effect decreases 
rapidly with increasing distance from the file. The steady jet is more efficient at larger distanc-
es, but its hydrogel removal rate is lower and it is more difficult to generate inside small lateral 
canal anatomies. The role of cavitation in cleaning however remains unsolved.
In the absence of activation, the chemical dissolution of the hydrogel occurred at a notably 
lower rate. The rate of chemical dissolution depends on the concentration of NaOCl at the in-
terface and the cross-sectional area of the lateral canal or isthmus. The slowed-down reaction 
inside the lateral canal could be attributed to a depletion of NaOCl availability (Baker 1947).
The stable bubbles that inhibit cleaning can be introduced in the root canal in three ways. 
Firstly, they are generated during the reaction between NaOCl and the hydrogel. Such bub-
ble generation has also been observed in another recent study (Sinan et al. 2013). The gas 
content of these bubbles is not known, however it is proposed that these are generated due 
to the formation of chloramines (NH2Cl) which result from the reaction between HOCl and 
the nitrogen compounds of the proteins present in the hydrogel (Kugler 1969; Bailarand & 
Dikenson 1973) 
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A second mechanism for introducing bubbles is by air entrainment at the irrigant-air inter-
face at the coronal root canal opening (Macedo et al. 2014). This effect can take place when 
the interface becomes unstable due to ultrasonic oscillations of the file.
A third mechanism is by rectified diffusion, which is a phenomena associated with bubbles 
that expand and contract under ultrasound. Meanwhile there is exchange of gas between the 
bubble and the surrounding liquid. However, this gas exchange is bigger during the expand-
ed phase than during the contracted phase, leading to a net diffusion of gas into the bubble, 
which therefore grows (Leighton 1994). The measured growth rate of ~2 µm/s is approxi-
mately 1 order of magnitude higher than that reported by Crum (1980). However that study 
used a frequency of 22 kHz, a larger initial radius of 45 µm and a wall was not present next 
to the bubble. Rectified diffusion is enhanced under higher pressure, which is the case for 
smaller root canal confinements (Verhaagen et al. 2013). 
The accumulation of bubbles at the interface between NaOCl and hydrogel inside lateral ca-
nals/isthmi can hinder irrigant penetration and convection and decrease the rate of cleaning. 
The coalescence of small bubbles into larger stable bubbles (with a radius ~100 µm) could po-
tentially inhibit the local acoustic streaming activity which may further decrease the hydrogel 
removal rate. Clinically, persistent infections in confined areas adjacent to portals of exit of 
the root canal system often lead to endodontic treatment failures (Wu et al. 2005; Ricucci 
et al. 2013). Therefore strategies to avoid the formation of stable bubbles, its accumulation, 
in addition to its efficient removal, should be explored. In addition, it would be interesting 
to replace the hydrogel in this model by an in vitro microbial biofilm in order to study the 
diffusion of irrigant into more naturally derived biofilms and their disruption by means of 
different irrigant systems available. 

 Conclusions

The hydrogel approach developed in this study displayed viscoelastic behaviour with material 
properties similar to those reported for natural biofilms. The removal of the hydrogel from a 
lateral canal or isthmus of the root canal resulted from convection and was characterised by 
an initial rapid and unstable removal, followed by slower, constant viscous removal (isthmus) 
or the detaching of pieces of hydrogel (lateral canal). More hydrogel was removed from the 
lateral canal using UAI when using water as irrigant than with NaOCl, because of the forma-
tion of bubbles that hindered further removal. The chemical dissolution of the hydrogel by 
NaOCl took place at a much lower rate than that measured in the presence of activation. No 
hydrogel was removed from lateral canals or isthmi with water and with no activation. 

Chapter V 
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Figures 

 
Figure 1: Sketch of the functional aspects of the rheometer, with the hydrogel (red) placed 
between the conical top plate and the fixed flat bottom plate. The top plate is oscillating with a 
frequency f and amplitude A; the temperature T of the bottom plate is controlled. 

 

Figure 2: Sketch of the root canal models with a lateral canal (a) and isthmus (b). The dimen-
sions and locations of the canals are indicated, as well as the position of the ultrasonic file 
(black undulated shape). The red areas are occupied by hydrogel.
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Figure 3: Storage (blue) and loss (red) modulus and damping factor (green) measured with 
the rheometer as a function of frequency and at different temperatures as shown.

Figure 4: Storage (blue) and loss (red) modulus measured as a function of temperature, for 
a fixed frequency of 1.33 Hz. The three individual measurements (thin lines) as well as the 
averages (thick lines) are shown. The solid-liquid transition is at the crossover between the 
two moduli, which is at 26.5±0.5°C.

Chapter V 
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Figure 5: Storage (blue) and loss (red) modulus and damping factor (green) as a function 
of shear strain, at a fixed frequency of 0.5 Hz and a temperature of 21°C. Three separate 
measurements are shown. Stiffening behavior is observed above a shear of 50%, followed by 
cohesive failure at 200% shear. 
 

Figure 6: Removed hydrogel volume from a lateral canal as a function of time. The solid lines 
represent the average of 6 measurements; the thin dashed lines and open symbols indicate 
two times the standard error. The single thin blue line represents a single measurement, show-
ing sudden increases in the removed hydrogel volume.
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Figure 7: Three frames from two recordings showing hydrogel removal from a lateral canal: 
before ultrasonic activation, after 1 and after 4 seconds of activation, in water. In the first re-
cording (a-c) stable bubbles are hindering further removal; in the second recording (d-f) no 
bubbles were observed. 

Figure 8: Removed hydrogel volume from an isthmus, as a function of time. The solid lines 
represent the average of 6 measurements; the thin lines and open symbols indicate 2 times 
the standard error.

 

Chapter V 
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Figure 9: Three frames from the recordings of hydrogel removal from an isthmus, before ul-
trasonic activation and after 1 and 4 seconds of activation. In (a-c) water was used as irrigant; 
in (d-f) NaOCl was used, which lead to the rapid generation of many minute bubbles that 
darkened the image.
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Figure 10: Hydrogel removal from a lateral canal (a) and isthmus (b). The color of the lines rep-
resents the border at a specific time, with fixed time intervals (0.55 s for the lateral canal, 0.25 s for 
the isthmus) and a total time of 38 s for the lateral canal and 10 s for the isthmus. For the lateral ca-
nal, several lines overlap because there was no removal between those time points. For the isthmus, 
initial unsteady removal can be observed (green lines, followed by steady removal (purple lines).

Figure 11: Removed depth of hydrogel from an isthmus and a lateral canal, as a function of 
time, with and without UAI. The solid lines represent the average of 6 measurements; the thin 
lines and open symbols indicate  2 times the standard error.

Chapter V 



126

References
Bailarand JC, Trotman-Dikenson AF (1973) Comprehensive Inorganic Chemistry,  Oxford, UK: Pergamon Press 

Ltd.
Baker RW (1947) Studies on the reaction between sodium hypochlorite and proteins: 1. Physico-chemical study 

of the course of the reaction. Biochemical Journal 41, 337-342.
Böl M, Ehret AE, Bolea Albero A, Hellriegel J, Krull R (2013) Recent advances in mechanical characterisation 

of biofilm and their significance for material modelling. Critical Reviews in Biotechnology 33, 145-171.
Burleson A, Nusstein J, Reader A, Beck M (2007) The in vivo evaluation of hand/rotary/ultrasound 

instrumentation in necrotic, human mandibular molars. Journal of Endodontics 33, 782-787.
de Groot SD, Verhaagen B, Versluis M, Wu MK, Wesselink PR, van der Sluis LW (2009) Laser-activated irrigation 

within root canals: cleaning efficacy and flow visualization. International Endodontic Journal 42, 1077-
1083.

de Paz LC (2007) Redefining the persistent infection in root canals: possible role of biofilm communities. Journal 
of Endodontics 33, 652-662.

Flemming H-C, Neu TR, Wozniak DJ (2007) The EPS matrix: the “house of biofilm cells”. Journal of Bacteriology 
189, 7945-7947.

Jiang L-M, Verhaagen B, Versluis M, van der Sluis LW (2010) Influence of the oscillation direction of an ultrasonic 
file on the cleaning efficacy of passive ultrasonic irrigation. Journal of Endodontics 36, 1372-1376.

Körstgens V, Flemming H-C, Wingender J, Borchard W (2001) Uniaxial compression measurement device for 
investigation of the mechanical stability of biofilms. Journal of Microbiological Methods 46, 9-17.

Kugler H (1969) Chlor,  Weinheim Bergstraße Germany: Verlag Chemie Gmbh.
Lewis J 1995 Fast normalized cross-correlation.  Vision Interface 10, 120-123.
Macedo RG, Verhaagen B, Fernandez Rivas D et al. (2014) Sonochemical and high-speed optical characterization 

of cavitation generated by an ultrasonically oscillating dental file in root canal models. Ultrasonics 
Sonochemistry 21, 324-335.

Peters O, Laib A, Rüegsegger P, Barbakow F (2000) Three-dimensional analysis of root canal geometry by high-
resolution computed tomography. Journal of Dental Research 79, 1405-1409.

Peters O, Schönenberger K, Laib A (2001) Effects of four Ni–Ti preparation techniques on root canal geometry 
assessed by micro computed tomography. International Endodontic Journal 34, 221-230.

Popa M, Curteanu S, Peptu CA (2011) Covalent and ionic co-cross-linking—An original way to prepare 
chitosan–gelatin hydrogels for biomedical applications. Journal of Biomedical Materials Research Part 
A 98, 342-350.

Ricucci D, Loghin S, Siqueira Jr JF (2013) Exuberant biofilm infection in a lateral canal as the cause of short-term 
endodontic treatment failure: report of a case. Journal of Endodontics. In press

Ricucci D, Siqueira Jr JF, Bate AL, Pitt Ford TR (2009) Histologic Investigation of Root Canal–treated Teeth 
with Apical Periodontitis: A Retrospective Study from Twenty-four Patients. Journal of Endodontics 35, 
493-502.

Rochex A, Massé A, Escudié R, Godon J-J, Bernet N (2009) Influence of abrasion on biofilm detachment: 
evidence for stratification of the biofilm. Journal of Industrial Microbiology & Biotechnology 36, 467-470.

Sagvolden G, Giaever I, Feder J (1998) Characteristic protein adhesion forces on glass and polystyrene substrates 
by atomic force microscopy. Langmuir 14, 5984-5987.

Sinan A, Macedo RG, Gurgel M, Lafforgue A, Diemer F, L. vdS (2013) The reaction of sodium hypochlorite with 
organic matter, the influence of concentration, refreshment frequency, surface area and bubble formation. 
Journal of Endodontics. Submitted

Stewart PS, Franklin MJ (2008) Physiological heterogeneity in biofilms. Nature Reviews Microbiology 6, 199-210.



127

van der Sluis LW, Vogels MP, Verhaagen B, Macedo R, Wesselink PR (2010) Study on the influence of refreshment/
activation cycles and irrigants on mechanical cleaning efficiency during ultrasonic activation of the 
irrigant. Journal of Endodontics 36, 737-740.

Verhaagen B, Boutsioukis C, van der Sluis L, Versluis M (2013) Acoustic streaming induced by ultrasonically 
oscillating endodontic files. Journal of the Acoustical Society of America. Submited

Vertucci FJ (2005) Root canal morphology and its relationship to endodontic procedures. Endodontic Topics 10, 
3-29.

Vogel AI (1962) A text-book of quantitative inorganic analysis,  London, UK: Longman.
Wu MK, van der Sluis LW, Wesselink PR (2005) The risk of furcal perforation in mandibular molars using Gates-

Glidden drills with anticurvature pressure. Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology 
& Endodontology 99, 378-382.

Yenkel A, Middleman S (1987) Removal of a viscous film from a rigid plane surface by an impinging liquid jet. 
Chemical Engineering Communications 50, 165-175.

 

Chapter V 



128



129

ChapterVI
Summary and conclusions

Samenvatting en conclusies

Acknowledgements

About the author

 



130

Summary and conclusions 

New in vitro models and methodologies are presented in this thesis that measure, image 
and compare the cleaning efficiency of several irrigation methods and solutions. Numerous 
experiments were conducted that have led to a better understanding of the mechanisms 
of action and optimization of cleaning efficiency of root canal irrigation. This will help to 
improve current endodontic practice aiming for a more predictable outcome. 
In chapter II different experiments were presented using a standardized bovine root canal 
model. The ability of this model to quantify the chemical efficiency (reaction rate) between 
sodium hypochlorite (NaOCl) and the dentinal wall during root canal irrigation was as-
sessed and controlled. A dimensional characterization of the model allowed further com-
parison with a human size tooth and differences in sizes were accounted for. The following 
was concluded: 
	 •		Concentration,	 activation	 and	 activation	 method,	 refreshment	 and	 exposure	

time enhanced the chemical efficiency of NaOCl when in contact with dentin, 
whereas pH did not.

	 •		Concentration	was	the	most	influential	factor	on	the	chemical	efficiency	of	NaOCl.	
This effect could not be compensated for by a combination of ultrasonic activation, 
multiple refreshments and extended exposure time. 

	 •		The	intermittent	flush	protocol,	which	combines	multiple	activation/refreshment	
cycles, increased the reaction rate of NaOCl by 28% in comparison to similar 
conditions without refreshment. The total amount of chlorine consumed during 
each activation/refreshment cycle decreases significantly, with no significant 
change after the third cycle. 

	 •		Activation	is	a	strong	enhancer	of	the	reaction	rate	of	NaOCl.	Its	effect	was	not	
limited to the activation period but extended to the rest interval of 3 min after 
activation, whereas the consumption of available chlorine increased significantly. 
This effect seemed to be more pronounced after irrigant activation by laser. 

	 •		The	 temperature	 rise	of	 irrigant	during	ultrasonic	 activation	 (3.9ºC	and	9.9ºC	
after 20 and 60 s, respectively) was not sufficient to alter the reaction rate. There-
fore, it can be concluded that the increase in chemical effect by ultrasonic acti-
vation of the irrigant is due to convection phenomena such as microstreaming 
(improved mixing of irrigant resulting in refreshment of active molecules at the 
contact surface) and cavitation.

	 •		Changes	in	pH,	which	affects	the	free	available	chlorine	form	(HOCl/OCl-), did not 
affect the reaction rate of 2% NaOCl with dentin, therefore the reported differences 
in the tissue dissolution capacity and/or antimicrobial efficacy can be better ex-
plained by chemical differences in the predominant chlorine form at pH5 (HOCl) 
and pH12 (OCl-) than by the amount of molecules involved in the reaction. 

In chapter III new insights on the evolution of pH and temperature of irrigants during root 
canal therapy were presented. Clinically representative models were proposed and charac-
terized. The importance of respecting a clinically realistic volume of irrigant to surface area 
in in vitro models was highlighted and discussed. A numerical model simulating the ther-
modynamics of root canal irrigation was introduced and validated for endodontic research. 
The following was concluded:
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pH 
	 •		Reduction	of	the	pH	of	NaOCl	with	prechloric	acid	was	suggested	in	the	end-

odontic literature. Compared to the classic method (hydrochloric acid), used in 
chapter II, it allows the stabilization of the solution at higher concentrations for 
longer times. 3% NaOCl solutions with a pH5 were chemically stable for 1 hour.

	 •		Exposure	 time	 to	 dentin	 and	 concentration	 of	 a	NaOCl	 solution	 significantly	
influence the pH of NaOCl. However, the observed buffer effect of dentin was 
too limited to change the form of free chlorine available (HOCl/OCl-) in both 
pH 12 and pH5 NaOCl solutions. Therefore, the biological effect (antimicrobial/
tissue dissolution capacity) of the irrigant is not expected to change inside the 
root canal. 

	 •		Agitation	of	irrigant	and	pre-conditioning	of	dentin	with	EDTA	did	not	alter	the	
pH. These conditions were selected to represent the final stages of the root canal 
treatment, when the bulk of pulp tissue has been removed. At this point, alkaliniza-
tion or further acidification of the NaOCl solutions, as suggested in literature, does 
not seem to be necessary.

Temperature

	 •		Irrigation	of	the	root	canal	with	irrigant	pre-heated	to	60°C	and	45°C	resulted	in	
temperatures higher than 21°C throughout the root canal. However, this effect was 
only present during irrigant delivery, independent of the irrigation duration. 

	 •		The	cooling	rate	of	syringes	at	chair	side	was	determined.	Irrigant	preheated	to	60°C	
can maintain a temperature higher than 45°C inside the root canal and therefore en-
hance the chemical activity of NaOCl the irrigant during delivery for 2.5 minutes. 

	 •		A	numerical	model	to	simulate	the	thermodynamic	behaviour	of	the	irrigant	inside	
the tooth and its surroundings agreed well with the experiments and also suggested 
that certain in vitro models may lead to different outcomes than in vivo conditions.

	 •		The	use	of	pre-heated	irrigant	increases	the	temperature	at	the	external	surface	of	the	
root. The maximum temperature measured was 39.2°C observed in the middle third 
of the root.

In Chapter IV a combination of sensitive analytical sonochemical techniques with powerful im-
aging tools, gave new detailed insights into the cleaning mechanisms of irrigant activation tech-
niques, such as the occurrence and location of transient cavitation (growing and implosion of 
bubbles) around sonic or ultrasonic activated endodontic instruments. The main conclusions are:
	 •		In	Ultrasonic	Activated	Irrigation,	cavitation	is	correlated	with	ultrasonic	power	occur-

ring in combination with the lowest and clinically significant power settings. Long-expo-
sure photography showed evidence of cavitation both in straight and curved canals, at the 
entrance of lateral canals and isthmi, and also up to 2 mm beyond the tip of the file.

	 •		The	amount	of	cavitation	is	dependent	on	the	instrument	design,	tip	size	and	taper	
but also on the type of irrigant and on the confinement of the canal to be treated. 

	 •		There	was	no	cavitation	in	Sonic	Activated	Irrigation.	The	results	are	explained	by	
the reduced velocity of the liquid around the tip (1.4 m/s), which is well below the 
cavitation threshold of 15 m/s.

Chapter VI 
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In Chapter V two different in vitro models have been used in order to evaluate the cleaning 
efficacy of ultrasonic activated irrigation. By cutting a groove in the root canal wall, dentin 
debris removal could be evaluated and the effect of refreshment (intermittent flush protocol) 
and type of irrigant on the cleaning efficiency of Ultrasonic Activated irrigation (at that time 
named Passive Ultrasonic Irrigation) be studied. A novel hydrogel model was introduced and 
characterized. This is the first model which enables us to study the effect of the mechanical 
and chemical aspect of different irrigation protocols in removing biofilm-like viscoelastic ma-
terials situated in lateral canals and isthmi. The main conclusions were:

Groove Model

	 •		Ultrasonic	activation	of	the	irrigant	combined	with	the	intermittent	flush	method	
produces a cumulative effect over 3 refreshment/activation cycles. 

	 •		Sodium	hypochlorite	as	an	irrigant	is	significantly	more	effective	than	carbonated	
water, which is significantly more effective than distilled water, in removing dentin 
debris from the root canal during ultrasonic activation. 

	 •			All	studied	and	aforementioned	solutions	presented	similar	fluidic	properties.	

Hydrogel Model

	 •		The	hydrogel	developed	in	this	study	displayed	viscoelastic	behaviour	with	materi-
al properties similar to those reported for natural biofilms. 

	 •		The	removal	of	the	hydrogel	from	a	lateral	canal	or	isthmus	of	the	root	canal	result-
ed from convection and was characterised by an initial rapid and unstable removal, 
followed by slower, constant viscous removal (isthmus) or the detaching of pieces 
of hydrogel (lateral canal). 

	 •		More	hydrogel	was	removed	from	the	lateral	canal	using	UAI	when	using	water	
as irrigant than with NaOCl, because of the formation of bubbles that inhibited 
further removal. 

	 •		The	chemical	dissolution	of	the	hydrogel	by	NaOCl	took	place	at	a	much	lower	rate	
than that detected in the presence of activation. No hydrogel was removed from 
lateral canals or isthmi with water and without activation. 

The models and methodologies described in this thesis serve as promising tool for future 
research on the cleaning efficiency of root canal irrigation and irrigant activation. The results 
reported in thesis may contribute to the scientific and clinical awareness of the mechanical 
and chemical aspects of irrigation, which altogether may lead to a better clinical outcome. 
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Samenvatting en conclusies
In dit proefschrift worden nieuwe in vitro modellen en onderzoeksmethoden gepresenteerd die 
de effectiviteit van verschillende wortelkanaalirrigatiemethoden en -spoelmiddelen evalueren, 
visualiseren en vergelijken. Met behulp van deze modellen zijn verschillende studies gedaan die 
geleid hebben tot een beter begrip van de onderliggende mechanismen en het optimaliseren van 
het reinigend effect van de wortelkanaalirrigatie. Dit kanbijdragen tot een verhoging van de ef-
fectiviteit van de wortelkanaalbehandeling en om het resultaat van een wortelkanaalbehandeling 
beter te voorspellen..
In het tweede hoofdstuk presenteren we een model, in een rundertand, waarmee we tijdens het 
irrigeren van het wortelkanaal de reactiesnelheid kunnen bepalen van een spoelmiddel met het 
dentine. In dit specifieke geval hebben we de reactie van natrium hypochloriet (NaOCl) met de 
wortelkanaalwand (dentine) kunnen beschrijven. Standaardisatie van het model maakte het mo-
gelijk om door middel van een eenvoudige vergelijking een vertaalslag te maken naar de klinische 
situatie. Het volgende werdgeconcludeerd:
	 •		Concentratie,	activatie,	activatiemethode,	verversing	en	de	contacttijd	bepalen	de	che-

mische effectiviteit van NaOCl tijdens de reactie met dentine, en niet de pH.
	 •		Het	chemische	effect	van	NaOCl	wordt	hoofdzakelijk	bepaald	door	de	concentratie.	

Dit effect kan niet gecompenseerd worden door ultrasone activatie, veelvuldige 
verversing of een toename van de contacttijd. 

	 •		Het	‘intermittent	flush	protocol’,	waarin	afwisselende	irrigatie	activatie-/verversings-
momenten een rol spelen, doet de reactiesnelheid van NaOCl met 28% toenemen ten 
opzichte van hetzelfde protocol zonder verversing. De totale hoeveelheid chloor die 
verbruikt wordt tijdens iedere activatie/verversingscyclus neemt significant af tot aan 
de derde cyclus. Daarna neemt die hoeveelheid niet meer significant af.

	 •		Activatie	is	een	belangrijke	modulator	van	de	reactiesnelheid	van	NaOCl.	Dit	effect	is	
niet gelimiteerd tot de activatieperiode, maar werd ook nog gemeten drie minuten na 
de activatie. Dit effect was significant beter bij laseractivatie.

	 •		De	 temperatuurtoename	 van	het	 spoelmiddel	 tijdens	 ultrasone	 activatie	 (3.9ºC	 en	
9.9ºC na respectievelijk 20 en 60 s) was niet voldoende om de reactiesnelheid signif-
icant te beïnvloeden. Daarom kunnen we concluderen dat de toename van het che-
mische effect van NaOCl tijdens ultrasone activatie te verklaren is door een toename 
van het mechanische effect zoals microstromingen (een verbeterde menging van het 
NaOCl dat een betere verversing van actieve moleculen oplevert daar waar het NaOCl 
in contact is met dentine) en cavitatie en niet door een toename van de temperatuur. 

	 •		Verandering	van	de	pH/verschijningsvorm	(HOCl/OCl-) had geen invloed op de re-
actiesnelheid van een 2% NaOCl oplossing met dentine. Daarom kunnen we con-
cluderen dat de in de literatuur vermelde verschillen in het oplossend vermogen of 
antibacterieel effect van beiden beter verklaard kunnen worden door chemische ver-
schillen van HOCl (pH5) of OCl- (pH12) dan door de totale hoeveelheid moleculen 
die reageren. 

In het derde hoofdstuk presenteren we nieuwe inzichten op het gebied van de pH en het 
verloop van de temperatuur van spoelmiddelen tijdens de wortelkanaalbehandeling. Klinisch 
representatieve modellen worden geïntroduceerd en gekarakteriseerd. Het belang van een 
klinisch realistische verhouding tussen volume van het spoelmiddel en het contactoppervlak, 
die niet altijd beschouwd wordt in bestaande in vitro modellen, wordt besproken. Verder 
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wordt een nieuw numeriek model geïntroduceerd en gevalideerd waarmee de thermodyna-
mische eigenschappen tijdens wortelkanaalirrigatie bestudeerd kan worden. Het volgende 
kan worden geconcludeerd:

pH

	 •		De	contacttijd	met	dentine	en	de	concentratie	van	NaOCl	beïnvloeden	 significant	
de pH van NaOCl. Dit bufferend effect was echter niet voldoende om de verschi-
jningvorm van het vrij aanwezige chloor (HOCl/OCl-) te beïnvloeden. Daarom zal er 
geen biologisch effect (antimicrobieel en weefseloplossend effect) optreden.

	 •		Activatie	van	NaOCl	en	een	voorbehandeling	van	het	dentine	met	EDTA	zuur	had-
den geen effect op de pH van NaOCl. Daarom zal een verandering van de pH van 
NaOCl, zoals geadviseerd in de literatuur, geen effect hebben in de laatste fase van de 
wortelkanaalbehandeling als de grootste hoeveelheid pulpaweefsel al is verwijderd.

	 •		Het	verlagen	van	de	pH	van	NaOCl	met	behulp	van	waterstofperchloraat	wordt	ge-
adviseerd in de literatuur. Vergeleken met de klassieke methode (met behulp van 
zoutzuur), die wordt gebruikt in hoofdstuk 2, maakt dit de stabilisatie van hogere 
concentraties NaOCl gedurende langere tijd mogelijk. NaOCl oplossingen van 3% 
met een pH van 5 waren chemisch stabiel gedurende 1 uur.

Temperatuur

	 •		Wanneer	 het	 wortelkanaal	 wordt	 geïrrigeerd	 met	 een	 spoelvloeistof	 die	 voorver-
warmd is tot 60°C of 45°C werden temperaturen van hoger dan 21°C in het wortelka-
naal gemeten. Dit effect was alleen aanwezig tijdens het irrigeren en onafhankelijk van 
de duur van het irrigeren.

	 •		De	mate	van	afkoeling	van	de	spoelvloeistoffen	in	de	injectiespuiten	aan	de	stoel	werd	
bepaald. Voorverwarmde spoelvloeistof met een temperatuur tot 60°C kan in het 
wortelkanaal een temperatuur bereiken van hoger dan 45°C tijdens irrigatie geduren-
de 2.5 minuten. Gedurende deze tijd kan er daarom een toename van de chemische 
activiteit verwacht worden. 

	 •		Het	numerieke	model,	dat	het	thermodynamische	verloop	van	de	spoelmiddelen	in	
het wortelkanaal en de omgevende structuren berekent, komt goed overeen met de 
gemeten resultaten. 

	 •		Voorverwarmde	spoelmiddelen	verhogen	de	temperatuur	van	het	worteloppervlak.	
De maximale temperatuur die gemeten is was 39.2°C in het middelste derde deel van 
de radix.

    In het vierde hoofdstuk combineren we sonochemische technieken met visualisatie 
van de vloeistofstroming om een nieuw inzicht te krijgen in het optreden van cavitatie 
tijdens verschillende irrigatietechnieken. De belangrijkste conclusies zijn: 

	 •		Tijdens	ultrasoon	geactiveerde	irrigatie	is	het	optreden	van	cavitatie	gecorreleerd	met	
de ultrasone energie. Ook tijdens klinisch realistische power settings van de vijl treedt 
er transient cavitation op. Verder kon cavitatie waargenomen worden zowel in rechte 
als kromme kanalen, bij de ingang van laterale kanalen, isthmussen en tot 2 mm voor 
de vijl uit.
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	 •		De	hoeveelheid	cavitatie	die	optreedt,	is	afhankelijk	van	het	instrumentontwerp	en	
coniciteit en de diameter van de tip. Verder hebben het spoelmiddel en de diameter 
van het wortelkanaal een effect op de cavitatie. 

	 •		Tijdens	 sonisch	 geactiveerde	 irrigatie	 trad	 er	 geen	 cavitatie	 op.	Dit	 kan	 verklaard	
worden doordat de snelheden van de vloeistofstroming rondom de tip van het instru-
ment (1.4 m/s) ver beneden de snelheid van 15 m/s ligt die nodig is om cavitatie op te 
wekken. 

    In het vijfde hoofdstuk zijn twee verschillende in vitro modellen gebruikt. Met be-
hulp van het eerder beschreven ‘groevemodel’ kon het effect van verversing van de 
spoelvloeistof en het type spoelvloeistof op de verwijdering van dentine uit het wortel-
kanaal bestudeerd worden. We hebben ook een nieuw hydrogelmodel geïntroduceerd, 
en gekarakteriseerd, dat het effect van de vloeistofstroming op de biofilm nabootst 
tijdens de irrigatieprocedures. De mechanische en chemische effecten van de irrigati-
etechnieken op de visco-elastische eigenschappen van de biofilm in laterale kanalen en 
isthmussen kunnen hiermee geëvalueerd worden. De belangrijkste conclusies waren:

Groevemodel

	 •		Ultrasone	irrigatie	in	combinatie	met	de	‘intermittent	flush	method’	resulteert	in	een	
cumulatief effect over 3 verversings-/activatiecycli. 

	 •		Natriumhypochloriet	als	spoelmiddel	is	significant	effectiever	dan	koolzuurhoudend	
water dat significant effectiever is dan puur water in het verwijderen van dentinerest-
en uit het wortelkanaal. 

Hydrogelmodel

	 •		Het	hydrogelmodel	toonde	visco-elastisch	gedrag	van	de	hydrogel	met	materiaalei-
genschappen die overeenkomen met die gerapporteerd worden voor biofilms. 

	 •		Hydrogel	wordt	uit	een	lateraal	kanaal	of	isthmus	verwijderd	door	convectie	en	was	
gekarakteriseerd door een initiële snelle en chaotische verwijdering, gevolgd door een 
langzame, constante viskeuze verwijdering (isthmus) of het verwijderen van stukken 
hydrogel (lateraal kanaal). 

	 •		Meer	hydrogel	werd	verwijderd	uit	een	lateraal	kanaal	tijdens	ultrasone	activatie	wan-
neer water werd gebruikt als spoelmiddel in plaats van NaOCl, vanwege de vorming 
van bellen tijdens het gebruik van NaOCl die de verwijdering van hydrogel bemoeili-
jkten. 

	 •		Het	chemisch	oplossen	van	de	hydrogel	door	NaOCl	was	significant	minder	effectief	
dan tijdens ultrasone activatie van NaOCl. De hydrogel kon niet verwijderd worden 
wanneer alleen water of wanneer er geen activatie werd gebruikt. 

    De modellen en methoden beschreven in dit proefschrift kunnen gebruikt worden in 
toekomstig onderzoek. Dit proefschrift kan daarmee hopelijk bijdragen aan de weten-
schappelijke en klinische bewustwording van de mechanische en chemische aspecten 
van het wortelkanaal irrigatieproces alsmede aan een uiteindelijk beter resultaat van 
de wortelkanaalbehandeling. 
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