
52

* Published as: Macedo RG, Verhaagen B, Versluis M, van der Sluis LWM (2014) Temperature evolution of pre-heated 
irrigant injected into a root canal ex vivo. International Endodontic Journal, Submitted

Temperature evolution of pre-heated irrigant injected
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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). 



53

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.



55

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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