
ORIGINAL ARTICLE

Temperature elevation during root canal treatment with a 445-nm diode
laser—an in vitro study

Abeer Alshamiri1 & Rene Franzen1
& Norbert Gutknecht1

Received: 26 June 2017 /Accepted: 1 February 2018 /Published online: 28 February 2018
# Springer International Publishing AG, part of Springer Nature 2018

Abstract
Objective This study investigated the thermal effects of a 445-nm diode laser on tooth roots of endodontic treatment.
Material and methods A total of 15 human single-rooted extracted teeth were included in the survey. Samples were sectioned at
the cementoenamel junction. The root canals were instrumented using a rotary system. Each root was fitted into a resin mold and
was fixed in a vertical position using clamps. All samples were placed on a support in a thermal path at 37 °C. The root canals
were randomly divided into three groups (n = 5 each): samples were irradiated with 0.6 W continuous wave (CW), 0.4 W CW,
and 1.2W gated mode, at a repetition rate of 10 Hz with a pulse duration of 50 ms. The time-dependent temperature elevations of
the cervical, middle, and apical thirds of the roots were recorded at a sampling rate of 2 Hz during laser irradiation with a K-type
thermocouple measurement system.
Results The mean temperature rise inside the roots in this study was below 10 °C, whereas the maximum temperature rise of
9.83 °C (0.6 W CW) and 9.81 °C (1.2 W gated mode, repetition rate 10 Hz, and pulse duration 50 ms) was registered in lower
incisors, and 4.97 °C was detected at 0.4 W CW. The thermal changes seen in the apical thirds of the root were statically
significantly (p < 0.001) and were greater than those at the coronal and middle thirds.
Conclusion The results of this study suggest that 445-nm diode lasers may provide a safe temperature for endodontic
applications.
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Introduction

The goal of primary endodontic treatment is to improve
root canal disinfection and to prevent re-infection [1–4].
Therefore, there is an agreement that an important aim of
the endodontic therapy is to eliminate the microorganisms
in the root canal [5].

To date, several studies [6–9] have shown that bio-mechan-
ical, also known as chemo-mechanical, methods play a signif-
icant role in the treatment of root canal systems. On the one
hand, these methods cannot completely remove the smear
layer, preventing the penetration of chemical irrigating solu-
tions into dentinal tubules [6, 10], leading to, as a conse-
quence, less than full elimination of nested bacteria [4, 11,
12]. In fact, the method is mostly limited to a dentin depth
between 100 and 300 μm. Deeper dentin tubules house many
thousands of remaining bacteria, and these bacteria can mi-
grate into and multiply inside the root canal system [13, 14].
Furthermore, the complexity of the root canal system is well
known to be one of the major challenges in root canal prepa-
ration [6], lateral canals, ramifications, and accessory canals
where conventional treatments cannot reach bacteria [6, 15,
16]. This may result in failure after endodontic treatment and a
recurrence of the infection [17, 18].

The advantage of using lasers is due to their high disinfec-
tion efficiency, using photo-thermal and photo-mechanical ef-
fects [19] to enhance cleaning, the reduction of bacteria [18],
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and removal of the smear layer in root canals [20]. Unlike the
conventional method, lasers of suitable wavelengths have an
excellent capacity for bacterial reduction at elimination depths
exceeding 1000 μm in deep dentin tubules [13, 21, 22].
However, despite the potential benefits of lasers, too high, a
dose of the absorbed energy may cause thermal damage to
periodontal ligaments and lad to bone necrosis [15, 23, 24].
To achieve favorable outcomes and avoid thermal damage to
the surrounding tissue, safe parameters must be identified [25,
26].

Goya et al. (2007) considered that successful disinfection
of root canals by lasers depends on many factors, such as
output power, irradiation time, repetition rate, and pulse dura-
tion [27]. According to this study, laser irradiation of one
particular wavelength induced different effects on the same
tissue under various parameters. The most common wave-
lengths of diode lasers used in endodontics are 810, 940,
and 970–980 nm and Nd:YAG lasers at 1064 nm.
Nonetheless, excessive thermal heating of the surrounding
tissue must be avoided.

Recently, there have been improvements in diode laser de-
velopment and success in the expansion of the wavelength
range from ultraviolet (UV) to blue-green with high optical
output power [28].

Aim of the study

The purpose of the present study was to assess root surface
and subsurface temperature elevation using a diode laser emit-
ting at 445 nm in an in vitro setup, in order to identify safe
irradiation parameters for a later in vivo study. These values
are yet unknown, and the acceptable safe powers are
suspected to deviate from those of near-infrared diode lasers

due to the different absorption characteristics of hydroxyapa-
tite in the visible part of the electromagnetic spectrum at
445 nm. Tested irradiation parameters include 0.6 W contin-
uous wave (CW), 0.4 W CW, and 1.2 W gated mode, with a
repetition rate of 10 Hz, pulse duration of 50 ms, and a pulse
pause of 50 ms, yielding a 0.5 duty cycle.

Material and methods

Sample preparation

Fifteen single-rooted human teeth were used in this study,
which had been extracted for medical reasons, which oth-
erwise would have been disposed of as medical waste.
First, remaining calculus and residual tissue were re-
moved from the root surface. Samples were sectioned at
the cementoenamel junction (CEJ), using a diamond saw
(Exakt Apparatebau, Hamburg, Germany). All samples
were shortened to a length of 14 mm from CEJ, and
crowns were discarded. The root canals were enlarged
using a rotary system up to an apical size of ISO #40 at
1 mm from the apex. Canals were rinsed with NaOCl
(2.5%) between each file, EDTA (17%), and eventually
sterile water was applied to flush out any remaining
irrigants and to remove any precipitates [29]. All canals
were dried with paper points.

Fig. 2 A model was placed on a support in a thermal path of 37.0 °C

Fig. 1 Radio-graph of a sample of tooth showing the positions of all
thermocouples
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Temperature measurements and groups

Afterward, three holes were drilled by using a low-speed
handpiece bur on the buccal side into each root surface at
the cervical third (1 mm depth), the middle third (1 mm
depth), and apical third (0.5 mm depth) approximately
0.2 mm away from the apex. This was to measure the temper-
ature in the body of the dentine of the root canals by placing
thermocouples into these holes. Three more superficial holes
were then drilled on the lingual surface along the root canal
surface, i.e., the cervical, middle, and apical thirds, to measure
the temperature on the surface of the root. Each root was put
into a mold that had been filled with polyurethane resin ma-
terial mixed in a ratio of 5:1 (ISO-PUR K 760; Elze,
Germany); the hardening process of polyurethane resin
changed at regular intervals, and it took 40 to 45min to harden
completely. This casting resin was chosen for its thermal con-
ductivity of 0.6W/Kmwhich is similar to that of cortical bone
(0.58 W/Km) [23, 30]. Before the resin hardened, the access
holes to the root canal and to the drilled holes on both sides of
the root canal were exposed. Six K-type thermocouples with
an accuracy of ± 0.691 °C and diameter of 0.13 mm were
fixed inside the buccal and lingual holes and connected to a
USB data acquisition module (5TC-TT-KI-36-1M, Omega
Engineering Inc.; Stamford, USA). The positions of all ther-
mocouples have been checked radio-graphically (Fig. 1).
Thermal paste (Revoltec Thermal Grease) was placed at the
end of the thermocouples to optimize the contact with the root
surface to allow for optimal temperature readings, and was
fixed to the root surface holes using adhesive wax. Samples

were fixed in a vertical position by using clamps and an ad-
justable resin mold. The USB data acquisition module was
connected to a PC, and the recorded temperature values inside
the root canal could be observed and recorded on the PC in
real time for each individual thermocouple.

The temperature elevations were measured simultaneously
at the apical, medium, and cervical regions of the root with a
sampling rate of 2 Hz. Temperature variation results were
submitted for further analysis of variance (ANOVA).

For the irradiation, all models were placed on a support in a
thermal path of 37.0 ± 0.5 °C (GFL-Wasserbäder, Type 303,
Germany) to simulate the temperature in the mouth (Fig. 2).
This method has been successfully applied before, as docu-
mented in previous studies [23, 30].

Laser system

In this study, a dental diode laser emitting visible blue light at
445 nm was used (DENTSPLY SIRONA, Sirona Dental
Systems GmbH, Bensheim, Germany).

The models, respective the roots, were then randomly dis-
tributed into three groups (n = 5) with the following settings:

1. Group I: 0.6 W CW (n = 5)
2. Group II: 0.4 W CW (n = 5)
3. Group III: 1.2 W gated, repetition rate 10 Hz, 50 ms pulse

duration (n = 5)

For all three groups, a proprietary 200-μm-diameter end-
odontic fiber tip (the spot area of the fiber is 0.333 cm2) was
used in conjunction with the diode laser. The emitted power at
the distal fiber end was confirmed with a power meter (coher-
ent power/energy meter model no. FM/GS) before each

Table 1 Descriptive statistics of group I

Group I T mean [°C] Tmax [°C] SD [°C]

Buccal-cervical (n = 5) 38.14 41.06 1.10

Buccal-middle (n = 5) 39.38 44.75 1.82

Buccal-apical (n = 5) 39.88 46.83 2.31

Lingual-cervical (n = 5) 37.59 38.91 0.53

Lingual-middle (n = 5) 37.76 38.86 0.65

Lingual-apical (n = 5) 37.98 39.33 0.78

Table 2 Descriptive statistics of group II

Group II T mean [°C] Tmax [°C] SD [°C]

Buccal-cervical (n = 5) 37.52 39.07 0.55

Buccal-middle (n = 5) 38.43 41.65 1.10

Buccal-apical (n = 5) 38.43 41.97 1.23

Lingual-cervical (n = 5) 37.00 37.87 0.30

Lingual-middle (n = 5) 37.29 38.36 0.31

Lingual-apical (n = 5) 37.51 40.53 0.75

Table 3 Descriptive statistics of group III

Group III T mean [°C] Tmax [°C] SD [°C]

Buccal-cervical (n = 5) 38.52 43.63 1.65

Buccal-middle (n = 5) 39.37 44.78 2.09

Buccal-apical (n = 5) 40.19 46.81 2.58

Lingual-cervical (n = 5) 37.55 38.44 0.49

Lingual-middle (n = 5) 37.97 39.22 0.56

Lingual-apical (n = 5) 39.03 43.48 1.71

Table 4 Summarized descriptive results of groups I, II, and III

Group n T mean [°C] Tmax [°C] SD [°C]

I 5 38.45 46.83 1.62

II 5 37.70 41.97 0.96

III 5 38.78 46.81 1.91
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specimen. The irradiation was repeated four times for each
specimen.

This method has been successfully applied in previous
studies [24, 31, 32]. The fiber was inserted into the root canal
up to the apex; then, the irradiation was started, and the fiber
was moved in helicoidal movements along the length of the
root canal, up to the cervical part at a vertical speed of approx-
imately 2 mm/s [33], i.e., if the length of a root canal was
14 mm, laser irradiation would be applied for 7 s. Between
every single irradiation, an adequate rest period was given for
the root canal of around 10 s. This time was also needed to
carefully reintroduce the fiber back into the root canal.

Results

To determine the maximum temperature rise in the apical,
medium, and cervical regions, the temperature variation

(ΔT) of each irradiation cycle was calculated. In general, the
maximum temperature change during irradiation in this study
was reported as less than 10 °C. The difference in the mean
values between the groups was greater for the apical region,
followed by those of the middle and cervical regions. The
mean temperature rise at 0.6 W CW (group I) was 2.88 °C
while the maximum temperature recorded was 9.83 °C. The
mean and maximum temperature rises at 0.4WCW (group II)
were 1.43 and 4.97 °C, respectively. However, for group III,
with a gated output power of 1.2 W, a repetition rate of 10 Hz,
and a pulse duration of 50 ms, the recorded mean and maxi-
mum temperature values were 3.19 and 9.81 °C, respectively.

The descriptive statistics are shown in Tables 1, 2, 3, and 4
and cover the detailed temperature measurements for each
group (mean temperature, maximum temperature, and stan-
dard deviations). Comparisons of the mean temperature rises
and maximum temperature variations among the three groups
were statistically carried out and tested by ANOVA and are
illustrated in Table 5 and in Fig. 3. The ANOVA indicated a
statistically significant difference (p < 0.001).

A comparison of each output power in relation to the intra-
group thirds (cervical, middle, and apical) is shown in Table 6.
All the areas showed significant difference (p < 0.001) and
show that the highest mean temperature for the apical third
is followed by those of middle and cervical thirds. Besides,
similar results can be seen for the standard deviation, which is
also higher in the apical area.

Discussion

According to Eriksson and Albrektsson [34] (1983), a temper-
ature threshold level of 10 °C for 1 min can cause necrosis of
the alveolar bone. While this study was done on rabbit teeth, it
is still often referred to in temperature-related studies on hu-
man bone as well. In the present study, the use of a 445-nm
diode laser during root canal therapy at 0.6 W in continuous
mode, 0.4 W in continuous mode, and at 1.2 W in gated mode
at 10 Hz, with a pulse duration of 50 ms and a pulse pause of

Table 5 Statistical analysis
among the three groups: I, II, and
III

Group I II III

Power value 0.6 W CW 0.4 W CW 1.2 W gated, repetition
rate 10 Hz, 50 ms
pulse duration

n [−] 5 5 5

ΔT Mean [° C] 1.45 0.70 1.78

ΔT Max [° C] 9.83 4.97 9.81

SD [°C] 1.62 0.96 1.91

p (ANOVA) p < 0.001 (I and II),
and (I and III)

Confidence interval 1.40 to 1.51 0.67 to 0.72 1.72 to 1.83

Fig. 3 Boxplot graph displays the statistical variation in the three groups:
I, II, and III
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50 ms, provided temperature rises below the physiologically
critical value of 10 °C.

The mean differences in temperature between the three
groups were tested by ANOVA. The results showed signifi-
cant differences at a significance level of α = 5% among the
tested groups in the cervical, middle, and apical root thirds
(p < 0.001). In the present study, the temperature reached gen-
erally higher values in the apical thirds of the specimens,
followed by those of the middle and cervical thirds. The re-
sults are in agreement with Strakas et al. (2013), who stated
that the difference between the mean values for pulse duration
differences is higher for apical points followed by those of
mesial and coronal points [35]. In contrast, Falkenstein et al.
(2014) found that the highest values for ΔTmax were in the
middle of the root [30], due to the movement of the fiber tip
which was guided parallel to the root surface in a constant
horizontally swinging movement (∼ 2 mm).

An important factor, which should be taken into consider-
ation, is the thickness of the dentin, where higher temperature
rises can be anticipated in teeth with low mass and therefore
low heat capacity, which clinically present as teeth with thin
dentin. In this experiment, the highest temperature values of
ΔTmax 9.83 and 9.81 °C were found specifically in the apical
area of lower incisors in both groups I and III, respectively.
The mean differences in the temperature elevations were sta-
tistically significant in the apical third of the root (p < 0.001)
due to the thickness of the dentinal tubules, where the thinner
walls in the apical area are the most susceptible to thermal
damage [32].

The rest period between every irradiation cycle in this
study was around 10 s. This rest period was proposed by
Gutknecht et al. [33] and is critical to avoid temperature in-
creases above the safe limit, with the fiber tip being displaced
at a speed of approximately 2 mm/s. In the present study, the
maximum temperature value in group I at 0.6 W (CW) was
9.83 °C, while in group III at 1.2 W and 10 Hz, with a pulse
duration of 50 ms and 50% duty cycle, the temperature in-
crease was 9.81 °C. There was no significant difference be-
tween the mean values of ΔTmax of these two groups. The

results of this study did not exceed the critical temperature
supported by periodontal tissue.

Conclusion

The results of this study suggest that 445-nm diode lasers may
be a safe temperature-wise for endodontic applications at the
investigated parameters of 0.6 W CW, 0.4 W CW, 1.2 W,
10 Hz, 50 ms pulse duration, and 50% duty cycle, when using
the described protocol. In this study, the use of these parame-
ters did not exceed the 10 °C limit proposed by Eriksson and
Albrektsson [34], so the protocol can be considered safe with-
in the limitation of this in vitro study. Therefore, we suggest a
follow-up study to assess the bactericidal capabilities of these
parameters.
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