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Abstract. The present study evaluated the intrapulpal thermal changes that occurred during the treatment of the
root surfaces with a laser system emitting Er,Cr:YSGG 2780- and 940-nm diode laser irradiation in an alternating
sequence. Thirty single-rooted human teeth were collected. The teeth were divided into three groups (n ¼ 10
each) and irradiated with Er,Cr:YSGG alone or combined with a 940-nm diode laser. To investigate the intra-
pulpal temperature changes, specimens were embedded in a resin block with a set of thermocouples introduced
at different positions within the root canals. The first group was irradiated with only Er,Cr:YSGG (25 mJ, 50 Hz,
50 μs pulse duration, water and air spray); the second group was irradiated with Er,Cr:YSGG (same setting) and
a 940-nm diode (2 W, chopped mode with 20% duty cycle); the third group was irradiated with Er,Cr:YSGG
(same setting) and a diode (2 W, chopped mode with 50% duty cycle). During all irradiations, thermal changes
were recorded in real time with thermocouples. While group 3 showed thermal rises on average of 1.68� 0.98°C
in the pulp chamber, groups 1 and 2 showed average temperature rises of <0.5°C. The combined laser emission
of 2780 and 940 nm is a promising way for root surface debridement without inducing intrapulpal thermal damage
when using an appropriate water/air spray. All measured temperatures were considerably below the critical value
of 5.6°C. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.1.018002]
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1 Introduction
Mechanical modification and debridement of the root surface
is considered the gold standard of nonsurgical periodontal
treatment for periodontally diseased teeth, which is accom-
plished through manual or ultrasonic instruments so as to
remove bacterial biofilms, calculus, and deposits supra- and
subgingivally.1–6

However, this goal is not completely achieved since access to
areas like furcations, concavities, grooves, and distal sites is lim-
ited; therefore, bacterial toxins, biofilms, and plaques may be
left over the root surfaces, which consequently impair the pre-
dictable healing result and cause reinfection.6–10 Many different
root modification methods have been applied to improve and
stimulate the regeneration of periodontal ligament fibers on
root surfaces. These include chemical, mechanical, growth
factors, and different lasers.1–4,6,8

Lasers are one of the most promising new advancements for
nonsurgical periodontal treatment due to tissue modification,
detoxification, and bactericidal effects. Due to transmission
and scattering effects, laser light may reach the areas, as men-
tioned above, where conventional instruments cannot.10,11

Scaling with erbium lasers has demonstrated comparable12–15

and even better outcomes than conventional scaling in that laser
scaling not only removes calculus, plaques, reduces bacterial
numbers, and has a positive effect in reduction of bacterial

endotoxins, but also removes biofilms and provides a stable
rough surface for better attachment of fibroblasts, blood clot,
and periodontal ligament fibers.5,10,16–20

Dental calculi comprise CO3-substituted apatite crystals,
water, and some other crystalline forms of phosphate and cal-
cium; due to high absorptions of erbium laser in water and
hydroxyapatite, erbium lasers have positive effects on the oblit-
eration of mineralized bacterial plaques.18

Nevertheless, to remove hard tissue deposits and calculus,
more intensity is needed; therefore, some side effects like over-
heating, microcracks, pit, grooves, and craters over the root sur-
faces have been reported.10

Any thermal changes of >5.6°C within the pulp cavity can
lead to tooth necrosis if the temperature persists for too long,
which must be avoided.21 As such, in the literature, minimal
thermal changes on root surface, in pulp, bone, and adjacent tis-
sues via utilization of erbium laser have been reported.10,22–25

Temperature elevation depends on time of exposure and, in
consequence, on the total energy applied; the higher the power
and the longer the treatment duration, the higher are the temper-
atures expected. Naturally, severe damages and altered root sur-
faces are expected when inappropriate laser parameters are
utilized in either in vitro or in vivo situations.26–29

Therefore, the purpose of the present study is to examine the
thermal changes in the pulp of extracted human teeth by simul-
taneous application (dual wavelength) of Er,Cr:YSGG and 940-
nm diode lasers using a thermal bath and thermocouples in vitro,
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compare the measured values with the critical threshold of 5.6°C
and to critically discuss the applied parameters. Null hypothesis
(H0): applications of combined 2.78- and 0.94-μm laser radia-
tion increase the temperature in pulp cavity beyond critical point
of 5.6°C.21

Alternative hypothesis (H1): application of combined 2.78-
and 0.94-μm laser radiation is safe for pulp in root debridement
within the use of the investigated parameters.

2 Materials and Methods
For this cross-sectional laboratory study, three groups, consist-
ing of 10 extracted human teeth per group, were examined. All
samples (n ¼ 30) were single-rooted maxillary and mandibular
teeth, which were free of caries, gross cracks, and restorations
on root surfaces.

The teeth were always kept in a water-based solution with
0.1% thymol and 0.9% NaCl to prevent drying and bacterial
growth. For temperature measurements, the teeth were prepared
to be fitted with thermocouples (K-Type, model OMEGA,

5TC-TT-36, 0.13 mm diameter). Therefore, the root canals
were prepared and enlarged with K-files up to ISO 40. To sim-
ulate a physiological situation, an artificial periodontal pocket
model was manufactured by using cold-curing two-component
polyurethane cast resin (ISO-PUR K 760), which was chosen
because of its thermal conductivity being similar to cortical
bone (0.58 W∕Km) when mixed in a ratio of 5:1, resin:hardener
(0.6 W∕Km) as described by Hmud et al.30 Before pouring the
resin, the whole tooth, except for the lowest 3 mm of the apical
root, was wrapped in Teflon tape (12 mm × 0.1 mm × 12 mm)
10 times to shape a periodontal pocket of 1 mm width and at
least 6 mm of depth around the teeth. Then, three thermocouples
per tooth were placed at the cervical, middle, and apical third of
each root canal; the access cavity was sealed with sticky wax;
the locations of the three thermocouples’ ends were confirmed
with a radiograph. The ends of the thermocouples were dipped
into thermal compound (ARCTIC, MX-2) before insertion into
the specimens to ensure optimal heat transfer from the dentin to
the thermocouples. An exemplary specimen radiograph is
shown in Fig. 1.

The other ends of respective thermocouples were connected to
a digital thermometer (OM-USB-TC, OMEGA ENGINEERING,
INC, USA), which is, in turn, connected to a computer to record
the temperature in real time. To provide an environment with sim-
ilar temperatures as the human oral cavity, a thermally stabilized
water bath (GFL, waterbath type 1086, Germany) was used to
host the specimens for the experiments. All laser irradiation
procedures were done by the same person.

3 Laser Parameters and Protocols
For the three groups, the following parameters and protocols
were used (Table 1).

The laser setup for the first group was Er,Cr:YSGG 2780 nm
(serving as a control group) without any adjunct diode laser irra-
diation; the second one was Er,Cr:YSGG whose pulses were
alternated with pulses of the 940-nm diode laser operating in
chopped (gated) mode with a duty cycle of 0.2 (pulse duration
to pulse period ratio of 20%), and the third group was Er,Cr:
YSGG alternating pulses of the 940-nm diode laser with a
duty cycle of 0.5.

For the Er,Cr:YSGG 2780 nm, the pulse energy was 25 mJ
with a pulse repetition rate of 50 Hz and pulse duration of 50 μs
(designated as H-mode by the manufacturer). For the 940-nm
diode laser, all groups utilized a peak power of 2 W, with aver-
age powers resulting from multiplication with the respective
duty cycle. In group 2, this yielded 0.4 W and in group 3,

Fig. 1 Exemplary radiograph of a specimen confirming correct ther-
mocoupler positions.

Table 1 Laser parameters for the groups.

Laser Group 1 N ¼ 10 Group 2 N ¼ 10 Group 3 N ¼ 10

Er,Cr:YSGG 2.78 μm 25 mJ, 50 Hz, 50 μs pulse duration
20 ms pulse period 1.25 W average
power 500 W peak power W/A: 80% /
10%

25 mJ, 50 Hz, 50 μs pulse duration
20 ms pulse period 1.25 W average
power 500 W peak power W/A: 80% /
10%

25 mJ, 50 Hz, 50 μs pulse duration
20 ms pulse period 1.25 W average
power 500 W peak power W/A: 80% /
10%

Diode 940 nm Not applicable 2 W peak power Delay: 8 ms 4 ms
pulse duration 20 ms pulse period
Duty cycle: 20%

2 W peak power Delay: 5 ms 10 ms
pulse duration 20 ms pulse period
Duty cycle: 50%

Note: W/A is the water air ratio. Delay is the delay time after the Er,Cr:YSGG pulse to start the diode pulse. Duration is the pulse duration of the
laser. Pulse period is 1/repetition rate. The repetition rate is the same (50 Hz) for both lasers, as the diode laser emits exactly between the erbium
laser emissions.
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1 W. Radial firing periodontal tips (RFPT 5, BIOLASE,
6201176, LOT NO: 12. 04. 19) with a diameter of 500 μm and
length of 14 mm were utilized. The alternating pulses emitted
through the same laser tip are illustrated in Fig. 2 (here an exem-
plary duty cycle of 0.5 is shown for illustration, as is used in
group 3). Individual pulse durations are listed in Table 1.

The water/air spray was set as water 80% and air 10% as a
pilot study had shown the least temperature increases with this
setting.

As seen in Table 1, samples in the first group were only irra-
diated by the Er,Cr:YSGG laser without any diode laser pulses,
while specimens in the second and third groups were lased with
both Er,Cr:YSGG and alternating diode laser pulses. The whole
irradiation time for each tooth specimen, with a pocket depth of
6 mm from the cementum-enamel-junction, was 60 s, including
30 s for the buccal pocket and 30 s for the lingual pocket side. To
be exact, each 2 mm depth of pocket, at the labial and/or lingual
root surface, was irradiated for 10 s. The laser fiber tip was held

parallel to the long axis of the tooth and was moved in a scan-
ning motion as in the standard clinical protocol with just one
wavelength.

All irradiations were performed with the resin pocket-model
inserted into a thermally stabilized water bath (GFL, waterbath
type 1086, Germany) set to a temperature of 37°C. The actually
measured temperature just outside the model was subtracted
from the measured values at the intrapulpal thermocouples.
These temperature rises above the baseline are called delta T
(ΔT) hereinafter. Following each irradiation, 7 min were
allowed for the specimens to return to the baseline temperature
of the water bath.

In order to compare the groups statistically regarding the
temperature rises at the apical, middle, and cervical positions
of the thermocouples, a two-tailed paired t test was performed
in Microsoft Excel (version 14.2.4) and the p value was
obtained (p < 0.01 was considered as significant, confidence
level 99%).

4 Results
The mean values for the highest temperature rises were 1.68°C
with a standard deviation of 0.98°C in group 3. Lower temper-
ature increases were measured in groups 1 and 2, with 0.33�
0.04°C and 0.5� 0.19°C, respectively. The highest temperature
increase was found in one specimen in group 3, in the apical
third (specimen #10) with 3.81°C.

The maximum, mean, and standard deviation of maximum
temperature changes (ΔTmax) for laser groups (groups 1, 2,
and 3) in cervical, middle, and apical thirds of root canals have
been described in Centigrade in Table 2. Tables 3–5 list the
results of the groups in detail.

In groups 1 and 2, there was no significant difference
between the means of delta temperature maximum of these

Fig. 2 Visualization of the sequence of pulses.

Table 2 Maximum, mean, and standard deviation (SD) for groups within 60 s of irradiation in the cervical, mesial, and apical position of the
thermocouples.

Group Nr Maximum (°C) ΔTmax cervical (°C) ΔTmax mesial (°C) ΔTmax apical (°C) ΔTmax Mean (°C) SD (°C)

1 10 0.95 0.34 0.36 0.29 0.33 0.04

2 10 1.18 0.58 0.59 0.33 0.50 0.19

3 10 3.81 0.69 1.85 2.50 1.68 0.98

Note: Nr, number of specimen; ΔTmax, recorded maximum temperature rise in respective area; SD, standard deviation.

Table 3 Recorded temperature rises for group 1 specimens including means and standard deviations.

S1 (°C) S2 (°C) S3 (°C) S4 (°C) S5 (°C) S6 (°C) S7 (°C) S8 (°C) S9 (°C) S10 (°C) Mean (°C)

ΔT apical third 0.00 0.37 0.34 0.65 0.60 0.28 0.10 0.44 0.07 0.08 0.29

ΔT mesial third 0.10 0.38 0.56 0.95 0.63 0.25 0.09 0.46 0.12 0.08 0.36

ΔT cervical third 0.00 0.40 0.50 0.95 0.71 0.23 0.08 0.45 0.02 0.06 0.34

ΔT mean 0.03 0.38 0.46 0.85 0.64 0.25 0.09 0.45 0.07 0.07 0.33

SD 0.05 0.01 0.11 0.17 0.05 0.02 0.01 0.01 0.05 0.01 0.04

Note: S, sample. Final mean value and final standard deviation (over all specimen in that group) are in bold.

Journal of Biomedical Optics 018002-3 January 2015 • Vol. 20(1)

Franzen et al.: Intrapulpal temperature changes during root surface irradiation with dual-wavelength laser. . .



two groups at all, suggesting that the proposed settings do cause
almost the same temperature rises in the apical, middle, and cer-
vical regions of the tooth. Hence, intermitted 20% diode laser
radiation with a peak power of 2W does not significantly elevate
the temperature in any tested area of the anterior teeth.

In the comparison of groups 1 and 2 with group 3, there was a
significant difference between the means of delta temperature
maximum of apical and middle thirds (p < 0.01), but no signifi-
cant differences were observed on the cervical thirds of the
above-mentioned groups.

5 Discussion
The most important criterion that one should consider in
nonsurgical periodontal therapy is to have a clean root
surface, which clinically means a root surface without bacterial
calculus deposits, biofilm, and smear layer. In this condition, it
would be a favorable place for gingival fibroblast attachment,
which is considered the critical point for periodontal regenera-
tion, in order to assure a new healthy connective tissue
attachment.1–6,29–32

A myriad of instruments have been proposed for scaling and
root planing, including lasers, especially in the erbium laser
family (YAG and YSGG host crystals), that have shown prom-
ising results in periodontal treatment and fibroblast adhesion.
Additionally, Er:YAG and Er,Cr:YSGG lasers have different
morphological changes on the root surface compared to chemi-
cal means.1,10,12,31–36

In the present study, it was demonstrated that the accompa-
nying use of a diode laser emitting at 940 nm alternating with Er,
Cr:YSGG in groups 2 and 3 does not show any adverse thermal
effects on the pulp in comparison to group 1, in which only Er,

Cr:YSGG laser radiation was applied. Although temperature
changes in group 3 showed a significantly higher difference
(p < 0.01) from the other laser groups—only in middle and
apical third of specimens—all temperature measurements
were lower than the critical physiological limit of 5.6°C,
i.e., these statistical significant differences were not clinically
relevant. Mean ΔTmax in the cervical thirds does not show
any significant differences (p < 0.01) among laser groups,
which could be explained with the sufficient presence of
water spray in the cervical thirds rather than the mesial and api-
cal thirds.

Articles are mostly concerned with the morphological and
thermal changes of root surfaces following the laser applica-
tions, while there are only few articles regarding temperature
measurements within the pulp cavity when using erbium and
diode laser irradiation (Table 6). To the best of our knowledge,
this is the first study to report on the thermal effects of a dual-
wavelength laser (2.78 μm and 940 nm) within the pulp cavity.

Theodoro et al.37 compared the morphological and thermal
effects of Er:YAG and a diode of 810 nm on scaled and
root-planed single-rooted teeth. No significant morphological
alterations like melting, fusion, charring, or carbonizations were
observed on SEM pictures, although root surfaces were more
irregular in the Er:YAG laser group. A diode laser with an aver-
age power of 1 W and 1.4 W cw for 30 s caused a thermal
increase of 1.6 and 3.3°C, respectively, while a temperature
decrease of 2.2°C was recorded for the Er:YAG laser group.

In our study, a 940-nm diode laser emitting at 2 W in the
chopped mode in the second and third groups with duty cycles
of 20 and 50% was applied, respectively, yielding an average
power of 0.4 and 1 W. Thus, temperature increase in the
third group of the our study (1.68� 0.98°C) was very similar

Table 4 Recorded temperature rises for group 2 specimens including means and standard deviations.

S1 (°C) S2 (°C) S3 (°C) S4 (°C) S5 (°C) S6 (°C) S7 (°C) S8 (°C) S9 (°C) S10 (°C) Mean

ΔT apical third 0.19 0.13 0.13 0.13 0.34 0.26 0.75 0.68 0.42 0.32 0.33

ΔT mesial third 0.29 0.33 0.38 0.56 0.35 1.04 1.02 0.74 0.63 0.65 0.59

ΔT cervical third 0.03 0.14 0.63 0.63 0.39 0.55 1.15 1.18 0.59 0.54 0.58

ΔT mean 0.17 0.20 0.38 0.44 0.36 0.61 0.97 0.86 0.54 0.50 0.50

SD 0.13 0.11 0.25 0.27 0.02 0.39 0.20 0.27 0.11 0.16 0.19

Note: S, sample. Final mean value and final standard deviation (over all specimen in that group) are in bold.

Table 5 Recorded temperature rises for group 3 specimens including means and standard deviations.

S1 (°C) S2 (°C) S3 (°C) S4 (°C) S5 (°C) S6 (°C) S7 (°C) S8 (°C) S9 (°C) S10 (°C) Mean

ΔT apical third 2.31 1.28 3.31 2.93 2.02 2.52 3.30 1.34 2.19 3.81 2.50

ΔT mesial third 2.59 1.38 2.22 3.31 1.24 2.15 1.23 0.83 1.20 2.36 1.85

ΔT cervical third 1.12 0.03 0.02 0.75 0.85 0.22 0.11 1.14 0.96 1.75 0.69

ΔT mean 2.00 0.89 1.85 2.33 1.37 1.63 1.54 1.10 1.45 2.64 1.68

SD 0.78 0.75 1.6 1.38 0.59 1.23 1.61 0.25 0.65 1.05 0.98

Note: S, sample. Final mean value and final standard deviation (over all specimen in that group) are in bold.
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to the findings of Theodoro et al.’s37 study (1.6� 0.8°C),
although the time of irradiation in the presented study was
60 s, two times more than Theodoro et al.’s study, which can
be explained by the presence of the water spray and the use
of a stabilized thermobath, creating a more realistic model
for the periodontal system.

Aoki et al. reported a temperature rise of 1.4°C during Er:
YAG laser scaling under a water coolant.38 They also mentioned
that the laser caused superficial microroughness over the root
surface under SEM analysis.

Kreisler et al. investigated an 810-nm diode laser and recom-
mended that a power output of 0.5 W for 10 s would be suited
for lower incisors and upper first premolars, while a power of
1 W, also for 10 s, is the maximum output for other teeth; oth-
erwise, by using more power, the pulp vitality may be jeopard-
ized.27 Due to presence of water/air spray in our study, the time
of irradiation could be increased to 60 s per tooth, without any
adverse effects on temperature elevation in the pulp chamber.
The maximum temperature rise, which was recorded for the
third group, was 3.81°C, which is <5.6°C, and underscores the
importance of a water/air spray.20,22

Hmud et al. assessed the temperature elevation on the external
root surface with a 940-nm diode laser while irradiating within
the canal for 5 s to generate shock waves in water to disrupt the
biofilm in endodontic treatment.30 They utilized 4W peak power
and 10 Hz, with an average power of 0.4 W, similar to group 2 of
our study; the maximum temperature elevation in their study was
4°C, while the maximum temperature change was only 1.18°C in
our study, which also emphasizes the positive effect of water/air
spray in controlling the temperature. Indeed, the importance of a
correct setting for the water/air spray is to be emphasized at this
point. While our parameters have shown no significant temper-
ature increase above any critical physiological limit, preliminary
experiments before our study showed that with otherwise

identical irradiation parameters, insufficient water to air ratios
can lead to higher temperatures of up to 5.99°C in our case
with a spray with a ratio setting of water 60% to air 30%.

6 Conclusion
Within the scope of this study, it can be concluded that Er,Cr:
YSGG laser with a pulse energy of 25 mJ, 50 Hz, 80% water,
10% air spray is safe as an adjunct periodontal therapy to root-
plane while removing the biofilm covering the root surface;
additionally, since a diode laser is used in between erbium
laser pulses, disinfection and bactericidal effects can be applied
without any thermal damage to the pulp vitality. This new com-
bination therapy concept might be a promising approach in
periodontology. The proper portion of water/air spray plays a
crucial role in controlling the temperature changes within the
pulp during a laser-based scaling and root debridement.

The alternative hypothesis (H1) formulated beforehand can
be confirmed: the application of the dual wavelength is safe
for pulp in root debridement; while the null hypothesis (H0)
is rejected.

The application of this dual-wavelength laser under the men-
tioned parameters does not increase the temperature in the pulp
cavity beyond the critical point of 5.6°C according to Zach and
Cohen.21
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