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Abstract Diode lasers are widely used in dental laser treatment,
but little is known about their thermal effects on different titani-
um implant surfaces. This is a key issue because already a 10 °C
increase over the normal body temperature can induce bone
injury and compromise osseo-integration. The present study
aimed at evaluating the temperature changes and surface alter-
ations experienced by different titanium surfaces upon irradia-
tion with a A=808 nm diode laser with different settings and
modalities. Titanium discs with surfaces mimicking different
dental implant surfaces including TiUnite and anodized, ma-
chined surfaces were laser-irradiated in contact and non-
contact mode, and with and without airflow cooling. Settings
were 0.5-2.0 W for the continuous wave mode and 1045 uJ,
20 kHz, 5-20 us for the pulsed wave mode. The results show
that the surface characteristics have a marked influence on tem-
perature changes in response to irradiation. The TiUnite surface,
corresponding to the osseous interface of dental implants, was
the most susceptible to thermal rise, while the machined sur-
faces, corresponding to the implant collar, were less affected.
In non-contact mode and upon continuous wave emission, the
temperature rose above the 50 °C tissue damage threshold. Scan-
ning electron microscopy investigation of surface alterations re-
vealed that laser treatment in contact mode resulted in surface
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scratches even when no irradiation was performed. These find-
ings indicate that the effects of diode laser irradiation on implant
surfaces depend on physical features of the titanium coating and
that in order to avoid thermal or physical damage to implant
surface the irradiation treatment has to be carefully selected.
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Introduction

Dental implants have opened new and often spectacular restor-
ative treatment options for fully and partially edentulous pa-
tients; however, as the number of implants being placed con-
tinues to increase so does the number of implant-related compli-
cations. Understanding the etiology and treatment of these com-
plications is thus essential to every clinician, especially if they
perform implant placement or restorations. Peri-implantitis, one
such complication that involves an inflammatory process affect-
ing the implant-supporting bone [1, 2], can lead to implant loss if
not treated or controlled. Recent studies have shown that peri-
implantitis at different severity levels affects 11 to 47 % of the
treated subjects 8 years after implant placement [2]. Because
bacterial contamination of dental implants plays a central role
in the development of peri-implantitis [3—5], several methods for
decontaminating the implant surface have been developed. In
particular, use of air-powered abrasive powder, citric acid, me-
chanical cleaning with metal and plastic curettes, or ultrasonic
devices [6-8], in combination with local and systemic antibiotic,
have been proposed for the treatment of peri-implantitis [9].
However, none of these methods can completely eliminate bac-
teria from infected implants [10, 11]. Instead, some of the cur-
rently used methods were reported to modify and even damage
the implant surfaces, thus altering their osseo-conductive prop-
erties [12]. In the last decade, dental lasers commonly used in
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periodontics, i.e., CO,, Er:YAG, Nd:YAG, and diode lasers [13],
have been reported to perform effective implant surface cleaning
[14]. On the other hand, the effect of laser irradiation on the
different implant surfaces is only partially understood and there
are no standard decontamination protocols. In this context, a
major issue is related to heating of the implant during irradiation,
which can vary largely because of multiple factors including
laser wavelength, instrument settings, and physical-chemical
characteristics of implant surfaces. This is a key issue, as implant
heating may rapidly exceed 50 °C which is commonly assumed
as the tissue damage threshold [15]. Due to these many vari-
ables, inconsistent results of laser treatment of peri-implantitis
are reported in the recent clinical literature [16].

The present study evaluated thermal effects and morpho-
logical alterations of different titanium discs irradiated with a
diode laser (A=808 nm) upon different settings and operation
modes. Our aim was to identify the optimal irradiation settings
for the different implant surfaces in order to help design safe
interventional protocols on patients with peri-implantitis.

Materials and methods

All experiments were performed on 6 mm wide and 2 mm thick
titanium discs made of the material used to manufacture titanium
implants (Nobel Biocare AG, Ziirich, Switzerland). The base
material was cold-worked titanium (Table 1) with four different
surface treatments including the porous spark-anodized TiUnite
surface corresponding to the osseous interface of the implants
and three types of anodized, machined surfaces corresponding to
different implant collar color codes. The three machined surfaces
were metallic, yellow, and magenta, and are each characterized
by a different color due to interference with varying thicknesses
of the oxide layer (Fig. 1). All discs were ultrasonically cleaned
in acetone, rinsed in distilled water, autoclaved at 120 °C for
15 min, and placed on a silicon-enriched cardboard to contain
heat dispersion.

The discs were irradiated with a diode GaAlAs laser emit-
ting light at A=808 nm (Dental Laser System 4x4, General

Table 1  Chemical and physical characteristics of the Ti discs
Material type Surgical grade CP titanium based on ASTM F67
Composition Nitrogen<0.03 %
(in wt%) Carbon<0.08 %
Hydrogen<0.015 %
Iron<0.2 %
Oxygen<0.4 %
Titanium=Dbalance
Yield strength min. 750 MPa
(Rpo.2) (min. 680 MPa for larger diameters)

Tensile strength (R;,,) min. 860 MPa
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Project Ltd., Montespertoli, Italy) through a polyimide-coated
silica-silica 600 wm optical fiber positioned perpendicular to
the disc surface. For experiments in contact mode, the fiber tip
was first initialized (“hot tip” technique) by activating emis-
sion over a sheet of black paper and then slid onto the disc
surface during laser irradiation. In non-contact mode, the fiber
tip did not undergo initialization and was kept at a distance of
about 2—5 mm from the disc surface. The fiber was maintained
in a fixed position or moved above the surface at a speed of
2.5 mmy/s. The experiments were carried out with and without
airflow cooling. The detailed laser irradiation parameters are
reported in Table 2.

During laser irradiation, the temperature of the disc surface
was monitored by a thermal camera (Ti9, Fluke Corp., Everett,
USA) and a thermocouple (HGL 30 2 Channel Digital Ther-
mometer K-type thermocouple, PeakTech, Ahrensburg,
Germany). The thermal camera was locked at a 20-cm distance
from the discs to avoid distance-related bias in the measurement.
The discs were irradiated for 30 s and temperature was measured
every 15 s until its return to the pre-irradiation values. Thermal
images were processed with SmartView software (Fluke Corp.)
to compose a thermal report and to extrapolate the maximum
disc temperature. The Fluke Ti9 thermal camera has a =50+
270 °C measurement range: when the detected temperature
exceeded the upper limit, the >270 °C indication appeared on
the display. The temperature values obtained upon IR reading
were compared with the thermocouple readings to ensure con-
sistency of measurements. For each irradiation modality, the
temperature trend was reported in a graph.

After irradiation, the discs were attached to scanning elec-
tron microscopy (SEM) stubs and sputter-coated with a 10-nm
layer of platinum for SEM analysis to evaluate possible
changes in the treated surfaces. Observations were performed
with a Supra 40VP scanning electron microscope (Zeiss,
Oberkochen, Germany).

Results

In each experiment, the maximum temperature values were
reached in a very short time (1-10 s). Initially, as observed
by thermography, heat was non-uniformly distributed on the
disc surface, with a peak detected immediately in front of the
fiber and its value being lower than that of the fiber tip. After
30 s irradiation, heat was uniformly distributed on the disc
surface (Fig. 2).

TiUnite discs

Independent of laser setup and irradiation mode, the TiUnite
discs always reached the highest temperature values in com-
parison with the other disc types.
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Fig. 1 Characteristics of the four
types of Ti discs used in the study.
Upper panels visual appearance,
lower panels scanning electron
microscopy (magnification
%x10,000). Thickness of the Ti
oxide surface layer is also
reported

TiUnite
Ti oxide layer: 7-10 um

In contact mode irradiation with hot tip, the temperature
values showed a similar trend for different laser settings, with
the maximum values depending on beam power, pulse width,
frequency, cooling source, and fiber movement speed
(Fig. 3a). At laser switch-off, the disc temperature ranged
between 200 and 50 °C, depending on the irradiation mode.
Disc heating measurements with the thermocouple showed
slightly lower readings than those measured by the IR thermal
camera, which can possibly be attributed to the lack of a tight
contact between the thermocouple probe and the TiUnite disc
surface due to the disc’s marked roughness.

In non-contact mode irradiation with non-initialized tip and
different laser settings, the maximum temperature values were
lower than those measured in contact mode (Fig. 3b). When
the fiber was maintained in a fixed position so that the laser
beam irradiated the entire disc surface, the measured temper-
ature was higher than in the protocol with the moving tip
despite similar laser settings.

Treatment of the TiUnite discs with hot tip in contact mode
and no airflow cooling yielded substantial heating ranging from
54 °C (continuous wave mode, 0.5 W) to 212 °C (pulsed wave
mode, 45 wJ, 20 kHz, 7 us, corresponding to 6.4 W peak power
and 0.9 W average power). Among the laser settings tested, none
allowed to maintain the temperature below the tissue damage
threshold (50 °C). As expected, under airflow cooling, the tem-
perature values were substantially lower and ranged from 45
(continuous wave mode, 0.5 W) to 207 °C (pulsed wave mode.

45 ul, 20 kHz, 7 us, peak power 6.4 W, average power 0.9 W).

In non-contact mode, the temperature also reached high
values, sometimes higher than those measured in contact mode.
This apparent paradox is likely due to thermodynamic phenom-
ena on the surface. In non-contact mode and without cooling, no
continuous wave mode setting allowed maintaining the temper-
ature below 50 °C. Conversely, in pulsed wave mode, the tem-
perature ranged from 48 (7 wJ, 20 kHz, 7 us; peak 1 W, average
0.1 W) to 189 °C (45 wJ, 20 kHz, 7 ps; peak 6.4 W, average
0.9 W). With airflow cooling, temperature lowered significantly

metallic

magenta

no 200 nm

and ranged between 42 (continuous wave, 0.5 W) and 71 °C
(pulsed wave, 45 wJ, 20 kHz, 7 us; peak 6.4 W, average 0.9 W).
With this modality, temperature could be easily held below the
tissue damage threshold. The detailed safety parameters of laser
irradiation for TiUnite discs are listed in Table 2.

Only for this particularly temperature-sensitive surface, an
alternative irradiation method was evaluated. Specifically, a
focalized zoom handpiece was used to laser-irradiate the
whole disc surface, in non-contact mode and under air
cooling, from a distance of 50 mm and with a beam diameter
of 6 mm at the disc surface to completely cover the disc. This
method allowed to significantly increase the laser power while
maintaining low temperature. Using a 42 pJ, 20 kHz, 7 ps
(6 W peak, 0.84 W average) laser settings, the measured tem-
perature was 45 °C after 30 s. One possible explanation for
this behavior could be the distance between the laser source,
the disc and the lens system of the handpiece. In fact, even if
the optical losses could cause lens heating, their dimensions
reduce the temperature increment and the 50-mm distance
from the surface further reduces the possible thermal irradia-
tion of the target surface, which is only affected by the laser
beam. Since there was no mechanical contact between the
handpiece and the disc, and the resulting temperature was
low, no SEM analysis was performed on this disc.

Metallic anodized, machined discs

Upon laser irradiation, metallic titanium discs showed slower
and less intense heating, and faster cooling when compared to
the other disc types. In contrast to the TiUnite discs, several
combinations of laser beam power, pulse width and frequency
settings allowed to maintain the disc temperature at low levels,
even without airflow cooling.

Peak temperatures measured upon contact mode irradiation
with hot tip and non-contact mode irradiation with non-
initialized tip under different laser settings are shown in
Fig. 4. Due to the high reflectivity of this particular surface,
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Table 2 Safety parameters for each surface per contact mode, cooling, and wave mode

Surface Contact mode Air cooling

Wave mode

Safety parameters

Temperature

TiUnite Hot tip contact No

Yes

No contact No

Yes

TiUnite No contact focused zoom handpiece Yes

Metallic machined Hot tip contact No

No contact No

@ Springer

Continuous
Pulsed

Continuous

Pulsed

Continuous
Pulsed

Continuous

Pulsed

Pulsed

Continuous

Pulsed

Continuous

Pulsed

Continuous

Pulsed

1w
3017

106 J/em?

15 wJ, 20 kHz, 20 us
Peak 0.8 W

Average 0.3 W
Average 9 J
Average 32 J/em?

7 wl, 20 kHz, 7 us
Peak 1 W

Average 0.1 W
Average 3 J
Average 10 J/em?

1w
30J

106 J/em®

20 W, 20 kHz, 11 ps
Peak 1.8 W

Average 0.4 W
Average 12 ]
Average 42 J/em?

42 uJ, 20 kHz, 7 us
Peak 6.0 W

Average 0.8 W
Average 24 J
Average 85 J/cm?

1 W
30J

106 J/em?

10 wl, 20 kHz, 7 ps
Peak 1.4 W

Average 0.2 W
Average 6 J
Average 21 J/em®

1w
3017

106 J/em?

20 W, 20 kHz, 7 us
Peak 2.9 W

Average 0.4 W
Average 12 ]
Average 42 J/cm?

1w
30J

106 J/em?

35 wl, 20 kHz, 7 us
Peak 5 W

Average 0.7 W

46 °C

53 °C

48 °C

47 °C

48 °C

45 °C

45 °C

45 °C

40 °C

46 °C

42 °C

45 °C
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Table 2 (continued)

Surface

Contact mode

Air cooling

Wave mode

Safety parameters

Temperature

Yellow machined

Hot tip contact

No contact

Yes

Continuous

Pulsed

Continuous
Pulsed

Continuous
Pulsed

Continuous

Pulsed

Continuous

Pulsed

Average 21 J
Average 74 J/em®

1w
30)

106 J/em?

20 W, 20 kHz, 11 us
Peak 1.8 W

Average 0.4 W
Average 12 ]
Average 42 J/em?

10 W, 20 kHz, 20 ps
Peak 0.5 W

Average 0.2 W
Average 6 J
Average 21 J/em?

Setting 1:

20 W, 20 kHz, 11 ps
Peak 1.8 W

Average 0.4 W
Average 12 ]
Average 42 J/cm?
Setting 2:

20 W, 20 kHz, 7 ps
Peak 2.9 W

Average 0.4 W
Average 12 ]
Average 421 J/em®
Setting 3:

25 wl, 20 kHz, 10 ps
Peak 1.5 W

Average 0.5 W
Average 15 ]
Average 53 J/em®

05 W
15]

53 J/em®

15 wJ, 20 kHz, 10 ps
Peak 1.5 W

Average 0.3 W
Average 9 J
Average 32 J/em?

2 W
60J

212 J/em?

40 WJ, 20 kHz, 7 ps
Peak 5.7 W

Average 0.8 W
Average 24 ]
Average 85 J/em®

47 °C

48 °C

48 °C

44 °C

46 °C

48 °C

58 °C

50 °C

49 °C

52°C
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Table 2 (continued)

Surface Contact mode Air cooling Wave mode Safety parameters Temperature
Magenta machined Hot tip contact No Continuous - -
Pulsed - _
Yes Continuous 05 W 46 °C
157
53 Jjem?®
Pulsed 15 W, 20 kHz, 7 ps 45 °C
Peak 2.1 W
Average 0.3 W
Average 9 J
Average 32 J/cm?
No contact No Continuous - -
Pulsed - -
Yes Continuous 2 W 43 °C
60J
212 Jem?®
Pulsed 25 uJ, 20 kHz, 7 us 49 °C
Peak 3.6 W

Average 0.5 W
Average 15 ]
Average 53 J/em®

the IR thermal images sometimes included both the fiber tip
and its reflection on the disc. During laser irradiation, the
maximum temperature actually corresponded to the fiber tip
because, as the fiber was slightly shifted, the temperature mea-
surement suddenly decreased. Despite this bias, comparison

of the IR measurements with the thermocouple readings
showed that the two sets of values are largely in agreement.
As expected, the temperatures measured with the fiber kept in
a fixed position were slightly higher (+5 °C) than those de-
tected with the moving fiber. In fact, with hot tip in contact

Fig. 2 Representative thermal TiUnite yellow

image of TiUnite and yellow
glossy discs subjected to laser
irradiation in pulsed wave mode
(45 W, 20 kHz, 7 us), hot tip in
contact mode, no airflow cooling,
for 15 and 30 s

15 s.

30 s.
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Fig. 3 Diagrams showing the A
time course (0—180 s) of the
temperature reached by TiUnite
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15 ul.ll 50 kHz 11 ps (1.4W peak 0.3W average)-

T 1 cooling C15
15 pJ 20 kHz 10 1.5W k 0.3W -
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z
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mode and no cooling, the measured temperature ranged from
41 (continuous wave, 0.5 W) to 123 °C (pulsed wave: 45 uJ,
20 kHz, 7 us; peak 6.4 W, average 0.9 W). During the tests
executed in contact mode and airflow cooling, the temperature
ranged from 41 (continuous wave, 0.5 W) to 69 °C (pulsed
wave, 45 1, 20 kHz, 7 us; peak 6.4 W, average 0.9 W).

In non-contact mode and without cooling, almost all tested
laser settings yielded low temperature increments. The mea-
sured values ranged from 38 (continuous wave, 0.5 W) to
52 °C (continuous wave, 2 W). In non-contact mode with
airflow cooling, the temperature values ranged from 38 (con-
tinuous wave, 0.5 W) to 58 °C (pulsed wave, 45 pJ, 20 kHz,
7 us; peak 6.4 W, average 0.9 W). The detailed safety param-
eters of laser irradiation for metallic anodized, machined discs
are listed in Table 2.

Yellow anodized, machined discs

Temperature measurement during laser irradiation was diffi-
cult on these discs because of a rather low IR emissivity that
also appeared temperature-dependent. The values recorded by
the IR thermal camera at the upper surface were very low,
while those at the edge were higher and corresponded to the
readings of the thermocouple. Since there is no information
available regarding optical properties of the surface, the disc

Time (s)

temperatures were deduced from the measurements on the
edge. The temperature values achieved upon laser irradiation
at different modes and settings were very low, especially when
compared with the TiUnite discs, and did not exceed 50 °C,
even in the absence of airflow cooling.

Figure 5 reports the peak temperatures measured upon con-
tact mode irradiation with hot tip and non-contact mode irra-
diation with non-initiated tip with different laser settings. The
measured temperatures were quite low but showed good cor-
relation between the IR and the thermocouple readings. As
previously observed for the metallic surface, the temperatures
measured with the laser fiber kept in a fixed position were
slightly higher than those detected with the moving fiber.

The measurements performed with hot tip in contact mode
without cooling showed temperature values ranging from 48
(pulsed wave, 10 wJ, 20 kHz, 20 ps; peak 0.5 W, average
0.2 W) to 135 °C (pulsed wave, 45 ulJ, 20 kHz, 7 us; peak
6.4 W, average 0.9 W). No continuous wave settings were
found suitable to hold the temperature below 50 °C. The mea-
surements performed in contact mode with airflow cooling
showed values ranging from 44 (20 wJ, 20 kHz, 11 us; peak
1.8 W, average 0.4 W) to 88 °C (45 wJ, 20 kHz, 7 ps; peak
6.4 W, average 0.9 W). In this case as well, no continuous
wave settings were found to maintain the temperature below
50 °C.
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Fig. 4 Diagrams showing the
time course (0—180 s) of the
temperature reached by metallic
glossy discs subjected to laser
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In non-contact mode and no cooling, the temperature
values ranged from 50 (15 wJ, 20 kHz, 10 us; peak 1.5 W,
average 0.3 W) to 78 °C (45 wJ, 20 kHz, 7 us; peak 6.4 W,
average 0.9 W). No continuous wave settings were found
suitable to keep the temperature below 50 °C. In non-contact
mode and airflow cooling, almost all the tested laser settings
yielded small temperature rise, ranging from 40 (continuous
wave, 0.5 W) to 55 °C (pulsed wave, 45 ul, 20 kHz, 7 us;
peak 6.4 W, average 0.9 W). The detailed safety parameters of
laser irradiation for yellow anodized, machined discs are listed
in Table 2.

Magenta anodized, machined discs

The behavior of these titanium discs was intermediate be-
tween the TiUnite discs and the yellow machined disc. Under
similar irradiation modes and settings, the measured tempera-
tures were lower than those of the TiUnite discs but higher
than those of the yellow ones. Thermocouple readings were
generally slightly higher than those of the IR thermal camera
pointing at the disc surface, but similar when the camera point-
ed at the disc edge. Intermediate thermal measurements be-
tween the TiUnite and the yellow discs were also obtained
under airflow cooling.

@ Springer

180
Time (s)

Figure 6 reports the peak temperatures measured upon con-
tact mode irradiation with hot tip and non-contact mode irra-
diation with non- initiated tip under different laser settings. In
contact mode, the thermal image showed a central zone
reaching a temperature higher than that of the remaining part
of the disc, likely because of the increased IR emissivity of
that zone.

In hot tip contact mode and no cooling, no laser settings
allowed to maintain the temperature below 50 °C. In fact, the
measured temperature ranged from 53 (continuous wave,
0.5 W) to 163 °C (pulsed wave, 45 uJ, 20 kHz, 7 us; peak
6.4 W, average 0.9 W). In contact mode and airflow cooling,
the temperature values ranged from 46 (continuous wave,
0.5 W) to 95 °C (pulsed wave, 45 uJ, 20 kHz, 7 ps; peak
6.4 W, average 0.9 W).

In non-contact mode without cooling, no laser settings
allowed to maintain the temperature below 50 °C. In fact,
the measured values ranged from 53 (continuous wave,
0.5 W) to 81 °C (pulsed wave, 45 uJ, 20 kHz, 7 ps; peak
6.4 W, average 0.9 W). In non-contact mode with airflow
cooling, the temperature values ranged between 38 (continu-
ous wave: 0.5 W) and 58 °C (pulsed wave, 45 uJ, 20 kHz,
7 us; peak 6.4 W, average 0.9 W). The detailed safety param-
eters of laser irradiation for magenta anodized, machined discs
are listed in Table 2.
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Fig. 5 Diagrams showing the A
time course (0—180 s) of the

temperature reached by yellow

glossy discs subjected to laser
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Morphological effects of laser irradiation on disc surfaces

SEM examination showed that a simple dragging of the opti-
cal fiber tip over the disc surfaces, especially the TiUnite sur-
face, even in the absence of laser emission, causes scratches of
the superficial layer (Fig. 7). As expected, marked alterations
of the titanium surfaces, consisting of deep grooves and
microfusions, were observed upon laser irradiation in contact
mode (2 W, continuous wave mode, airflow cooling; Fig. 7).
By contrast, when the laser was set with the same emission
parameters as above but used in a non-contact mode, the disc
surfaces appeared undamaged.

Discussion

The present findings demonstrate that the physical character-
istics of the titanium surfaces lead to substantial differences in
their laser energy absorption/reflection characteristics and
hence susceptibility to heating and to heat-induced damage.
Diode lasers are increasingly used for the management of
peri-implant diseases [14]; however, their use requires caution
due to their marked thermal effects on metal targets. This
caveat has recently been underscored by an in vitro study
performed on titanium dental implants [17], which showed

2" surface

120
Time (s)

that a A=810 nm diode laser set at 2 W output energy in
continuous wave mode generated a 10 °C temperature in-
crease in 14 s of irradiation; on this basis, the authors conclud-
ed that pulsed wave mode and short irradiation times should
be adopted for laser-aided implant surgery. The results of the
present study confirm and extend this notion to encompass the
possible thermal effects of diode laser on different titanium
surfaces, which may be present on different implants or on
different parts of the same implant. In particular, our findings
clearly show that, upon similar laser irradiation parameters
and modalities, the highest temperature values are reached
on the TiUnite surface, corresponding to the endosseous im-
plant portion. On the other hand, the glossy machined surface
is markedly reflective, causing lesser heating and faster
cooling than the TiUnite one. The present data show that the
thicker the Ti oxide layer of the glossy discs (metallic<yellow
<magenta), the lower the reflectivity and the higher the
heating upon laser irradiation. Implant over-heating is a major
issue during laser-aided surgery as it predisposes to exceed the
tissue damage threshold [15] and induce severe injury of the
peri-implant tissues. Moreover, high reflectivity of the glossy
surfaces can raise safety concerns, because it may expose the
surrounding tissues, as well as the patient and the operator, to
undesired back-scattered laser radiation. On the other hand, it
is evenly possible that the light scattered from the implant
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Fig. 6 Diagrams showing the
time course (0—180 s) of the
temperature reached by magenta
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surface can be absorbed by chromophores of the adjacent
periodontal tissues, promoting biostimulatory effects (analge-
sia, anti-inflammation, acceleration of gingival and bone tis-
sue healing, etc.) which have been often reported as a major
advantage of laser treatments [18].

Taken together, the present findings indicate that the
TiUnite surface, owing to its peculiar micro-structure intended
to optimize its osseo-conductive properties [19], is the most
prone to laser-induced over-heating and damage, likely be-
cause of its physical characteristics that maximize absorption
of radiation energy. On the other hand, the glossy machined
discs, both natural metal and anodized yellow or magenta,
show low IR emissivity, especially the yellow one, which
appears to be temperature-dependent. The metal glossy ma-
chined discs also show high light reflectance, causing the IR
camera to measure the temperature of the hot tip reflected onto
the discs surface. All IR measurements were systematically
verified with thermocouple readings to reduce possible exper-
imental bias. Notably, the temperature measured with the ther-
mocouple was in accordance with the values determined by
the IR camera, especially at the edge of the discs. This obser-
vation, verified in different conditions and with different discs,
allowed us to expedite the measurement process because we
could rely on the IR thermal camera images.

As expected, maximum heating and subsequent cooling
time are related to laser beam power and physical
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characteristics of the titanium surface. However, under pulsed
wave irradiation, the discs displayed a sort of integrative ca-
pacity, yielding higher temperature values than those obtained
upon continuous wave irradiation, even with a lower average
output power. The cooling phase of the discs took about one
minute. During this time, the disc temperature decreased uni-
formly to the initial values. This decay time varied with laser
settings.

Of note, in non-contact mode with the same laser settings,
when the fiber was held in a fixed position and the laser beam
irradiated the entire disc surface, the measured temperature
was higher in respect with the tests performed by moving
the tip over the same surface. Likely, during fiber movement,
the zones distant from the laser beam may have enough time
to cool, or part of the laser beam falls outside the edge of the
disc and does not contribute to total irradiation.

In most of the tested experimental conditions, the contact
mode irradiation did not allow to maintain the disc tempera-
ture below the tissue damage threshold, unless the laser was
equipped with an external airflow cooling device. These data
underline the importance of an adequate cooling system for a
safe use of laser in implant surgery.

A limitation of this study consists in the fact that the exper-
iments were performed on new, clean discs in highly standard-
ized laboratory conditions, which are substantially different
from a real clinical situation requiring laser-aided implant
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Fig. 7 Representative scanning
electron micrographs of the four
types of Ti discs used in the study.
Upper panels the effects of
dragging the fiber tip on the
surface in the absence of laser
emission consist in linear
scratches. Lower panes deep
grooves and microfusions appear
upon laser irradiation in contact
mode (2 W, continuous wave
mode, airflow cooling). Arrows
point at the edges of scratches and
grooves (magnification x10,000)

TiUnite

surgery, in which the implant has a markedly different mass
and surface geometry (e.g., threaded), is interlocked with the
peri-implant tissues and can be covered by bacteria, blood,
inflammatory cells, proteins and other debris. These condi-
tions may affect the behavior of the implant upon laser irradi-
ation. Therefore, caution is required when extrapolating the
present findings to clinical practice. However, the present in-
vestigation explored multiple combinations of laser settings,
irradiation modes and target titanium surfaces thus providing
help to define the safest parameters to avoid thermal damage.

Conclusions

The present results suggest that the use of medical diode lasers
on dental implants for the treatment of peri-implant discase
requires appropriate cautions to avoid over-heating of the ti-
tanium surface and heat-induced injury of the surrounding
tissues. Accordingly, preference should be granted to laser
instruments that can be set in pulsed wave mode, in order to
achieve high energy throughput while minimizing irradiation
time, and equipped with an airflow cooling system. Particular
attention should be paid when irradiating the exposed
endosseous surfaces of implants, usually designed to optimize
their osseo-conductive properties by means of micro-rough-
ness, which can absorb laser energy and are prone to fast over-
heating above the tissue damage threshold. Another clear no-
tion emerging from the present findings is that laser irradiation
parameters must be adjusted on a case-by-case basis. In fact,
the strong dependency of laser-induced thermal effect on the

metallic

magenta )

physical features of the titanium surfaces clearly indicates that
there is no unique, safe and effective irradiation modality suit-
able for all implants, but instead each implant type or even part
of it requires its own appropriate laser settings and irradiation
modes. To this end, the use of a feedback thermal probe,
external or included in the laser device, is highly
recommended.
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