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Abstract

Objective: The aim of this study was to perform a systematic and multifaceted comparison of thermal effects
during soft tissue ablation with various lasers and an electroscalpel (ES).

Materials and methods: Er:Y AG, Er,Cr:YSGG, CO,, Diode, Nd:YAG lasers (1 W, pulsed or continuous wave),
an ES, and a scalpel (Sc; control), were employed for porcine gingival tissue ablation. Temperature changes
during ablation were measured by using an infrared thermal imaging camera and a thermocouple. After
ablations, the wounds were observed using stereomicroscopy and scanning electron microscopy (SEM), and
histological sections were analyzed. Compositional analysis was also performed on ablated sites by SEM
wavelength dispersive X-ray spectroscopy.

Results: The surface temperature during irradiation was highest with CO, (over 500°C), followed by Diode
(267°C) and Nd:YAG (258°C), Er:YAG (164°C), ES (135°C), and Er,Cr:YSGG (85°C). Carbonization was
negligible (Er:YAG), slight (Er,Cr:YSGG), moderate (Nd:YAG and ES), and severe (CO, and Diode). Under
SEM observation, Er:YAG and Er,Cr:YSGG showed smooth surfaces but other devices resulted in rough
appearances. Histologically, the coagulated and thermally affected layer was extremely minimal (38 ym in
thickness) and free from epithelial collapse for Er:YAG. Compared with other devices, less compositional
surface change was detected with Er:YAG and Er,Cr:YSGG; additionally, the use of water spray further
minimized thermal influence.

Conclusions: Among various power devices, Er:YAG laser showed the most efficient and refined gingival
ablation with minimal thermal influence on the surrounding tissues. Er:YAG and Er,Cr:YSGG lasers with water
spray could be considered as minimally invasive power devices for soft tissue surgery.

Keywords: laser, gingiva, ablation, temperature change, thermal coagulation

Introduction

ONVENTIONALLY, SCALPELS (SC) AND ELECTROSCALPELS
(ES), have been used for soft tissue surgery in both oral
and periodontal surgery. Recently, lasers are also considered
to be a good choice for soft tissue management due to ef-
fective tissue ablation, hemostatic and bactericidal effects,

and relatively clear visual fields during use.'™ Moreover, less
pain during and after soft tissue ablation is also an advantage
of laser application.” ™!

In general, dental lasers are classified into two groups
depending on their specific wavelength; superficially ab-
sorbed lasers (Er:YAG, Er,Cr:YSGG, and CO, laser) and
deeply penetrating lasers (Diode and Nd:YAG laser).'?
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TABLE 1. CHARACTERISTICS OF LASERS

Power Pulse Peak

Wavelength output

width Contact tip/probe

ED/PD power Water

Laser system (nm) (W) Irradiation mode (us) diameter (um)  at tip/probe end (W) spray (+/-)

Er:YAG 2940 1 Pulsed (50 mJ/20Hz) 200 600 17.7 J/cmz/pulse 250 +/—

Er,Cr:YSGG 2780 1 Pulsed (50mJ/20Hz) 140 600 17.7J/cm*/pulse 357 +/—

CO, 10,600 1 CwW — 400 (noncontact 796.2 W/em? 1 -
beam spot) (beam spot)

Diode 808 1 CwW — 300 1415.4 W/cm? 1 -

Nd:YAG 1060 1 Pulsed (50mJ/20Hz) 100 300 70.8 J/cm2/pulse 500 -

CW, continuous wave; ED, energy density; PD, power density.

Among superficially absorbed lasers, Er:YAG is widely
used in periodontal therapy since it demonstrates effective
ablation of both soft and hard tissues because of its high
absorption by water.'*'* Er:YAG laser surgery reportedly
showed less thermal damage to surrounding soft tissue'>'®
and faster wound healing compared with electrosurgery.'”
Er,Cr:YSGG shows performance very similar to Er:YAG
due to both lasers having very similar wavelengths. CO,,
also superficially absorbed, is often used in soft tissue sur-
gery because of its excellent tissue ablation and strong he-
mostatic effect.!”'®!° Diode and Nd:YAG have deeper
effects on soft tissues'>?*?! due to much lower absorption
by water.

However, to date, there are no detailed studies system-
atically comparing various laser systems for thermal effects
during soft tissue ablation under the same irradiation con-
ditions. In particular, the detailed differences in soft tissue
ablation between Er:YAG and Er,Cr:YSGG have not been
clarified. Thus, the aim of this study is to histologically,
morphologically, and compositionally investigate thermal
effects during gingival soft tissue ablation with various la-
sers (using equal energy output) and an ES.

Materials and Methods
Sample preparation

Porcine gingiva samples were used as an experimental
model for human oral mucosa.** Thirty-eight full-thickness
porcine keratinized gingiva sheets, ~20Xx7 mm each, were
prepared from porcine mandibles. Each gingiva sample was
fixed at four corners with pins on individual cork boards and
stored in a box at high humidity. The 38 samples were
distributed as follows: 7 were used for temperature mea-
surement; 24 for optical stereomicroscopy, scanning elec-
tron microscopy (SEM), and histology; and the remaining 7
were used for compositional analysis (CA) of the treated
surfaces. Five porcine mandibles were also used for tem-
perature measurement of surrounding gingival tissue during
treatment.

Laser systems, ES, and Sc (control)

An Sc (#15; Feather Safety Razor Co., Ltd., Gifu, Japan)
was used as control. An ES and five kinds of lasers were used
as experimental devices: ES [Operer DS-M; J. Morita Mfg.
Corp., Kyoto, Japan; Intensity Setting 4.5 (range 0-9), Cutting
Mode]; Er:YAG laser [wavelength: 2940 nm, Erwin AdvErl
EVO; J. Morita Mfg. Corp.; 1 W, pulsed wave (PW; 20 Hz,
actual output 50mJ/pulse)], Er,Cr:YSGG laser [2780nm,

Waterlase C100; Biolase Technology, Inc., San Clemente,
CA; 1 W, PW (20Hz, 50 mJ/pulse)], CO, laser [10,600 nm;
Opelaser Pro, Yoshida Dental Mfg. Co., Ltd., Tokyo, Japan; 1
W, continuous wave (CW)], Diode laser (808 nm, S-laser;
Showa Yakuhin Kako Co., Ltd., Tokyo, Japan; 1 W, CW),
and Nd:YAG laser [1060nm, formerly manufactured by
Mani, Inc., Tochigi, Japan; 1 W, PW (20 Hz, 50 mJ/pulse)]
(Table 1). Ablation was performed, generally without water
spray, using freehand techniques; perpendicular with no con-
tact (CO,), oblique contact with light pressure (Er:YAG and
Er,Cr:YSGG), or oblique contact with moderate pressure
(Diode and Nd:YAG).

Er:YAG and Er,Cr:YSGG laser ablations were also per-
formed with water spray. In addition, Diode and Nd:YAG
laser ablations at 1-4 W output were evaluated. For PW
lasers using a contact tip, actual energy output was adjusted
using a power meter (Field Master and detector LM-P10i;
Coherent Company).

Treatment

All gingival cutting/ablations (with Sc, ES, and five lasers)
were performed in a linear manner, in a clinically appropriate
way to allow sufficient ablation. For each ablation technique,
operating times varied by device.

Temperature change measurement

During ablation, an infrared thermal imaging camera (ITIC)
(Neo Thermo TVS-700; Nippon Avionics Co., Ltd., Tokyo,
Japan) was initially used for temperature measurement. Only
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FIG. 1. Graphic of temperature measurement by thermo-
couple. Porcine mandibles were employed to make 2 cm-long
linear cutting/ablations in the mandibular attached gingiva.
The thermocouple probe was inserted into the gingiva, mid-
way along, and ~ 1 mm lateral to, the cutting/ablation line.



Downloaded by 23.240.78.121 from www.liebertpub.com at 04/18/23. For personal use only.

366

FIG. 2. A representative case of azan slides following
gingival tissue ablation/cutting for histometric analysis.
Coagulated layer (a) and thermally affected layer (b) around
the ablated site were defined as pale pink-colored areas and
as grayish pale blue-colored areas, respectively.

one ablation technique was performed (repeated six times)
for each of the seven samples. During treatment, thermal
images were recorded (rate: 30 images/s) and the maximum
temperature point of each thermal image was selected and
averaged for each device. Also, temperatures of the sur-
rounding gingiva during ablation were measured using a
thermocouple (Digital Thermometer IT-2000; AS ONE
Corporation, Osaka, Japan) (Fig. 1). Porcine mandibles,
preheated to 36°C simulating the actual human body tem-
perature, were employed at ~26°C room temperature to
make 2cm-long linear cutting/ablations in the mandibular
attached gingiva. The thermocouple probe was inserted into
the gingiva, midway along, and ~ 1 mm lateral to, the cut-
ting/ablation line. During ablation, the monitor display was
recorded, and the averages of the highest temperatures in the
records were calculated.

Morphological analysis

For each sample, a set of all treatments (Sc, ES, five lasers),
Er:YAG and Er,Cr:YSGG with water spray treatments, or
Diode and Nd:YAG treatments (1, 2, 3, 4 W) were performed.
Before any sample preparation, ablation sites on all 24 samples
(8 samples for each treatment set) were observed by stereo-
microscope (VH-7000; Keyence Corp., NJ). For each set, three
specimens for scanning electron microscope (S-4500; Hitachi
Ltd., Tokyo, Japan) analysis were obtained from 1/3 sections
cut from three of the eight samples. They were fixed with

KAWAMURA ET AL.

glutaraldehyde, washed overnight in phosphate-buffered saline
at 4°C, postfixed with osmium tetroxide at 4°C, and sequen-
tially dehydrated in graded ethanol solutions. Then, the spec-
imens were washed with 3-methyl-butyl-acetate, dried to the
critical point, and sputter coated with platinum.

Histological and histometric analyses

For each treatment set, the eight samples were used for
histological samples (HS), which were stored in 10% for-
malin solution, followed by graded ethanol solutions, and
then embedded in paraffin. At least eight histological sec-
tions, taken at equal intervals, were made from each HS.
The sections were stained with either Hematoxylin—Eosin or
Azan, and were observed by light microscope. Histometric
analysis was then performed on the azan slides. The coag-
ulated layers and thermally affected layers around the ab-
lated sites were defined as pale pink-colored areas and
grayish pale blue-colored areas, respectively (Fig. 2).
Thickness measurements of coagulated and thermally af-
fected layers at the ablation bottom were performed using
software (ImageJ; NIH, Bethesda, MD) by two blinded
examiners (K.M. and T.L.).

Compositional analysis

Each of the remaining seven gingiva samples was treated
with only one of the seven devices (Sc, ES, five lasers). In the
control group, the target connective tissue for CA was prepared
by horizontal removal of epithelium with the Sc. The ES and
five laser groups had sufficient target connective tissue expo-
sure within the approximately six to eight grooves formed by
each device in its respective sample. Each specimen was pre-
pared in the same manner as for SEM. CA for carbon, oxygen,
and nitrogen was performed by SEM wavelength dispersive
X-ray spectroscopy (SEM-WDS) (JXA-8200 WD/ED Com-
bined Microanalyzer; JEOL Ltd., Tokyo, Japan) at 30 different
randomly selected locations for each sample.

Statistical analysis

Data are presented as meanztstandard deviation. Tem-
perature change measurement and CA were analyzed using
one-way ANOVA followed by Tukey—Kramer honestly sig-
nificant difference (HSD) test. Histometric data were ana-
lyzed using Steel-Dwass test, or two-way ANOVA and post
hoc Tukey—Kramer HSD test for Er:YAG/Er,Cr:YSGG
with/without water spray. A p value <0.05 was considered
statistically significant.

TABLE 2. IRRADIATION PARAMETERS OF LASERS IN GINGIVAL ABLATION

Power output  Exposure duration Treatment speed Radiant energy Area irradiated Energy fluence

Laser system (W) (sec) (mm/s) (J) ( cm? ) ( Jiem? )
Er:YAG 1 444145 1.59+£0.39 44+14 0.047+0.003 95.9+37.1
Er,Cr:YSGG 1 6.8+1.3*% 1.00+0.20 6.8+1.3 0.035+0.006 194.0£39.9
CO, 1 6.4+1.2% 1.06+0.17 64+1.2 0.033+£0.007 207.0+£78.0
Diode 1 10.1£2.8* 0.70+0.22 10.1£2.8 0.046£0.009 226.5+73.3
Nd:YAG 1 26.1+7.1 0.27£0.07 26.1+7.1 0.045£0.008 583.0+£136.4

Data represent mean+ SD (n=10).

Two-way ANOVA and post hoc Tukey—Kramer HSD test.
##1 <0.05 compared with Nd:YAG, and Diode, respectively.
HSD, honestly significant difference; SD, standard deviation.
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Results
Treatment

The operator-adjusted tip-movement speeds varied greatly
among devices according to tissue ablation efficiency: Er:
YAG was the fastest followed by CO,, Sc, Er,Cr:YSGG,
Diode, ES, and Nd:YAG (Table 2). Irradiated areas were
analyzed and determined from stereomicroscopy images,
and the total radiant energy as well as energy fluence were
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Max temperature and temperature rise of surrounding gingiva

Instrument/ Max temperature Temperature rise
device (MeantSD, °C ) (Mean%SD, °C )
Sc 36.0+0.2 -0.7+0.1

ES 42717 70£1.9"
ErYAG 38404 24104
Er,CrYSGG 39.3+£21 31+21°

co, 396+1.4 35+14°
Diode 441116™" 8117
Nd:YAG 43.7 24" 75+26™"

calculated, revealing notable differences in these parameters
among lasers (Table 2). For Diode and Nd: YAG, the ablation
speeds became faster as the output was raised from 2 to 4 W;
1.461£0.30mm/s (2 W), 1.87£0.63mm/s (3 W), 2.20
+0.75mm/s (4 W) for Diode, and 1.05+£0.37 mm/s (2 W),
1.12£0.14mm/s (3 W), and 1.4710.24mm/s (4 W) for
Nd:YAG.

Temperature change measurement

The surface temperature elevation measured by ITIC was
maximum for CO, (over 500°C), followed by Diode
(266.6°C £26.6°C), Nd:YAG (257.9°C+18.7°C), Er:YAG
(164.3°C£7.6°C), ES (135.1°C%3.7°C), and Er,Cr:YSGG
(85.0°C+7.4°C). All groups were statistically significantly
different with the exception of Diode versus Nd:YAG
(Fig. 3A). For Diode, the highest surface temperatures were
266.6°C£26.6°C (1 W), 233.3°C+£23.4°C (2 W), 261.3°C =t
33.5°C (3 W), and 201.3°C£20.2°C (4 W), showing no
increase. Rather, the temperature at 4 W was significantly
decreased than at 1 W (p<0.05).

The temperature of surrounding gingiva was measured by
thermocouple (Fig. 3B, C). The pattern of temperature ele-
vation depended on instrument type. The temperature of
Diode elevated later compared with other devices (Fig. 3B).

The maximum temperature (temperature change) of sur-
rounding gingiva was 44.1°C+1.6°C (8.1°C£1.7°C) for
Diode, the greatest among all devices. Significantly higher
temperature elevations of surrounding gingiva were de-
tected for Diode, Nd:YAG, and ES, compared with the other
lasers (Fig. 3C). With water spray, the temperatures (tem-
perature change) for Er:YAG and Er,Cr:YSGG were de-
creased, 28.0°Ct0.4°C (-8.1°Cx0.7°C) and 27.2°C=
1.5°C (-8.8°C +1.4°C), respectively.

FIG. 3. Temperature change during gingival ablation/
cutting with various surgical instruments/devices. (A) Surface
temperature elevation measurement by infrared thermal im-
aging camera during gingival treatment. The temperature of the
ablated tissue surface and/or contact tip/probe during treat-
ment was highest for CO,, followed by Diode, Nd:YAG,
Er:YAG, and ES, and lowest for Er,Cr:YSGG. Data represent
mean+ SD (n=06). Significant differences were observed be-
tween any two groups, except for between Diode and Nd: YAG
groups (indicated by ““a’’). p <0.05, Tukey—Kramer HSD test.
(B) Temperature change of surrounding gingiva over time
during treatment was measured by thermocouple at ~1mm
away from the middle of the ablation/cutting line. The pattern
of temperature elevation depended on instrument type. The
temperature with diode was elevated in a delayed manner
compared with other devices. Data represent mean (n=4).
Small circles: the average time point (during temperature
measurement) of the instrument/device’s passing by the ther-
mocouple probe. (C) Maximum temperature and temperature
change of the surrounding gingiva during treatment measured
by thermocouple. For Sc, the maximum temperature was read
at the beginning and temperature change was read at the fin-
ish of incision. Values were highest for Diode, followed by
Nd:YAG, ES, CO,, Er,Cr:YSGG, and lowest for Er:YAG.
Data represent mean = SD (n=4). **7p <0.05 compared with
Sc, Er:YAG, Er,Cr:YSGG, and CO,, respectively. Tukey—
Kramer HSD test. ES, electroscalpel; HSD, honestly sig-
nificant difference; Sc, scalpel; SD, standard deviation.
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FIG. 4. Stereomicroscopy, SEM, and histological analysis following gingival tissue ablation/cutting with various surgical
instruments/devices. Stereomicroscopically, carbonization of the groove edge and bottom was negligible after Er:YAG,
slight after Er,Cr:YSGG, moderate after Nd:YAG and ES, and severe for CO, and Diode. SEM demonstrated that Sc and
Er:YAG/Er,Cr:YSGG with water spray showed fibrous microstructured surface, whereas the Er:YAG and Er,Cr:YSGG
without water spray groups resulted in uniformly melted smooth wound surfaces, and the ES, CO,, Diode, and Nd:YAG
groups resulted in melted and resolidified surface appearances. Histologically, the epithelial wound edges were smooth for
Er:YAG, Er:YAG/Er,Cr:YSGG with water spray, and Sc, whereas epithelial collapse was observed with other lasers and
ES. Thickness of coagulated layer (pale pink-colored areas) was extremely minimal for Er:YAG and Er:YAG/Er,Cr:YSGG
with water; however, large coagulation zones were observed for other lasers and ES. Thermally affected layer (grayish pale
blue-colored areas) around the coagulation was not detected in Er:YAG, and the thickness was minimally observed for
Er,Cr:YSGG, followed by other devices. Use of water spray further reduced thermal changes for Er:YAG and Er,Cr: YSGG.
HE, Hematoxylin—Eosin staining; SEM, scanning electron microscopy.
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TABLE 3. HISTOMETRIC ANALYSIS FOLLOWING
GINGIVAL TISSUE ABLATION/CUTTING
WITH VARIOUS SURGICAL INSTRUMENTS/DEVICES

Coagulated

Thermally plus thermally
Instrument/  Coagulated affected affected
device layer (um) layer (um) layer (um)
Sc 0 0 0
ES 82.0£26.2%  94.2+30.1% 176.2+55.2+%
Er:YAG 37.749.6 0 37.7£9.6
Er,Cr:YSGG  50.6+5.7"F  65.7+27.6* 116.4£31.7%
CO, 163.0+48.8+%% 73,6423 4% 236.6+50.2%%
Diode 137.9419.5%™5 123.1433.1%  261.0£45.1%5
Nd:YAG 137.8+16.3%%5 161.8£41.2%%5T 299 6449 6***

Data represent mean+SD (n=38)

8T <0.05 compared with Er:YAG, ES, Er,Cr:YSGG, and
CO,, respectively. Steel-Dwass test.

ES, electroscalpel; Sc, scalpel.

Morphological analysis

Stereomicroscopically, carbonization of the groove edge
and bottom was negligible after Er:YAG, slight after
Er,Cr:YSGG, moderate after Nd:YAG and ES, and severe
after CO, and Diode (Fig. 4).

Under SEM observation, Sc and Er:YAG/Er,Cr:YSGG
with water spray showed fibrous microstructured ablation
bottoms, whereas the Er:YAG and Er,Cr:YSGG without
water resulted in uniformly melted smooth wound surfaces,
and the ES, CO,, Diode, and Nd:YAG groups resulted in
melted and resolidified surface appearances. The CO, laser-
treated surface presented coral structures with numerous
microcracks and holes. The Diode laser group showed a
rocklike or dry soil-like appearance with some microcracks
and microdepression. The Nd:YAG laser group presented a
magma-like structure and more microholes were observed
on the superficial surface, compared with CO, and Diode
lasers. For Diode, the carbonization tended to be weaker at
2,3, and 4 W than at 1 W (Fig. 5).

Histological and histometric analyses

The grooves with Sc, ES, Er:YAG, Er,Cr:YSGG, CO,, were
sharp and deep, but with Diode and Nd:YAG, the grooves
were flatter and did not deeply ablate connective tissue at 1 W

TABLE 4. HISTOMETRIC ANALYSIS FOLLOWING
GINGIVAL TISSUE ABLATION FOR ERBIUM LASERS
WITH/WITHOUT USE OF WATER SPRAY

Coagulated
plus

Water Thermally  thermally

Erbium spray Coagulated  affected affected
laser (+/-) layer (um) layer (um) layer (um)
Er:YAG - 377196 0 37.749.6°
+  17.9£2.1% 0 17.9+2.1°
Er,Cr:YSGG -  50.6+5.7%% 65.7+27.6 116.4+31.7
+ 33.0%1.4% 0 33.1+1.4°

Data represent mean=*SD (n=38).

“#5p<0.05 compared with Er:YAG (-), Er:YAG (+), and
Er,Cr:YSGG (-), respectively. Two-way ANOVA and post hoc
Tukey—Kramer HSD test.

(Fig. 4). However, with these lasers, ablation depth increased
according to the elevation of output (Fig. 5). The epithelial
wound edges were smooth for Sc, Er:YAG, and Er:YAG/
Er,Cr:YSGG with water spray, whereas epithelial collapse was
observed with Er,Cr:YSGG, other lasers, and ES.

Thickness of coagulated layer was minimal for Er:YAG
(37.7£9.6 um) followed by Er,Cr:YSGG (50.615.7 um),
and ES (82.0£26.2 um). Moreover, the above coagulated
layers were significantly thinner compared with other laser
groups. Thermally affected layer around the coagulation was
not detected for Er:YAG, and the thickness was mini-
mally observed in Er,Cr:YSGG (65.7£27.6 um), followed by
CO,, ES, Diode, and Nd:YAG. The total width of coagulated
and thermally affected layer was minimal (37.7+9.6 um) for
Er:YAG and was significantly thinner as compared with
Er,Cr:YSGG (116.4%31.7 um), ES, CO,, Diode, and Nd:YAG
(Table 3). With the use of water spray, coagulation was sig-
nificantly reduced for Er:YAG (17.9+2.1um) and for
Er,Cr:YSGG (33.1% 1.4 um), and thermally affected layer was
none for both lasers. The total width was also reduced for
Er:-YAG (17.9+£2.1 yum) and Er,Cr:YSGG (33.1%1.4 um),
with water spray (Table 4).

For both Diode and Nd:YAG, the total thickness of co-
agulated and thermally affected layer was not significantly
different regardless of the energy output (Supplementary
Table S1).

Compositional analysis

Carbon slightly but significantly decreased in all treat-
ment groups and oxygen was most significantly increased
with CO,, followed by Diode, Nd:YAG, Er,Cr:YSGG, ES,
and Er:YAG. Nitrogen was most significantly decreased for
CO,, followed by other devices, except for Er:YAG, com-
pared with control (Sc). In total, the largest differences were
seen with CO, followed by Diode and Nd:YAG. Interest-
ingly, Er:YAG, ES, and Er,Cr:YSGG showed less change,
compared with other lasers, and the Er:Y AG-treated surface
was closest to the control surface (Fig. 6).

Discussion

Er:YAG, Er,Cr:YSGG, and CO, lasers were able to ablate
soft tissue readily at 1 W output; however, such soft tissue
ablation at 1 W was not feasible with Diode and Nd:YAG.
An output over 2-5 W is reportedly appropriate for oral soft
tissue ablation with Nd:YAG.?** In the present study, in-
deed, ablation speed for Diode and Nd:YAG increased as
power output increased.

The surface temperature elevations were the highest (over
500°C) with CO,. Although ITIC measured temperatures of
not only the tissue surface but also the contact tip/probe
during contact ablation, in the case of noncontact CO, the
tissue surface temperature during thermal evaporation caused
by laser—tissue interaction was more validly determined. Still,
the exact highest temperature with CO, was not detected
because it exceeded the measurable temperature range of the
camera.

Stereomicroscopically, CW lasers (CO, and Diode) showed
severe black-colored carbonization of treated groove edges
and/or bottoms, possibly due to high surface temperature el-
evations (over 500°C and 267°C, respectively). Coagulated
layer was thickest for CO,; interestingly however, the total
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FIG. 5. Stereomicroscopy, SEM, and histological analysis after gingival tissue ablation with Diode and Nd:YAG at 1, 2,
3, and 4 W output. With both Diode and Nd:YAG, ablation depth increased with output elevation, whereas thickness of
coagulated layer (pale pink-colored areas) and thermally affected layer (grayish pale blue-colored areas) around the
coagulation were not significantly different regardless of the energy output.
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by Diode, Nd:YAG, and & ¢ © LS
other devices. Nitrogen was & ¢ 4

most significantly decreased ©
for CO,, followed by Diode,
Nd:YAG, and Er,Cr:YSGG N
compared with control (Sc).

In total, the largest di-

fferences were seen with (%)

CO, followed by Diode and 49

Nd:YAG. Interestingly, Er: a | &
YAG, ES, and Er,Cr:YSGG 4 :
showed less change and the
Er:YAG-treated surface was

o 20
compositionally closest to the
control surface. Data represent |
meantSD (n=30). *p<0.05
compared with control. The
bars indicate significances  ° S B B B o
between two groups. Tukey— KU &
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zone of coagulated plus thermally affected layer was thicker
with Diode and Nd:YAG than with CO,. This is because CO,
laser is of the superficially absorbed type, with momentarily
generated heat during thermal evaporation occurring in and
limited to, the superficial layer, not spreading and reaching the
deeper tissues.

Histologically, the coagulated layer showed that collagen
fiber structure disappeared and became amorphous, similar
to observations with denatured collagen in burn wounds.?
Although in the thermally affected layer fiber structure still
remained, the structure was somewhat altered, and the
dyeability of Azan, specific for collagen fiber, was a little
lower than in the surrounding intact tissue. This may be due
to the thermal influence of the lasers and ES, inducing de-
naturation of collagen proteins in the surrounding tissue.

Tissue ablation effects of lasers are influenced by various
characteristics, such as wavelength, output, pulse width/
peak power (beam intensity), and irradiation procedures
such as treatment speed. In general, the shorter the pulse
width, the greater is the peak power and the less is the
thermal effect. However, in this study, no significant asso-
ciation was observed between pulse width/peak power and
tissue ablation/thermal influences. This was because the
differences in wavelengths and treatment speeds were pri-
marily responsible for the different results of tissue ablation
and thermogenesis in the present study. Regarding energy
fluence, it showed tendencies for positive association with
histological thermal changes; however, the findings were not
found to be significant (data not shown).
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Nd:YAG and Diode showed a similar tendency in his-
tological changes (coagulated and thermally affected
layer) as well as surface temperature elevation, whereas
carbonization in the bottom of the groove was generally
less and moderate with Nd:YAG, compared with severe
carbonization caused by Diode. This might be due to the
property of pulsed Nd:YAG lasers having high peak
power, unlike CW Diode, and due to differences in heat
generation efficiency in the tips. For these lasers, part of
the emitting light is converted into heat by refraction or
diffused reflection at the tip end, creating a condition
called hot tip. Accordingly, the tissue was vaporized and
coagulated as a result of contact with the highly heated tip,
by secondar?f thermal effects rather than by the laser en-
ergy itself.” Thus, the detected surface temperature
seemed to indicate the temperature of hot tips. Of note,
compared with Nd:YAG, the temperature elevation of
surrounding tissue with Diode showed a slowly rising
pattern and occurred later after ablation (Fig. 3B), sug-
gesting that heat generated on the ablated surface was
more gradually conducted to the surrounding tissue with
Diode. However, the precise mechanism is unknown and
further investigation is required to clarify these phenom-
ena with Nd:YAG and Diode.

Meanwhile, the temperature elevation detected with
Er,Cr:YSGG was the lowest (85.0°C). This was because
Er,Cr:YSGG laser’s contact tip is composed of sapphire,
which allows high transmittance of light at the wavelength
range of ~0.2-5.5 um,”® resulting in less thermogenesis
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during irradiation. In contrast, Er:YAG laser employed a
quartz curved-type tip, which absorbs its wavelength to
some extent, creating some heat. Therefore, compared with
Er,Cr:YSGG, higher temperature elevation (164°C) oc-
curred during ablation with Er:YAG due to the thermo-
genesis of the tip itself during irradiation.

Interestingly, despite those findings, histological analysis
demonstrated lower thermal influences with Er:YAG as
compared with Er,Cr:YSGG. Following Er:YAG, almost no
carbonization was observed, and both SEM and histological
observation showed a smooth ablation surface. In addition,
histologically, the coagulated and thermally affected layer
was thinnest for Er:YAG. These findings indicate that
Er:YAG laser energy was more directly and efficiently
consumed for tissue ablation, allowing for less thermal
influence than Er,Cr:YSGG. Thus, Er:YAG may be the
least invasive device for soft tissue ablation among pow-
ered surgical devices. Further, with the addition of water
spray, both Er:YAG and Er,Cr:YSGG, would be less in-
vasive devices as evidenced by comparable minimal ther-
mal influences on surrounding tissues.

CA of laser-irradiated soft tissue surfaces was performed
for the first time in the present study and subsequently, when
the CA results were combined with the results of coagula-
tion width measurement, it was found that the larger the
thermal influence, the more oxidized the irradiated surface
became. Compositionally, the Er:YAG laser-treated surface
most closely resembled the control surface.

This study revealed that the surface temperature during
irradiation was considerably high, in particular for CO,,
Diode, and Nd:YAG lasers. Thus, to improve clinical
safety with these lasers, it is necessary to move the hand-
piece constantly to avoid heat accumulation in the tissues.
Also, attention should be paid to avoid accidental irradia-
tion of, and contact with, the surrounding tissues. Re-
garding the thermal influence on bone tissue, previous
reports showed that osteonecrosis occurred above 47°C.%’
Since, in the present study, the temperature of the tissue
1 mm away from the ablation site was 44°C at most (for
Diode), thermal influence to the periosteum and bone tis-
sue could be minimized if an appropriate distance is
maintained. However, substantial thermal influences reach
a distance of ~230-300um with CO,, Diode, and
Nd:YAG. Thus, with these lasers, sufficient care must be
taken during irradiation of tissues close to bone. In the case
of erbium lasers, since thermal influences are effectively
minimized to begin with (with even less thermogenesis
when accompanied by water spray), clinical safety is
highly attainable in general.

Conclusions

Among various laser systems and ES, Er:YAG showed
the most efficient and refined gingival ablation with min-
imal thermal influence on the surrounding tissues as well
as less compositional surface change. Er:YAG as well as
Er:YAG/Er,Cr:YSGG with water spray could serve as
minimally invasive power devices for soft tissue surgery. In
contrast, other lasers and ES, with relatively large thermal
effects, would nonetheless have advantageous hemostatic
effects. Therefore, it is important with soft tissue surgery to
choose the most appropriate device and parameters ac-

KAWAMURA ET AL.

cording to the purpose and demands of the particular sur-
gery, and the operator’s skills.
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