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Abstract Recently, the Er:YAG and CO2 lasers have been
applied in periodontal therapy. However, the characteristics
of laser-irradiated root cementum have not been fully ana-
lyzed. The aim of this study was to precisely analyze the
alterations of root cementum treated with the Er:YAG and
the CO2 lasers, using non-decalcified thin histological sec-
tions. Eleven cementum plates were prepared from extracted
human teeth. Pulsed Er:YAG laser contact irradiation was
performed in a line at 40 mJ/pulse (14.2 J/cm2/pulse) and
25 Hz (1.0 W) under water spray. Continuous CO2 laser
irradiation was performed in non-contact mode at 1.0 W,
and ultrasonic instrumentation was performed as a control.
The treated samples were subjected to stereomicroscopy,
scanning electron microscopy (SEM), light microscopy
and SEM energy dispersive X-ray spectroscopy (SEM-

EDS). The Er:YAG laser-treated cementum showed mini-
mal alteration with a whitish, slightly ablated surface,
whereas CO2 laser treatment resulted in distinct carboniza-
tion. SEM analysis revealed characteristic micro-
irregularities of the Er:YAG-lased surface and the melted,
resolidified appearance surrounded by major and micro-
cracks of the CO2-lased surface. Histological analysis
revealed minimal thermal alteration and structural degrada-
tion of the Er:YAG laser-irradiated cementum with an af-
fected layer of approximately 20-μm thickness, which
partially consisted of two distinct affected layers. The
CO2-lased cementum revealed multiple affected layers
showing different structures/staining with approximately
140 μm thickness. Er:YAG laser irradiation used with water
cooling resulted in minimal cementum ablation and thermal
changes with a characteristic microstructure of the superfi-
cial layer. In contrast, CO2 laser irradiation produced se-
verely affected distinct multiple layers accompanied by
melting and carbonization.
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Introduction

Periodontitis is a chronic inflammatory and infectious dis-
ease that leads to progressive destruction of alveolar bone
and teeth loss [1]. It is characterized by gingival inflamma-
tion, pocket formation and bone resorption. The primary
goal in treatment of periodontal disease is to arrest the
inflammation by removal of microbial deposits, resulting
in periodontal tissue regeneration [2]. Initial periodontal
therapy aims to remove bacterial plaque and calcified
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deposits from the diseased root surface and thus restore its
biological compatibility.

Conventional mechanical instrumentation is an effective
treatment approach for diseased root surfaces [3, 4]. How-
ever, complete removal of adherent plaque and calculus is
not always achieved by mechanical instruments [3, 5].
Therefore, various innovative treatments including lasers
were employed to improve the clinical effectiveness of root
debridement [6, 7].

Currently, lasers are considered one of the most
promising new technical modalities for periodontal ther-
apy. Conventional laser systems such as the CO2 and
the Nd:YAG lasers were effectively used for soft tissue
management [8]; however, these lasers could not be
applied on hard tissue. With development of the Er:
YAG laser, laser applications were further expanded to
hard tissue treatment [9–11]. Since the wavelength
(2.94 μm) of the Er:YAG laser is resonant to the water
molecule and thereby is well absorbed by water [12],
the laser is capable of effectively ablating hard tissues
without major thermal side effects [9–11]. The hypoth-
esized mechanism of hard tissue ablation with the Er:
YAG laser is the thermo-mechanical effect induced by
‘micro-explosion’ of water molecules within the hard
tissue [6, 9, 10]. Thus, the Er:YAG laser system enables
light energy to perform root surface debridement [13,
14]. Several in vitro and in vivo studies have demon-
strated that the Er:YAG laser is capable of removing
subgingival calculus from the root cementum [15–18].
Unlike mechanical scaling and root planing, the Er:YAG
laser scaling of root surfaces has been reported to fa-
vorably preserve root cementum [15, 16, 19]. Recently,
the Er:YAG laser was applied for debridement of the
diseased root surface in non-surgical and surgical peri-
odontal therapy and the clinical effectiveness has been
reported [14, 20, 21].

Regarding Er:YAG laser-treated root cementum, previous
studies have demonstrated minimal thermal changes and
microstructured topography of root cementum following
irradiation [6]. The CO2 laser is also frequently used for
gingivectomy around the tooth root; however, inadvertent
irradiation on the tooth surface may result in major damage
to root cementum/dentin during procedure [8, 22]. However,
changes of lased root cementum have not been thoroughly
analyzed yet and the existing evidence is not sufficient.
Also, the effects of the Er:YAG laser recently available at
high pulse rates are unknown.

Therefore, the aim of the present study was to precisely
analyze the microstructural alterations of root cementum
following irradiation with high-pulse-rate Er:YAG laser
and continuous wave CO2 laser in comparison with that of
ultrasonic scaling, using non-decalcified thin sections for
histological analysis.

Materials and methods

Sample collection and cementum plate preparation

This study used intact human molars and premolars. The teeth
had been extracted due to pericoronitis or for orthodontic
treatment from patients who attended the Dental Hospital,
Tokyo Medical and Dental University as well as a private
dental clinic, after obtaining informed consent. After extrac-
tion, the teeth were stored in saline solution at −20 °C.

Prior to the experiment, the frozen teeth were thawed and
the remaining soft tissues were removed by approximately
10 min of ultrasonication in 5 % sodium hypochlorite solu-
tion. Then, approximately 40 teeth with suitable root size and
shape were selected, and a cementum plate of dimension 4×
4×1 mmwas prepared from each root. Then, the plates with a
relatively flat and large surface and without any damage or
pits were carefully selected. Consequently, a total of 11 ce-
mentum plates were employed for the final experiment. All
plates were stored at 4 °C until the experiment. The protocol
of the present study was approved by the Ethics Committee of
the Faculty of Dentistry, TMDU (no. 550).

Experimental design and procedure

Each cementum surface was divided into longitudinal thirds.
The first one-third was treated by ultrasonic instrumentation,
the middle one-third with Er:YAG laser irradiation, and the
last one-third by CO2 laser.

Ultrasonic instrumentation

A piezoelectric type ultrasonic scaler (Solfy™, J. Morita.
Mfg. Corp., Kyoto, Japan) and its universal tip with a sharp
point were used. Instrumentation with water spray was
performed in a line for 2 s, maintaining the tip in contact
obliquely to the surface at an angle of 30° with moderate
pressure. The power setting used was 4, which is the stan-
dard for clinical scaling within the 2–6 power range.

Er:YAG laser irradiation

An Er:YAG laser apparatus with a wavelength of 2,940 nm
(Erwin Adverl™, J Morita Mfg. Corp.; pulse width 250 μs
and hollow wave-guide delivery) and an brand-new, 80°
curved contact tip with a diameter of 600 μm (no.C600F)
was used. Pulsed laser irradiation with water spray was
performed in a line for 2 s with the tip obliquely in contact
to the surface at an angle of 30°. An energy output of 40 mJ/
pulse (panel setting 70 mJ/pulse, energy density 14.2 J/cm2/
pulse) and pulse repetition rate of 25 Hz (1 W) were used,
which is suitable for root debridement with this laser appa-
ratus. The energy output/density was determined based on
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the protocol applied in our previous study [16] and the
energy output was measured using a power meter (Field
Master™; Coherent Co., Santa Clara, CA, USA).

CO2 laser irradiation

A CO2 laser with a wavelength output of 10,600 nm (Ope-
laser-03 S™; Yoshida Co. Ltd, Tokyo, Japan) was
employed. Continuous irradiation was performed in a line
for 2 s in non-contact, focused mode (beam diameter:
400 μm) at 30° to the cementum surface. The power was
1.0 W, which was equal to that of Er:YAG laser irradiation.

Stereo-microscopy

Immediately after treatment, all the specimens were
inspected and photographed using a stereomicroscope.

Scanning electron microscopy (SEM)

Four out of the 11 specimens were randomly selected for
SEM. They were fixed in 2.5 % glutaraldehyde for 2 h and
washed overnight in 0.1 M phosphate-buffered saline at 4 °C.
Then, the specimens were post-fixed with 1 % osmium tetra-
oxide for 2 h at 4 °C and dehydrated in graded ethanol
solutions. After washing with 3 methyl butyl acetate and dried
to the critical point, the specimens were coated with platinum.
The surface was observed under a scanning electron micro-
scope (S-4500 SEM; Hitachi Ltd., Hitachinaka, Japan).

Light microscopy

The remaining seven specimens were fixed in glutaralde-
hyde, post-fixed with osmium tetraoxide, dehydrated,
washed with propylene oxide, and embedded in epoxy resin.
After polymerization, each specimen was divided into two
parts and one half of each was used. Cross-sections of 1-μm
thickness at the sites near the middle of the original linear
treatment were prepared using a glass knife mounted on an
ultra-microtome (Reichert Ultracut S, Leica, Austria). The
sections were stained with 0.1 % toluidine blue and ob-
served under light microscope. Width of the treated region
and depth of ablation of each treated site were measured for
each section.

SEM energy dispersive X-ray spectroscopy (SEM-EDS)

The remaining halves of the seven specimens examined by
light microscopy were employed. One cross-sectional sur-
face near the middle of the original linear treatment for each
specimen was analyzed. Each surface was polished with a
glass knife. The specimens were mounted and sputter-
coated with osmium plasma. For each surface, one site

around the middle of each treated region, avoiding the
artifacts such as major cracks and defects, was subjected to
line-scan analysis using an energy dispersive X-ray micro-
analyzer device (EMAX-7000; Horiba Ltd., Kyoto, Japan)
attached to the SEM with an acceleration voltage of 20 kV
for 1,200 s. In the analysis of Ca, P and O, the relative
intensity of the characteristic X-rays of Ca Kα1, P Kα1 and
O Kα1 were determined, respectively. The analyzed line
extended from the border of the treated surface to a deep,
intact site. According to the results of pilot experiments,
the depth of the line-scan analysis was determined as
approximately 30 μm for both the ultrasonic scaler and
the Er:YAG laser and approximately 200 μm (×3,000 in
SEM) for the CO2 laser (×400 in SEM) in order to reach
the intact site.

Determination of the affected layer

Histological analysis

For each section, three distinct points were selected at reg-
ular intervals on the surface of the treated region and the
thickness of the stained layer was determined. The three
original data points were averaged and the average was
denominated as the representative value of each treatment
for each specimen. Then, the average of those representative
values of the seven specimens of each treatment group was
calculated as the representative value of each group.

SEM-EDS analysis

After measurement of EDS, the thickness of the affected
layer based on the change of Ca and P amounts as well as
the change in the difference of Ca and P amounts were
determined in all the profiles and the average was calculated
for each treatment. The average was denominated as the
representative value of each treatment.

Statistical analysis

Kruskal–Wallis test was applied to evaluate the thickness of
the affected layer in the three different treatment methods
for histological and SEM-EDS analysis. Games–Howell test
as a post-hoc test was performed to detect differences be-
tween two specific treatments. Unpaired t-test was
employed to compare the thickness of affected layer be-
tween histological and SEM-EDS assessments for each
treatment method. The level of significance was set at p<
0.05. A software program (SPSS® version 19.0; SPSS Inc.,
Chicago, IL, USA) was used.
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Results

Stereo-microscopy

Steromicroscopic observation revealed that the ultrasonic
scaler-treated cementum surface had a relatively smooth
and glossy surface with small defects created by ultra-
sonic vibration of the tip. The line made by Er:YAG
laser irradiation exhibited a slightly rugged, whitish
appearance with precise margins made of a series of
round spots due to the pulsed irradiation. The CO2 laser
treatment produced a distinct black carbonized line ac-
companied with areas presenting a whitish product over
the carbonization (Fig. 1).

SEM

At low magnification (×100), the non-treated cementum had a
smooth surface (Fig. 2a) and the ultrasonically treated cementum
surface exhibited a shallow groove with the polished appearance
of original cementum and visible instrumentation marks
(Fig. 2b). The Er:YAG laser-treated cementum showed a fine
micro-rough surface with no smear layer (Fig. 2c). CO2 laser-
treated cementum presented a melted and resolidified, concaved
surface and partly rugged defect with major cracks (Fig. 2d).

At moderate (×500) and high (×3,000) magnifications,
the non-treated intact cementum showed numerous round-
shaped structures with some surrounding space which was
probably created by shrinkage of collagen fiber bundles
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Fig. 1 Ultrasonic scaler, Er:YAG laser and CO2 laser, and each treated
line on root cementum. Ultrasonic scaler tip with a sharp point (a), Er:
YAG laser contact tip with 600 μm in diameter (b) and CO2 laser non-
contact handpiece (c). The ultrasonic treatment was performed with
water spray at a power setting of 4 with moderate pressure for 2 s. The
Er:YAG laser treatment was performed at 40 mJ/pulse (energy density:
14.2 J/cm2/pulse) and 25 HZ (1 W) with water spray for 2 s. The CO2

laser treatment was performed at 1.0 W without coolant in a non-
contact focused mode for 2 s. Front view (d) and transversal view (e)

of cementum plate after treatment are presented. The line treated with
ultrasonic scaler showed a relatively smooth and glossy surface with
small defects created by the ultrasonic vibration of the tip. The line
made by Er:YAG laser irradiation exhibited a slightly rugged, whitish
appearance with precise edges made of a series of round spots due to
the pulsed irradiation. The CO2 laser treatment produced a distinct
black carbonized line accompanied with areas presenting a whitish
product over the carbonization. US ultrasonic scaler, Er Er:YAG laser,
CO2 CO2 laser
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(Sharpey’s fibers) during the drying step of specimen prepa-
ration (Fig. 2e,i). The ultrasonically treated cementum pre-
sented a smooth surface with a polished appearance of the
round-shaped structures (Fig. 2f,j). The Er:YAG-lased cemen-
tum showed a characteristic grass-like or flaky appearance
with homogeneously distributed pointed or round projections
(Fig. 2g,k). The CO2 laser treated-root cementum presented

melted and resolidified structures surrounded by shrunken
structures with numerous major and micro-cracks (Fig. 2h,i).

Light microscopy

The non-treated cementum showed a smooth surface
with minimal staining (Fig. 3a,b). The ultrasonically
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Fig. 2 Scanning electron micrographs of treated root cementum. At
low magnification (×100), the non-treated cementum shows smooth
surface (a) and the ultrasonically treated cementum surface exhibited a
shallow groove with the polished appearance of original cementum and
visible instrumentation marks (b). The Er:YAG laser-treated cementum
showed a micro-rough surface in a fine pattern (c). CO2 laser-treated
root cementum presented a melted and resolidified, concaved surface
and partly rugged defect (d). At moderate (×500) and high (×3,000)
magnifications, the non-treated intact cementum surface showed

numerous round shaped structures with some surrounding space (e,
i). The ultrasonically treated cementum presented a smooth surface (f)
with a polished appearance of the round shaped structures (j). The Er:
YAG-lased cementum showed a characteristic grass-like or flaky ap-
pearance with homogeneously distributed pointed or round projections
(g, k). The CO2 laser treated-root cementum presented melted and
resolidified structures as well as shrunken structures with numerous
major and microcracks. (h, l). C non-treated control cementum, US
ultrasonic scaler, Er Er:YAG laser, CO2 CO2 laser
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instrumented surfaces showed a shallow groove with a
thin, darkly stained layer. Cementum ablation was gen-
erally minimal with a width of approximately 253.1±
92.7 μm and depth of 33.0±12.4 μm (n07, mean±SD)

(Fig. 3c). At high magnification, the treated site
exhibited a smooth surface with dark staining. The
ablation/affected layer was within cementum in all the
specimens (Fig. 3d). Microcracks seen in the same
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Fig. 3 Photomicrographs of non-decalcified thin histological sections.
Non-treated cementum surfaces showed a smooth surface with mini-
mal staining (a, b). Ultrasonically instrumented cementum surfaces
showed a shallow groove with a thin, darkly stained layer and minimal
ablation (c). At a high magnification, the treated site exhibited a
smooth surface with dark staining. (d). The Er:YAG laser-treated
cementum presented a shallow and wide groove with an irregular
border and a thin, darkly stained surface layer. Partly a specific,
serrated irregular surface was observed (e). At high magnification,
the specific irregular surface consisted of two different layers: a lightly
stained less dense superficial layer with numerous microcracks, and a
darkly stained deep layer (f, left). In the CO2 laser-treated root,

extensive thermal changes were clearly visible. The irradiated site
presented a dome-shaped large stained area with different structures
or stained layers (g). At a high magnification, the stained area was
divided into approximately five different layers: completely denatured
transparent or light-brown colored layer, carbonized black layer, and
some differently stained layers from the surface to deeper sites (h). In
all the pictures, microcracks seen in the same direction were artifacts
produced during sectioning of non-decalcified specimens. C non-
treated control cementum, US ultrasonic scaler, Er Er:YAG laser,
CO2 CO2 laser, C cementum layer, CDJ cemento-dentinal junction.
Arrows indicate the site of each treatment on the cementum surface
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direction were artifacts produced during sectioning of non-
decalcified specimens.

The Er:YAG laser-treated cementum presented a shallow
and wide groove sized 562.7±56.6 μm in width and 51.6±
25.8 μm in depth (n07, mean ± SD). The lased surface
generally showed an irregular border with a thin, darkly
stained layer. Partly a specific, serrated irregular surface
was observed (Fig. 3e). At high magnification, the specific
irregular surface consisted of two different layers: a lightly
stained superficial layer and a darkly stained deep layer. The
superficial layer revealed thermal alteration as well as high
structural degradation including numerous microfissures
and microcracks occasionally resulting in microfragmenta-
tion. The deep layer exhibited mainly thermal changes
(Fig. 3f). The ablation/affected layer was within cementum
except in one specimen.

In the CO2 laser-treated root, extensive thermal changes
were clearly visible. The irradiated site presented a dome-
shaped large stained area with different structures or multi-
ple stained layers of width 423.1±90.9 μm and depth
181.8±24.6 μm, including a superficial defect of depth
47.7±19.8 μm (n07, mean ± SD) (Fig. 3g). At high mag-
nification, the stained area could be divided into approxi-
mately five different layers: a completely denatured
transparent or light-brown colored layer, a carbonized black
layer, and some differently stained layers from the surface to
deep sites (Fig. 3h). The ablation/affected layer reached
dentin in all of the specimens.

SEM-EDS

The height of the line graph shows the X-ray strength, which
corresponds to the relative quantity of each element. In
normal cementum and dentin, the Ca level was always
higher than P level; however, in the thermally affected tissue
except for the superficial layer of CO2-lased tissue, their
levels almost coincided or the difference between both lev-
els became much smaller, compared to that of the deeper
unaffected tissue.

In the EDS analysis of the non-treated control cementum,
from the deep site to the site beneath the surface, both Ca and
P levels were almost constant and Ca was always higher than
P. At the site close to the surface, both elements rapidly
decreased towards the treated surface showing the same value
(Fig. 4a). The ultrasonic treated specimens basically showed
almost the same pattern as that of the non-treated control.
However, the reduction of both elements on the surface was
more rapid and the superficial layer showing same levels of
Ca and P was thicker than that of the control (Fig. 4b).

In the Er:YAG laser treated-root cementum, both Ca and
P levels gradually decreased towards the surface from a site
deeper than in ultrasonic treatment, and the Ca and P levels
almost coincided with each other while decreasing. In the

superficial layer, both the Ca and P as well as O amounts
slightly or moderately increased in most of the specimens,
and then rapidly decreased towards the surface (Fig. 4c).

In CO2 laser treatment, Ca and P gradually decreased or
increased at an equal level from a site much deeper than that in
Er:YAG laser treatment, and a marked increase of Ca and P, a
higher amount of Ca than P, and a slight to moderate increase
of O level were noted at the superficial layer (Fig. 4d).

Determination of the affected layer

In the histological analysis, the thickness of the affected layer
of the treated surface determined by zone of staining was
12.9±5.4 μm (mean ± SD, n07, range: 6.6–20.0 μm) for
the ultrasonic treatment, 21.1±2.4 μm (range: 18.2–
25.3 μm) for the Er:YAG laser treatment, and 143.0±
19.7 μm (range: 120.4–166.5 μm) for CO2 laser treatment
(Fig. 5).

In the SEM-EDS analysis, the thickness of the affected
layer determined by the change of Ca and P levels as well as
the change in the difference of both levels was 7.0±3.3 μm
(mean ± SD, n07, range: 3.4–11.2 μm) for the ultrasonic
treatment, 14.7±2.3 μm (range: 12.7–16.1 μm) for the Er:
YAG laser treatment, and 137.7±23.8 μm (range: 103.2–
165.9 μm) for CO2 laser treatment (Fig. 5).

The affected layer produced by CO2 laser (CO2) was
markedly thicker than those of the Er:YAG laser (Er) and
the ultrasonic scaler (US). Statistically, the thickness of
affected layer differed significantly among the three differ-
ent treatments in each assessment (p<0.01). The thickness
of the affected layer was significantly different between any
two treatments in the histological analysis (US vs. Er: p<
0.05; US vs. CO2, Er vs. CO2: p<0.01) and in the SEM-
EDS analysis (US vs. Er, US vs. CO2, Er vs. CO2: p<0.01).
Comparing the histological and EDS assessments, the thick-
ness in histological analysis was significantly higher than
that in SEM-EDS with the Er:YAG laser (p<0.05) and with
the US treatment (p<0.05).

Discussion

In the present study, the non-decalcified thin histological
sections employed could preserve the original surface mi-
crostructure of the Er:YAG or CO2 laser-treated cementum,
and this method revealed alterations of the lased cementum
surfaces precisely.

Regarding the Er:YAG laser, production of a thin deeply
stained zone on the lased cementum has been previously
observed; however, the presence of two layers in the altered
cementum was not clearly indicated in the microphotograph
of decalcified sections [16]. In the present study, the presence
of two distinct layers with microstructural differences was
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clearly demonstrated. The surface layer showed highly dam-
aged microfragmentation with propagation of microcracks
and microfissures, which incurred structural degradation as
well as thermal denaturation, whereas the subsurface layer
showed a dark staining possibly induced by only thermal
change of the components. The highly damaged, fragile struc-
ture of the surface layer is considered to be undergoing abla-
tion (ablating layer) [23].

In addition, in previous studies, the thickness of the
affected layer was reported to be approximately 5 μm [16,
24], whereas in the present study, the layer was much thicker
(approximately 20 μm) in the histological analysis.

Considering the basic evidence that the surface layer of Er:
YAG-lased cementum contains less organic components
[25] and may be structurally fragile [24], it is speculated
that most of the original surface microstructure of the treated
surface was lost during the decalcification process in spec-
imen preparation. Indeed, the thickness (mean 21.1 μm) of
the affected layer in the present study coincides with that
(mean 21.9 μm) observed following Er:YAG laser bone
ablation by Sasaki et al. [26], who employed non-
decalcified polished sections. Thus, non-decalcified thin
sections would be suitable for precise analysis of the lased
hard tissue surfaces.
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Fig. 4 Scanning electron microscopy-energy dispersive X-ray spec-
troscopy (SEM-EDS): line micro-analysis of treated-root cementum.
The height of the line graph shows the X-ray strength, which corre-
sponds to the relative quantity of each element. In the non-treated
control and US-treated cementum, from a deep site to the site beneath
the surface, both Ca and P levels were almost constant and Ca was
always higher than P. Then, at the site close to the surface both
elements rapidly decreased towards the treated surface (a, b). In the
US-treated cementum, the reduction of both elements on the surface
was more rapid and the superficial layer showing same levels of Ca and
P was thicker than that of the non-treated control (b). The Er:YAG laser
treated-root cementum showed that both Ca and P levels gradually

decreased towards the surface from a site deeper than that in ultrasonic
treatment, and the Ca and P levels almost coincided with each other
while decreasing. In the superficial layer, both Ca and P as well as O
amounts slightly or moderately increased in most of the specimens, and
then rapidly decreased towards the surface (c). In CO2 laser treatment,
Ca and P gradually decreased or increased at equal levels from a very
deep site and a marked increase of Ca and P and slight to moderate
increase of O level were noted at the superficial layer (d). In the table,
‘−’, ’+’, ‘++’, and ‘+++’ indicate none, slight, moderate, and high
increase of each element, respectively. C non-treated control cemen-
tum, US ultrasonic scaler, Er:YAG Er:YAG laser, CO2 CO2 laser
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As for CO2 laser treatment, CO2-lased cementum has
been previously reported to show only major thermal
changes such as carbonization and microcracks [25, 27,
28]; however, in the present study, more interesting findings
were observed.

Theoretically, the CO2 laser is highly absorbed by water;
however, the CO2 laser is even more highly absorbed by the
main mineral components of dental hard tissue, especially
phosphate ions (–PO4) in the carbonated hydroxyapatite
[29, 30]. Therefore, the CO2 laser energy applied to the hard
tissue would be readily absorbed by the mineral components
and thereby would cause instantaneous heat accumulation in
the hard tissue, resulting in carbonization and vaporization
of organic components and melting of the inorganic ones [6,
30, 31]. In the present study, the whitish product seen over
the carbonization revealed by stereomicroscopy and the
transparent product observed on the surface layer over the
carbonization in the histological analysis would be the
melted and resolidified inorganic components following
complete vaporization of organic components. Actually,
the melted and resolidified products were observed in the
SEM analysis, resulting in marked increase of Ca and P
levels in the superficial layer in SEM-EDS. In addition, in
the histological analysis, the area of alteration induced by
CO2 laser could be divided into multiple differently struc-
tured/stained layers. These different layers may be associat-
ed with the various denatured products induced according to
the gradient of severe temperature rise. In the CO2-lased
enamel and dentin, production of various types of calcium
phosphates has been confirmed [32–34].

Regarding the Er:YAG-lased cementum, histological anal-
ysis revealed the fragility of the superficial layer. Maruyama et
al. [24] reported that the surface microstructure of the lased
cementum can be easily removed even by polishing with
cotton pellets. Mizutani et al. [35] observed detachment of
the newly formed cementum from the remaining cementum
affected by Er:YAG laser in decalcified histological sections.
Therefore, there is a concern regarding the longevity of peri-
odontal tissue attachment to such fragile microstructures.
However, clinically, Schwarz et al. [36, 37] demonstrated that
the results of root debridement with the Er:YAG laser in
periodontal pocket treatment were stable and maintained for
2 years, and that additional SRP on the laser-treated root
surface seems to be unnecessary following laser therapy.
These results suggest that the Er:YAG laser-treated root sur-
face has clinically no negative influence on the wound healing
of periodontal pockets. On the other hand, recently, better
fibrin entrapment and/or blood clot adhesion on the micro-
structured bone surface following Er:YAG laser irradiation
[26, 38] and better cell attachment to the Er:YAG-lased root
surface than the mechanically treated one have been demon-
strated [39, 40]. These findings indicate the advantageous
effect of the Er:YAG-lased surface in initial wound healing.
Moreover, unlike the CO2 lased surface, no new toxic prod-
ucts were detected on the cementum surface irradiated by Er:
YAG laser used under water cooling [25].

Comparing the thickness of altered cementum, the thick-
ness after Er:YAG laser irradiation was markedly less than
that obtained after CO2 laser irradiation and was higher than
that of the ultrasonic scaler. With the ultrasonic scaler,
minimal alteration was detected due to heat production by
friction [41]. Also, basically, the thickness determined by
the change of Ca and P levels was smaller than that of the
stained region in the histological analysis.

With SEM-EDS line micro-analysis, marked and
slight increases of Ca and P were observed in the
superficial layer of CO2- and Er:YAG-lased cementum,
respectively. Considering the evidence that decrease of
organic components was detected on the Er:YAG- and
CO2-lased cementum [25], these findings could be at-
tributed to the reduction of organic components follow-
ing laser irradiation.

In the laser-affected layer except for the superficial layer
of CO2-lased tissue, basically the Ca and P levels were
almost equal; in other words, the Ca/P ratio decreased
compared to the deeper intact site in which Ca level was
always higher than P. This may reflect the new products
showing lower Ca/P ratio. For example, the formation of
calcium pyrophosphate (Ca2P2O7; Ca/P ratio 0 1) occurs at
temperatures of 200–600 °C [33, 42]. In fact, calcium pyro-
phosphates were identified as one of the various newly
produced types of calcium phosphates on the Er:YAG-lased
enamel [43].
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Fig. 5 Thickness of the affected layer in the histological analysis and
SEM-EDS analysis. The thickness of the affected layer of the treated
surface was determined from the zone of staining in the histological
analysis and the zone showing the change of Ca and P levels as well as
the change in the difference of both levels in SEM-EDS analysis. The
thickness of the affected layer produced by CO2 laser (CO2) was
markedly higher than those of the Er:YAG laser (Er:YAG) and the
ultrasonic scaler (US). Statistically, the thickness of affected layer in
the three different treatments was significantly different in each assess-
ment (p<0.01). *p<0.05, **p<0.01. US ultrasonic scaler, Er:YAG Er:
YAG laser, CO2 CO2 laser
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In clinical practice, the CO2 laser system is very efficient
and widely used for soft tissue management. However, this
laser readily produces severe thermal changes on the root
surface. Thus, inadvertent focused CO2 laser irradiation to
the root surface must be prevented during gingival manage-
ment [8, 22]. Compared to the CO2 laser, the alteration of
Er:YAG-lased cementum is minimal; however, further de-
tailed investigations are required to evaluate the cementum
alteration with the Er:YAG laser in clinical conditions as
well as the effects of the microstructure of the lased surface
in wound healing in vivo.

Conclusion

Er:YAG laser irradiation used with water cooling resulted in
minimal cementum ablation and thermal changes with char-
acteristic microstructure and degradation of the superficial
layer. In contrast, CO2 laser irradiation produced deep zones
of severe thermal damage with distinct multiple affected
layers accompanied by melted and resolidified structures
and carbonization.
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