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1. Introduction

Laser technology has been in the scope of dentistry community since Stern & Sognnaes
(1964) studied laser application on dental hard tissues. Lasers have become an attractive
instrument for many dental procedures including soft tissues surgery (Sperandio et al.,
2011), decontamination (Benedicenti et al., 2008; Koba et al., 1998) and for assuring anti-
inflammatory effects (Lang-Bicuto et al., 2008). In restorative dentistry, laser has been used
successfully for cavity preparation (De Moor et al., 2010; Obeidi et al., 2009), caries
prevention (Namoour et al, 2011; Rechmann et al., 2011; Zezell et al., 2009), caries
decontamination (Namour et al., 2011) and caries removal (Neves et al., 2011; White et al.,
1993). For that, high intensity lasers are indicated, which are able to promote controlled
temperature rise in a small and specific area of dental hard tissue (Ana et al., 2007).
Depending on the temperature rise and the interaction of laser irradiation with dental
tissues, it is possible to produce specific micro structural and/or mechanical changes related
to a correct clinical application.

The use of lasers for cavity preparation and caries removal is based on the ablation
mechanism, in which dental hard tissue can be removed by thermal and/or mechanical
effect during laser irradiation (Seka et al., 1996). This mechanism relies on the type of tissue
to be irradiated, as well as the characteristics of laser equipments. The knowledge of laser
wavelength, laser emission, pulse duration, pulse energy, repetition rate, beam spot size,
delivery method, laser beam characteristics (Ana et al., 2006), and optical properties of the
tissue, such as the refractive index, the scattering coefficient (jis), the absorption coefficient
(pa), and the scattering anisotropy (Featherstone, 2000a) are necessary to assure better
clinical results without thermal or mechanical damages to the dental hard tissue.

For irradiation in dental hard tissues, the most frequent laser systems used are Nd:YAG A =
1.064 um), Argon (A = 0.488 um), Ho:YLF (A = 2.065 um), Ho:YAG (A = 2.100 um), Er:YAG (A
= 2,940 pm), Er,Cr:YSGG (A = 2.780 pm), Diode (A = 0.810 um) and CO; (A = 9.300 pm or
9.600 pm or 10.600 um). With the exception of the argon laser, these lasers emit in infrared
range of electromagnetic spectrum, and a good number of equipment operates at the free
running mode, with pulse durations of microseconds (ps). Considering that laser
wavelength must be absorbed by enamel and dentin to assure the efficient caries removal
and cavity preparation (Seka et al., 1996), the most successful laser systems for this purpose
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are erbium and CO; (A = 9.6 pm) lasers. However, the CO; (A = 9.6 pm) systems are not
commercially available for applications in dentistry.

Considering the advances in technology for the development of ultra short pulse lasers
(USPLs) (Niemz, 1995; Strickland & Mourou, 1985), efforts have been implemented to
understand their interaction with dental hard tissues and to determine safe and proper
parameters to provide a future clinical application in dentistry (Altshuler et al., 1994; Freitas
et al., 2010; Kruger et al., 1999; Lizarelli et al., 2008; Strassl et al., 2008). Due to the extremely
short pulse length, these systems promote precise cutting and have a strong potential for
obtaining well-defined cavities and controlled caries removal (Niemz, 2004; Serbin et al.,
2002). Also, due to the use of low energies per pulse, it is possible to adjust parameters
bellow the ablation threshold for sound tissue which, at the same time, can ablate and
remove the carious tissue (Niemz, 2004; Strassl et al., 2008). In this way, the selective
removal of carious tissue could be seen as a minimal intervention that does not depend on
the professional experience, but essentially relies on the tissue chemistry (Serbin et al., 2002).

The operation of laser systems and interactions with dental hard tissues, the clinical
diagnosis and the knowledge of the characteristics of the tissue to be irradiated are
extremely important to assure a well-succeeded therapy. Professionals must evaluate the
mineralization degree and chemical composition of the tissue to be removed, the extension
and localization of caries, the activity degree of lesions and the interference of the irradiation
on the restorative procedure.

In this chapter, focus will be given on the last developments concerning the use of high-
intensity lasers in restorative dentistry, describing the different laser wavelengths, the
mechanisms of interaction with dental hard tissue and the influence of pulse width on
removing these tissues. Also, the effects of laser irradiation on carious tissues will be
described, and the possibility of removing dental caries with laser irradiation will be
discussed to help dentists to choose a suitable equipment and technique for improving their
clinical practice.

2. Laser interaction with dental hard tissues

Depending on laser wavelength and tissue characteristics, laser irradiation can be absorbed,
scattered, reflected or transmitted into dental tissues (Ana et al., 2006; Featherstone, 2000;
Niemz, 2004; Seka et al., 1996). These effects must be well known by professionals to help
them choose the best equipment for a specific clinical application and to avoid thermal and
mechanical damages to the target and surrounding tissues. Depending on the clinical
situation, dentists need different laser wavelengths and irradiation parameters to obtain
distinct effects on the same tissue.

Considering the applications in restorative dentistry, the conventional high-intensity
infrared lasers can be well-suited for caries removal (Neves et al., 2010; Tachibana et al.,
2008; White et al., 1993), cavity preparation (De Moor & Delme, 2010; Moldes et al., 2009;
Obeidi et al., 2009;) and tissue conditioning (Botta et al., 2009; Dundar & Gunzel, 2011). For
that, continuous emission lasers or pulsed laser longer than 1 picosecond should be well
absorbed by the main components of teeth, i.e., water and hydroxyapatite; to promote the
desired thermal and mechanical effects on these tissues, in a process called thermal ablation
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due to a thermomechanical effect (Fried, 2000; Niemz, 1995; Seka et al., 1996). For shorter
pulses, such as femtosecond laser pulses, the ablation occurs due to non-linear interactions
with the tissue resulting in a plasma-mediated ablation.

The thermal ablation process that occurs in dental hard tissues is also known as explosive
(water-mediated) tissue removal (Fried, 2000; Niemz, 1995; Seka et al., 1996). In a few words,
this process can be explained as a result of the fast heating of the subsurface water confined
by the hard tissue matrix, due to the higher interaction with infrared laser irradiation. The
heating of these water molecules leads to an increase on molecular vibration and,
consequently, an increase on subsurface pressures that can exceed the strength of the above
tissue. Finally, it can be noted an “explosion” of tissue due to the material failure, resulting
in the material removal. This process happens in temperatures below the melting point of
dental hard tissues (around 1200°C) and varies according to the laser wavelength (e.g.,
Er:YAG reaches 300° C at the ablation threshold, while Er,Cr:YSGG reaches 8000 C and CO,
9.6 um reaches 10000 C) ((Seka et al., 1996; Fried et al., 1996). This process has been studied
for the past 30 years, with the intention of choosing the best laser wavelength and parameter
to effectively promote tissue removal or selective caries removal with minimal thermal
consequences (Stern & Sognnaes, 1964; White et al., 1993; Neves et al., 2010; Ana et al., 2007;
Seka et al., 1996; Tachibana et al., 2008; Moldes et al., 2009; Botta et al., 2009; Dundar &
Gunzel, 2011).

For understanding how laser irradiation can provide a more conservative treatment of caries
lesions, the chemical composition of target tissue must be known by the professional.
Human enamel is composed by 95% hydroxyapatite (Caio(POs)s(OH2)), 4% water and 1%
collagen fibers (Gwinnett, 1992); as well as human dentine contains 70% hydroxyapatite,
20% collagen fibers and 10% water (Ziip & Bosch, 1993). Considering the differences in
composition and the higher resonance of Er:YAG (A = 2.94 um) by water (A = 3 um), we can
infer that Er:YAG laser can ablate dentin faster than enamel. The same rule is valid when
comparing carious tissue with sound ones, taking into account that decayed tissues have a
significant higher amount of water. In this way, in a clinical application, professionals can
observe easier caries removal when compared to the removal of sound surrounding tissues,
and this fact can influence the laser irradiation parameters that should be used for different
application.

Dental enamel and dentin have a weak absorption in the visible (400-700 nm) and near-
infrared (1064 nm) wavelength ranges; however, absorption bands of water and carbonated
hydroxyapatite is found from 2.7 to 11 pm (Figure 1) (Ana et al., 2006; Fried 2000). The
optical penetration of Nd:YAG on enamel is significantly high, indicating that the dentin
irradiation with Nd:YAG laser can affect the pulp tissue in case of high energy densities,
long exposure or in the absence of a photoabsorber (Boari et al., 2009). However, Nd:YAG
laser can be indicated for removal of stained caries tissue, promoting a selective removal of
caries lesion without pulpal damages due to the higher interaction of Nd:YAG by pigments
(Seka et al., 1996), as it was demonstrated by a clinical trial performed by White et al. (1993).

Considering the use of Er,Cr:YSGG laser, literature evidences (Stock et al., 1997) that the 2.78
um is strongly absorbed by the dental hard tissue since the optical absorption coefficient of
enamel is about 7000 cm™. In this way, the optical penetration is a few micrometers smaller
than the obtained by Er:YAG laser.
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Fig. 1. Absorption coefficients for the main chromophores of biological tissues (Ana et al.,
2006).

Since the approval of erbium lasers for dental hard tissues use by FDA in 90’s, Er:YAG and
Er,Cr:YSGG have been extensively studied for caries therapy. The literature present a
number of advantages over the high-speed drills for the removal of caries, such as reduction
of pain, noise, vibration (Fried, 2000; Niemz, 2004; Seka et al., 1996; White et al., 1993), the
possibility of selective removal (Eberhard et al., 2005; Neves et al., 2010) and the changes in
chemical composition of remaining tissue (Ana et al., 2006; Bachmann et al., 2009; Botta et
al., 2011), leading to a tissue that is resistant to demineralization. That is why erbium lasers
can be considered a clinical reality in dental offices.

3. The use of erbium lasers for caries therapy

The erbium lasers are solid-state lasers produced with different types of matrix crystals.
Some of them, such as Er:YAG (A = 2.94 pm), Er,Cr:YSGG (A = 2.78 um), Er:YLF (A = 2.81
pum), Er:YAG (A = 2.73 pm) and CTE:YAG (A = 2.69 pm), were already studied for ablation of
dental hard tissues (Altshuler et al., 1994). From all of them, the most popular and with
commercially available equipments for dentistry are Er:YAG and Er,Cr:YSGG.

Comparing the absorption of Er:YAG with Er,Cr:YSGG lasers by dental hard tissues, it is
possible to observe that Er:YAG have a strong interaction with OH- from water molecules
contained in the teeth, while Er,Cr:YSGG is better absorbed by water and OH- contents of
hydroxyapatite (Figure 2)(Ana et al.,, 2006). Due to this fact, Er:YAG promotes surface
temperatures up to 3000 C at the ablation threshold, and Er,Cr:YSGG reaches 800° C during
ablation of enamel (Fried et al., 1996).

Although it have been tested some erbium lasers operating in the Q-switched mode (with
pulse duration in the range of ns) (Fried, 2000), the commercially available erbium lasers

www.intechopen.com



Laser Technology for Caries Removal 295

operate in free running mode, with pulse duration of 150-400 ps. This pulse duration is
shorter than the thermal relaxation time of dental hard tissues (< 1ms) (Niemz, 2004), which
provide heat dissipation during ablation and avoid excessive heat transmission to the pulp,
for instance. However, at higher energy per pulses, erbium lasers can induce thermal
injuries to dental hard tissue, such as the presence of microcracks, melting or even
carbonization. In this way, during the clinical application, it is essential to use the correct set
up of laser parameters and the use of an adequate air-water spray to provide proper
refrigeration and avoid these side effects. However, although the presence of a thin layer of
water can increase the ablation process (Fried at al., 2002), an excessive water layer can
decrease erbium interaction with dental hard tissues (Niemz, 2004); in this way, the use of
saliva suction is recommended.
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Fig. 2. Absorbance of water and hydroxyapatite and their relation with Er:YAG and
Er,Cr:YSGG lasers (Ana et al., 2006).

Er:YAG lasers became popular for using in dental hard tissues at the end of 1980s, when
researchers tested the Er:YAG for ablation of enamel, dentin and caries lesions on extracted
teeth (Hibst & Keller, 1989). Since then, several studies have been performed to determine
parameters and conditions for a safe and efficient application in daily practice for soft and
hard tissue applications (Altshuler et al., 1994; De Moor & Delme, 2010; Eberhard et al.,
2005; Fried et al., 1996, 2002; Hibst & Keller, 1989; Moldes et al., 2009; Neves et al., 2010;
Stock et al., 1997; White et al., 1994). On the other hand, the popularity of Er,Cr:YSGG laser
started later, since the first studies tested the possibility of ablation of dental hard tissues on
early 90’s. In vitro (Altshuler et al., 1994; Ana et al., 2007; Bachmann et al., 2009; Botta et al.,
2011; Dundar & Guzel, 2011; Fried et al., 1996; Moldes et al., 2009; Obeidi et al., 2009; Stock
et al., 1997; Tachibana et al., 2008) and in vivo (Yazici et al., 2010; Yilmaz et al., 2011) studies
confirmed the feasibility of this wavelength for several applications on dental hard tissues,
such as cavity preparation and caries removal.
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During cavity preparation, the ablation of sound enamel by Er:YAG laser promotes cavities
with rough enamel margins, with irregular and rugged walls, with depth that depends on
the energy density and pulse width (Navarro et al., 2010). As well, it is reported the absence
of smear layer, cracks, carbonization or melting if the adequate parameters and refrigeration
were used (Botta et al., 2009). As Er:YAG, the enamel cavities produced by Er,Cr:YSGG laser
irradiation present their floor with fissures and conical craters with sharp enamel
projections and, in some areas, with the exposition of the enamel rods. The roughness of
cavities is also dependent on the energy densities used (Ana et al., 2007; Olivi et al., 2010;
Tachibana et al., 2008).

In sound dentin, due to the differences in composition and morphology, erbium lasers
promote a higher removal of peritubular than the intertubular dentin. In this way, both
Er:YAG and Er,Cr:YSGG promote the formation of rough surfaces with opened dentinal
tubules, absence of smear layer, cracks or melting, with protrusion of peritubular dentin due
to its less amount of water when compared to the intertubular dentin (Botta et al., 2009,
2011). The irregularities promoted by laser irradiation vary according to the energy density
applied. Considering these facts, the differences in temperature rises at the ablation
threshold promoted by Er:YAG and Er,Cr:YSGG seem to be unable to induce significant
distinct morphological effects during cavity preparation.

In contrast, the use of high-speed drills for cavity preparation promotes enamel and dentin
cavities flattened, with smooth internal walls and geometrically well-defined shapes, with
closed dentinal tubules and presence of smear layer (Botta et al., 2009; Navarro et al., 2010).
These characteristics, as well as the changes in chemical and crystalline structure in
remaining tissue promoted by laser irradiation, must be taken into consideration in order to
choose an appropriate adhesive system for composite restoration, since the adhesive
systems interact in a different way with laser or bur treated tissues (Moretto et al., 2011).

Erbium lasers are also effective on removal of dental caries. In vitro studies revealed that
Er:YAG and Er,Cr:YSGG can selectively remove dental caries due to the higher amount of
water and organic content when compared to sound tissues (Eberhard et al., 2008;
Tachibana et al., 2008); in this way, it is possible to obtain a conservative therapy, with no
removal of sound tissue and lack of thermal damages. However, the adjustment of laser
energy density in commercial equipments is sometimes difficult to promote the selective
ablation of infected dentin and in order to preserve the affected dentin, and the clinical
results still depend on the experience and knowledge of the professional, added to the use of
manual instruments for correct diagnosis of remaining tissue. In fact, clinical trials report the
well acceptance of patients (Dommisch et al., 2008; Krause et al., 2008), the maintenance of
pulp vitality and marginal seal, the good quality of restorations and the absence of
secondary caries even after two years (Yazici et al., 2010). Also, it is reported that these
lasers can fulfill the requirements of Minimal Invasive Dentistry, due to the possibility of
conservation of the sound tissue structure during caries removal and to the possibility of
surface decontamination of affected dentin (Kornblit et al., 2008).

To determine an end point for caries removal, there are some equipments that associate
Er:YAG laser irradiation to the diagnosis by laser fluorescence (Dommisch et al., 2008;
Eberhard et al., 2008; Jepsen et al., 2008; Krause et al., 2008;). The essential principle of this
application is that the fluorescence of sound tissue differs from the fluorescence of carious

www.intechopen.com



Laser Technology for Caries Removal 297

tissue due to the variation in chemical composition, such as the presence of proteins,
bacteria and other contents. In this equipment, the fluorescence is induced by red laser that
emits at the wavelength of 655 nm, and the Er:YAG laser is turned off when significant
changes on fluorescence are detected during caries removal, established by a cut-off value
that indicates that all decayed tissue was removed. Some in vitro (Eberhard et al., 2008;
Jepsen et al., 2008) and in vivo (Dommisch et al., 2008; Krause et al., 2008) studies showed the
feasibility of this equipment; however, there is no consensus about the correct values of cut-
off in different clinical conditions. Also, it must be emphasized that there are limitations of
this technique mainly in dentin (Eberhard et al., 2008; Krause et al., 2008), when false-
positive can be reported due to the presence of pigments in affected or tertiary dentin, for
instance, which should not be removed. In this way, the association of manual instruments
and is still necessary to assure a safe and correct clinical removal of dental caries.

Clinical trials have demonstrated that Er:YAG and Er,Cr:YSGG lasers can be considered a
safe and efficient treatment for caries removal, since it is reported pulpal response and
histological effects similar to those obtained by the use of conventional bur. Also, due to the
lack of noise, pressure, discomfort and sometimes the necessity of local anesthesia, it is
reported a good compliance of patients, mainly the pediatric ones. However, it must be
emphasized that the time necessary to remove caries by laser irradiation is almost two or
three times longer than the bur treatment, depending on the repetition rate and energy
density (Navarro et al., 2010; Yamada et al., 2001). The increase of energy density and
repetition rate can lead to discomfort and pain to patients, besides increasing the surface
temperatures. For this reason the strategies used for improving the laser ablation speed are
limited (Navarro et al., 2010).

4. Influence of pulse width on tissue removal

Although the pulse duration of most commercial lasers (range of ps) is shorter than the
thermal relaxation time of dental hard tissues, laser ablation promotes irregular cavities
(depending on composition of target tissue), desiccation of the surface (due to the removal
of underlying water) and the presence of few microcracks (related to the energy density),
the amount of water coolant and the repetition rate must be adjusted during the clinical
procedure.

The adjustment of repetition rate is important to assure that the inter-pulse period is longer
than the thermal relaxation time of tissues; in this way, it is possible that the temperature of
the irradiated tissues decrease between laser pulses (McDonald et al.,, 2001). Another
strategy for cooling the tissue during laser irradiation is reducing the pulse duration (Seka et
al., 1995). Depending on the pulse duration (<1 ps), the process of ablation is changed and
the non-linear processes (or non-thermal ones) take place (Ana et al., 2006; Freitas et al.,
2010; Kruger et al., 2008; McDonald et al., 2001; Niemz, 2004; Strassl et al., 2008).

According to Niemz (1995), lasers with pulse durations in the range of ms (103 s), us (10 s)
or ns (109 s) generate considerable heat during ablation of dental hard tissues, in a
mechanism mediated by thermal interaction. On the other hand, lasers with pulse durations
of ps (1012 s) and fs (1015 s) ablate the tissues by forming an ionizing plasma. These lasers,
commonly called as USPL (ultra short pulse lasers), operates at very high repetition rate
(larger than 15 kHz) and energy per pulse typically of hundreds of nJ (Wieger et al., 2006).
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Although USPLs have extremely higher repetition rate (> KHz) and peak power (up to TW),
previous studies relate that a single ultra short laser pulse removes significantly less volume
of dental tissue when compared to conventional Er:YAG laser removal (Strassl et al., 2008).
This fact occurs due to the differences in focal size and penetration depth of USPLs (which
are severely lower when compared to Er:YAG lasers that operate at pulse width of ps); in
this way, the pulse repetition rate had to be increased in USPLs to obtain a similar ablation
volume than those obtained by Er:YAG (Wieger et al., 2006).

Some literature studies compared the morphological aspects, as well the depth of craters
during ablation of dental hard tissues with lasers operating with distinct pulse widths.
Niemz (1995) relates that the Nd:YLF laser (A = 1053 nm) operating with pulse duration of
30 ps provide cavity preparation on sound and decayed enamel without severe thermal or
mechanical damages, with negligible shock-wave effects. Also, in the same paper, they
showed that the ablation of carious enamel was 10 times more efficient than the ablation of
sound enamel. A study performed by McDonald et al. (2001) showed that the total deposited
energy on tissue as well the laser pulse duration change the crater depth generated on
dentin, and the Nd:YAG with pulse width of 35 ps is unable to promote carbonization of
dentin in comparison with a Nd:YAG laser with pulse width of ms.

The heating of dental hard tissues can induce composition and crystallographic changes
on these tissues which are dependent on temperature rises. In this way, both
morphological aspects and chemical analysis are indicative of thermal effects of lasers on
enamel and dentin. A study performed by Kamata et al. (2004) showed that the chemical
properties of hydroxyapatite (HAp) are unchanged after ablation with lasers operating
with pulse widths of 50 fs, 500 fs and 2 ps. These results suggest that USPLs do not
significantly increase the temperature of HAp. On the other hand, the use of Nd:YAG
operating with pulse duration of 6 ns and 200 ns on enamel promote melting and
recrystallization of this tissue (Antunes et al., 2005), indicating temperature rises up to
12000 C. Also, with the pulse duration of 6 ns, Nd:YAG promoted changes on organic
content of enamel and dentin (Antunes et al., 2006).

Thermal measurements were performed using a laser with pulse width of fs on enamel
using thermocouples, and it was detected temperature rises about 2° C on enamel surfaces
after a 8 ms train of 70 fs pulses (Pike et al., 2007). This fact indicates that the USPLs do not
induce significant thermal rises on surfaces and on surrounding tissues and can be used
with safety even without refrigeration.

5. The use of Ultra Short Pulse Lasers (USPLs) in dentistry

Even with the higher repetition rates and the application of air-water coolant during the
cutting process, commercially high intensity infrared lasers still cannot cut dental hard
tissues with the same speed or the same precision than those promoted by drills (White et
al., 1994). In this way, studies were performed to verify the possibility of using ultra short
pulse lasers (USPLs) for cutting dental hard tissues, considering the success of using the
USPL for precise cutting in industry and in medicine (ophthalmology) (Niemz, 2004).

The USPLs were first developed to allow spectroscopic and electrical conductivity
measurements (Strickland & Mourou, 1985) and, according to Strassl et al. (2008), studies
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concerning the use of USPLs for medical applications started more than 15 years ago. In fact,
one of the first studies that report the use of lasers with pulse widths of ps and fs was
performed by Stern et al. (1989), relating applications for corneal ablation. Since then, efforts
were made to understand the effects of these lasers on biological tissues and to develop of
practically applicable systems. Although the majority of the studies report the use of
laboratorial equipments for biological purposes, nowadays it is possible to find
commercially available equipments for ophthalmology and for laboratorial use; this fact
indicates that, in a near future, commercial equipments can be available for dentistry
applications too.

The USPLs are lasers with pulse duration ranging from 100 fs to 500 ps, with power
densities above 1011 W/cm? in solids (Niemz, 2004). The main characteristics of these
complex systems (Freitas et al., 2010) are the very low pulse duration and the high precision
that can be acquired due to the extremely small focalization area, in which a peak power up
to 1.5 TW (Freitas et al., 2010) can be obtained. Also, these lasers can operate at repetition
rates higher than 15 kHz and energy per pulse of hundreds of uJ (Wieger et al., 2006). In this
way, these lasers offer the advantage of promoting precise smooth ablation without a heat-
affected zone, effects that cannot be controlled when using lasers with pulse duration of ps
or ns. Some researchers report that the main advantage of using the USPLs in dentistry is to
achieve a controlled material removal and, as a consequence, reducing the pain caused by
the vibration and friction heat (Kruger et al., 1999). According to Neev et al. (1996), the main
advantages of USPLs are: the decreased energy density to ablate the material; minimal
mechanical and thermal damages due to the extremely short laser pulses; minimal
dependence of the tissue composition for ablation; precision in the ablation depth; low noise
level in comparison with high-speed bur; ability to texture surface and precise spatial
control.

The USPLs are solid-state lasers, such as Nd:YLF, Ti:ALOs; , Cr:LiSAF (Alexandrite),
Cr:BeAlx0s4, Cr:LiSGaF, Cn:LiCAF, Cr:YAG, Ti:Al,O3/Nd:glass, Er:glass. These lasers interact
with the tissues by a mechanism called plasma-induced ablation or plasma mediated ablation, in
which the phenomenon of optical breakdown occurs. In a few words, the ablation is caused by
plasma ionization, in which laser irradiation produces an extremely high electric field that
forces the ionization of the molecules and atoms, promoting a breakdown and, then, the
ablation or ejection of target tissue (Niemz, 2004). During the cutting, it is possible to
observe the formation of a bright plasma spark, and a typical low noise, characteristic of
plasma formation.

Considering the strictly short pulse durations and the low energy per pulse in USPLs
systems, it is possible to infer that the ablation process is practically not dependent on the
wavelength or the composition and absorption characteristics of the tissue (Perry et al.,
1999). Also, the removal of ablated material is faster than the heat propagation on the tissue,
i.e., the pulse length is lower than the heat conduction time of target tissue (Perry et al.,
1999); in this way, there is no transmission of heat to pulp or surrounding tissues, for
example, as well, no thermal damages to the irradiated tissues. Other advantage of using
USPLs in dentistry is that these systems can remove any kind of restorative material,
including amalgam (Freitas et al., 2010), which is not possible using other systems due to the
reflection of light or overheating of the material.
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Although they are characterized by extremely high peak powers, the USPLs uses lower
energy densities when compared to laser with pulse width of ps. The reduction of the
energy density is because the femtosecond laser energy densities necessary for
micromachining are an order of magnitude lower than those in the nanosecond-laser case
for equal wavelength and repetition rate (Kruger et al., 1999).

The ablation of dental hard tissues with USPLs were investigated by Niemz et al. (1995),
using a system with pulse length of 30 ps. These authors reported enamel cavities with good
precision and absence of thermal damages when compared with cavities performed by
lasers operating with pulse length of ps and ns. Further researches confirmed that the
application of USPLs with pulse length of few femtoseconds almost completely avoids
thermal damages and the formation of microcracks on irradiated tissues and on
surrounding ones (Kruger et al., 1999; Freitas et al., 2010). It must be pointed out that lasers
that operate with pulse length of us can generate the formation of microcracks on irradiated
tissue depending on the energy density, and these thermal damages can be responsible for
the development of secondary caries (Apel et al., 2005).

Other studies were performed to verify the feasibility of removing restorative materials with
USPLs, since these lasers can ablate any kind of material. Also, the literature reports the
selectivity on removing different materials due to the different nature of interaction of
USPLs with dielectric or metal materials, for instance (Freitas et al., 2010). In this way, it is
easier to adjust a laser fluence that can be bellow or above the ablation threshold of a
specific material. Literature studies determined that the threshold fluence for ablating
enamel with USPL is higher than the fluence for ablating dentin and, in the same way that
using erbium lasers, it is easier and faster to ablate dentin than enamel, which suggests
selectivity to the tissue removal (Lizarelli et al., 2008; Niemz et al., 2004; Strassl et al., 2008;
Wieger et al., 2006;). In 2006, Wieger et al. used a picosecond Nd:YVOj laser for ablation of
sound dentin, and it was observed the production of a microretentive pattern with opened
tubules and the absence of microcracks or melting. These authors also compared the
ablation rate (i.e. the ablation volume per laser pulse) of seven types of composite resins,
and showed that the ablation rates of restorative materials are much higher than that
measured on dentin, demonstrating that the removal of restorative materials is faster than
dental hard tissue. Another study performed by Freitas et al. (2010) determined the ablation
threshold fluence for removal of amalgam and composite resin restorations by a
femtosecond chirped Ti:sapphire laser. In this work it was also demonstrated the selectivity
of USPLs in the material removal process suggesting a selective preparation, preserving
health tooth structure.

Concerning the removal of dental caries, literature studies reported that the threshold
fluence for carious dentin is lower than that for sound dentin, also suggesting a selective
removal of caries (Niemz, 2004). A recent study (Schelle et al., 2011) that used a Nd:YAG
laser with 8 ps pulse duration confirm that the ablation threshold for carious dentin is lower
than that for sound dentin and it was obtained good precision even when removing caries.
These findings suggest that the USPLs are promising tools for selective removal of dental
caries; however, the literature is scarce considering the applications of USPLs for selective
removal of dental caries in order to establish suitable equipments and parameters. Also,
there are no studies that relate the possibility of selective removal of infected dentin and
preserving the affected dentin, for instance.
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Although it is reported the possibility of precise removal of tissue with USPLs, it should be
pointed out that the time required for a cavity preparation with USPLs is higher than the
time required when using a laser with pulse duration of ps or a drill, even with the higher
repetition rate of the available systems (Kruger et al., 1999). Although there is some
commercially available equipment for ophthalmology, the application of USPLs in dentistry
for cavity preparation and caries removal is not yet a routine technique, and the cost and
complexity of systems still represent a problem to be solved.

6. Adhesion to caries affected dentine

Carious lesions have different characteristics depending on diverse factors such as host, diet,
period of time and injury severity. Controversial results can be observed in the literature of
adhesion to caries-affected dentine. While some studies claim that the bond strength
obtained in caries affected dentine is similar to the attained in sound tissue (Mobarak et al.,
2010; Zanchi et al., 2011; Zawaideh et al., 2011), other researchers detected lower bond
strength when adhesives were applied on caries affected dentine (Kunawarote et al., 2011;
Marquesan et al., 2009; Perdigao, 2010). Basically, these diverse results can be due to the use
of natural carious human molars to compose the sample. Although some studies use
artificial caries affected dentine (Zanchi et al., 2011) results are still controversial. Also, using
natural carious substrate in experimental studies can induce results with high variability;
consequently, they do not allow direct comparison between studies.

Bonding to standard artificially obtained caries affected laser irradiated dentine could not be
detected in literature. The following figures present the differences observed in caries
affected dentin irradiated by distinct types of lasers. Also, a comparison between these
surfaces and the sound ones is essential, because adhesive systems were developed to
interact with smear layer covered dentine.

Fig. 3. Scanning electron micrographs of sound (A ) and carious (B) human dentine. A-
Typical smear layer image, with clear indication of tubules apertures position by the
presence of microcracks, suggesting a thin smear layer; B - Presence of biofilm on dentine
surface, areas with exposed open tubules, while other regions are considered free of debris.
Original magnification: A = 1000 X; B = 500 X.
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Fig. 4. Scanning electron micrographs of sound (A) and carious (B) human dentin after
irradiation with Er:YAG laser (A = 2940 nm, pulse width of 400 us, beam diameter of 1 mm,
repetition rate of 10 Hz). A - sound dentin. Typical Er:YAG laser ablation where we can see
open dentinal tubules in a irregular dentinal surface ; B - when carious dentin is irradiated
the surface is absolutely irregular, completely covered by debris and biofilm, indicating that
carious tissue remains on the surface. Original magnification: 500 X.
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Fig. 5. Scanning electron micrographs of sound (A) and carious (B) human dentin after
irradiation with a Er,Cr:YSGG laser (A = 2078 nm, pulsed width of 140 us, repetition rate of
20 Hz, beam diameter of 750 pm). A - As sound dentin is irradiated by Er,Cr:YSGG laser an
irregular dentinal surface is created by the ablation process. Dentinal tubules are open and
peritubular dentine can be easily detected around all dentinal tubules; B - Carious irradiated
dentin still presents open dentinal tubules, but are larger in diameter and filled with debris
from the carious tissue. Note that these features are completely distinct from the irradiation
by Er:YAG laser. Original magnification: 1000 X.
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Fig. 6. Scanning electron micrographs of sound (A) and carious (B) human dentin after
irradiation with a Nd:YAG laser (A = 1064 nm, pulse width of 100 ps, repetition rate of 20
Hz, beam diameter of 300 ps). A - When sound dentin is irradiated by Nd:YAG laser melting
and carbonization can be detected covering all the irradiated area, no dentinal tubules can
be observed; B - Carious Nd:YAG irradiated dentin also presents melting and carbonization
areas, very similar to the sound irradiated dentine. Original magnification: 250 X.
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Fig. 7. Scanning electron micrographs of sound and carious human dentin after irradiation
with a Nd:YAG (A = 1064 nm), operating at pulse width of 5 ns, beam diameter of 900 pm,
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repetition rate of 20 Hz, scanning speed of 2 mm/s, energy per pulse of 280 mJ and energy
density of 0.44 J/cm?. During irradiations, the samples were positioned and moved with a
linear translation stage with 10 pm resolution, and it was performed 10 scans. In A, after
irradiation on sound dentin, it is possible to evidence fully occlusion of dentinal tubules. In
B, a higher magnification of image A, the presence of fine globules and glazed areas
(arrows), typical of melting and recrystallization of tissue can be detected. It is not observed
the presence of smear layer or any signal of carbonization and cracks. In C a representative
image of carious dentin after irradiation is showed, and the presence of an irregular tissue,
with some projections of dentinal tubules and absence of biofilm and smear layer is evidenced.
It is not observed thermal damages such as cracks or carbonization of tissue. Some areas
present dentinal tubules completely opened, while other areas present closed dentinal tubules.
In D, a higher magnification of image C, dentinal tubules are completely opened and the
presence of small globules on intertubular tissue (arrows), typical of melting and
recrystalization are observed. Original magnification: A and C =500 X; B and D = 1500 X.
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Fig. 8. Scanning electron micrographs of sound (A and B) and carious (C and D) human
dentin after irradiation with a Ti:sapphire laser (Ti:Al,O3, A = 830 nm), operating at pulse
width of 40 fs (FWHM), beam diameter of 20 um, repetition rate of 100 Hz, scanning speed
of 5 mm/s and energy per pulse of 104 mJ. During irradiations, the samples were positioned
and moved with a linear translation stage with 10 pm resolution, and it was performed 10
scans. In A, it is possible to evidence the ablation of sound dentin (upper), with a regular
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edge with non irradiated dentin (bottom). It is observed a clear and uniform ablation, with
absence of cracks, melting or carbonization. As well, it is not observed the presence of
projections or conical craters, indicating that the laser interaction with sound dentin is not
influenced by the composition or the presence of dentinal tubules. In B, it is showed a higher
magnification of the same image, evidencing the ablation of sound dentin (upper), in
contrast with non irradiated dentin (bottom). It is also noted the presence of opened dentinal
tubules (arrows), and absence of smear layer. In C, it is observed a clear and uniform
ablation of carious dentin, with the creation of a regular ablated surface and absence of
cracks, melting or carbonization. In D, it is showed a higher magnification of image C,
showing that the biofilm was removed and it was exposed the openings of dentinal tubules
(arrows). It is also observed the higher depth and the precise edge of ablated area, indicating
that it was removed a higher amount of carious tissue when compared to sound dentin
irradiation. Original magnification: A and C =500 X; B and D = 1500 X.

Based on the figures presented above, we can conclude that it is fundamental to investigate
bond strength to irradiated caries-affected dentine, which is a clinically relevant tissue, as
lasers are a contemporaneous tool in daily clinical practice. In this way, it is obvious that the
performance of the adhesive systems is different when applied in irradiated dentin. To
obtain a long lasting clinical result, specific adhesive systems should be developed to be
used in irradiated dental surfaces, especially in caries-affected dentine.

Methods of inducing artificial caries lesions have been used to standardize the decayed
substrate for laboratory testing. Cariology studies using artificial caries lesions have been
performed to assess preventive effect of fluoride agents, test methods of caries removal and
adhesion on caries affected dentine.

Some in vitro caries models have been reported. In the chemical method, the acidified gel
technique and pH-cycling method are included; in contrast, microorganism strains with
known cariogenicity are used in the microbiological method in a way whereby the acid from
bacterial metabolism demineralizes the dental structure (Steiner-Oliveira et al., 2011). More
elaborate systems involving chemostats, flowcells, artificial mouths, and constant-depth film
fermenter have been developed in an attempt to better mimic the environment of the oral
cavity. However, their high cost and complex apparatus requirements are often limiting
factors (Gilmour et al., 1990).

Some authors believe that the bacterial model is the closest to the conditions found in vivo
(Gilmour et al., 1990). The steps of an example of a microbiological method are described, as
follows. Initially, the dental specimens need to be sterilized with gamma ray irradiation (25
KGy) since the teeth should be free of microorganisms. A microorganism strain with known
cariogenicity, for example, Streptococcus mutans ATCC 25175 or UA159 must be incubated
in Tryptic Soy Broth (TSB) media supplemented with 5% sucrose to obtain bacterial growth.
After growth, the colonies will be transferred into tubes containing TSB (with 5% sucrose) to
initiate microorganism preconditioning. The dental specimen should be immersed in a
solution (TSB with 5% sucrose and a quantity of the inoculums broth) and will be
maintained therein for at least 7 days, being transferred to a fresh solution every 24 h.
During the incubation periods, tests should be performed to check for the presence of
bacterial contaminants with the use of a solid culture medium (Tryptic Soy Agar -
TSA)(Azevedo et al., 2011).
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Caries-affected substrate obtained in vitro by the microbiological method significantly
contributes to the field of adhesion, because it will allow laboratory tests to be performed on
standard caries-affected dentine, which is a clinically relevant substrate. The microbiological
method allows the production of artificial caries-affected dentine effectively induced for 7
days and demineralization depth is standardized and it is confirmed by optical coherence
tomography (OCT) (Azevedo et al.,, 2011). Efforts have been made to produce artificial
caries-affected dentine and bond strength studies must be conducted, especially in laser
irradiated tissues, to associate the use of laser to remove caries and long lasting clinical
treatments.

7. Conclusion

This chapter presented laser technology as an alternative to caries removal, attending the
conservative principals of dentistry, assuring that minimally invasive procedures can be
used to treat caries lesions.
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