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In 2020, the laser will celebrate its 60th anniversary. While in the beginning, 
it was a solution looking for a problem; it is meanwhile widely spread in 
industry, science, medicine, in offices, or even at home. It is used to weld car 
bodies, to prove the existence of gravitational waves, to treat eyes, or to mea-
sure distances. These are only a few examples of its applications. This wide 
use results from its unique properties. It is a light source which can be focused 
on a very small spot; it is typically highly monochromatic, and there are 
lasers which produce pulses with a duration in the fs second regime. These 
pulses are among the shortest events created by humans. Light, which takes 
only a second to travel almost eight times around the earth, travels less than 
the diameter of a human hair during the duration of these pulses. While for a 
long time these so-called ultrafast lasers were used only in scientific labora-
tories, they have found these days their way into application, even medical 
application. Today, they are used in fs-Lasik systems to carry out the flap cut 
during refractive cornea surgery, which is probably the most famous applica-
tion of lasers in medicine. Refractive cornea surgery is only possible with a 
laser. It requires high precision. The error must be in the range of microme-
ters or less. This is only possible by an automated system, even the most 
capable surgeon cannot work with such precision. And a laser is the perfect 
tool for automated processes as it works contact free. This is an advantage 
which is also taken by car manufactures when they weld car bodies with 
lasers or one by speakers using a laser pointer to emphasize important parts 
of slides projected on a wall. Working contact free however has not only 
advantages regarding automation it also has medical advantages during sur-
geries not limited to eye surgery. Applying no force reduces the damage to 
surrounding tissues, after the surgery fewer edemas develop, and it is easier 
to maintain sterility during surgery. Besides this, studies showed also that the 
healing process after a surgery is quicker than in the conventional surgery. 
However after all these advantages, one cannot neglect the disadvantages of 
using a laser for surgery. First of all, lasers are expensive. Even the example 
of the laser pointer proves this. A simple wooden stick for pointing costs less 
than a laser pointer. But advantages of the laser pointer count in this case. 
Second, lasers require safety measures; this does not apply to a laser pointer, 
but it is easily understandable that a laser which can ablate tissue is highly 
dangerous for the human eye. This applies even to lasers which cannot ablate 
tissue but which exceed a certain power limit. Third, a laser used for surgery 
requires new skills of surgeons. The techniques they trained and learned 
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using traditional instruments over years do not apply anymore to lasers, so 
they start again from the beginning in this case. But these disadvantages can 
be overcome, and one can benefit from the advantages a laser provides. This 
is also one of the points where this book tries to help. It will help physicians 
and engineers to understand how to take advantage of lasers especially in the 
area of maxillofacial applications and to give an impression of what can be 
done with lasers in this area today.

The book is split into two parts. The first part covers the physical funda-
mentals. It cannot replace more detailed studies in physics or even a good 
book about laser physics, optics, or laser tissue interaction, but it should help 
the reader without previous knowledge to understand the second part of the 
book which covers a broad range of applications. The first part itself is divided 
into four chapters. After this introduction, one chapter offers a brief revision 
of the necessary physical fundamentals so the understanding of the following 
two chapters is easier. The third chapter gives an introduction to lasers, their 
design, and function with regard to the systems normally used in maxillofa-
cial surgery. The fourth chapter describes the basics of how these lasers inter-
act with tissue, so it lays the foundation for the second part.

Overall, the second part covers five major clinical and technical topics. 
Firstly, different laser treatment regimes of skin and mucosa are presented. 
Thereby, the authors set a clear focus on the usage of lasers for cancer therapy 
and oral rehabilitation. The second key aspect addresses the application of 
various laser wavelengths for hard tissue ablation. Besides enamel and den-
tin, state-of-the-art and innovative developments in laser bone surgery are 
also described. The third part summarizes special applications of lasers in 
oral and cranio-maxillofacial surgery. The goal is to provide the reader with 
current and approved clinical procedures of surgical and non-surgical laser 
applications. In this respect, two chapters also give an overview of imple-
menting laser light for diagnostic or planning issues. The fourth part gives an 
insight into current research and future trends in laser technology. Novel and 
advanced potentials and scopes for manufacturing processes are discussed. 
Finally, the book closes with a chapter on general laser safety.

We hope that you enjoy this first edition of Lasers in Oral and Maxillofacial 
Surgery and that it becomes a trusted partner in your clinical and educational 
experience. It is hoped that the information and techniques included in the 
present work will provide clinicians with sufficient knowledge to help them 
achieve successful and sustainable results and provide their patients with sat-
isfaction and comfort as a result of the treatment.

Erlangen, Germany Florian Klämpfl 
Allschwil, Switzerland  Stefan Stübinger  
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Abstract

The chapter gives a short introduction into the 
physical fundamentals of light propagation 
and the interaction of light with matter. The 
chapter is neither a strict scientific description 
nor does it replace a textbook. It should only 
help the reader to understand the book more 
easily, and it should be a starting point for fur-
ther studies.

Keywords

Physical fundamentals of light  
Light propagation · Light-matter interaction

1.1  Prequel

This chapter tries to summarize important physi-
cal fundamentals to enable the reader to under-
stand the remainder of this book. However, it 
cannot replace a good textbook on optics or 
describe these fundamentals in a strict scientific 
manner. For this, the bibliography of the chapter 
contains several references: [1–3].
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Erlangen, Germany
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Light is a physical phenomenon that is funda-
mental to human life. For example, the energy 
from the sun is transferred to the earth by light, 
and furthermore, approximately 80% of the 
information input to humans is by light through 
the eyes. Due to this, for several millennia, 
humans have been thinking about the nature, 
behavior, and properties of light.

1.2  Basic Properties of Light

Over time, several models have been developed, 
which allow to explain light. The simplest model 
uses the so-called geometrical optics.

1.2.1  Geometrical Optics: Light 
as Rays

Geometrical optics assumes that light consists of 
rays. This means that light starts at a certain point 
and propagates in a straight line until it hits a sur-
face that absorbs it or changes its direction. 
Geometrical or ray optics can be used to explain 
phenomena of light reflection or refraction, so the 
basic behavior of optical elements like lenses, 
mirrors, or prisms can be explained. However, 
effects like diffraction or polarization cannot be 
described by ray optics, neither is there a good 
explanation for the idea of “color” in terms of ray 
optics. To explain these effects, a different model 
is needed, which describes light as waves.

1.2.2  Wave Optics

The base of wave optics is the Maxwell equations 
[4]. This is a set of partial differential equations 
that describe the behavior of electromagnetic 
fields, and as light is an electromagnetic field, 
light propagation can be described by the 
Maxwell equations. Making a few assumptions 
(nonconducting medium, no space charges), two 
equations can be derived from the Maxwell equa-
tions, which are similar to wave equations, and 
thus, light can be described as a wave. Two equa-
tions are needed because light consists of both an 

electric field/wave and a magnetic field/wave in 
terms of wave optics. These two waves oscillate 
perpendicular to each other as well as to the prop-
agation direction of light, so light is a traversal 
wave: it oscillates perpendicular to its propaga-
tion direction. As the electric and magnetic radia-
tion fills the whole space, they are also called 
fields. Thus, in terms of wave optics, light con-
sists of an electric field and a magnetic field, 
which both contribute to the behavior of light. 
Both fields are vector fields, i.e., at each point, 
the field has not only a value but also a 
direction.

The remainder of this chapter will concentrate 
on the electric field because the electric field/
wave is often better suited for an explanation for 
the behavior of light. Besides this, the direction 
of the electric field also defines the polarization 
of a light wave. A light wave with linear polariza-
tion has an electric field where the vectors of the 
field always point in the same direction. Another 
important property is the wavelength of light: it is 
a physical unit associated with its color. By divid-
ing the speed of light by its wavelength, one gets 
the associated frequency of the light wave.

While wave optics covers many effects, some 
effects cannot be explained by it. One example is 
the photoelectric effect: by irradiating matter with 
light, it is possible to break away electrons. If this 
effect is present, it shows a threshold regarding 
the wavelength: above a certain wavelength, it 
does not happen, not even at higher intensities.

1.2.3  Photons

This photoelectric effect can be explained by 
assuming that light consists of particles, so-called 
photons. A photon has a certain energy depend-
ing on its wavelength. If this energy exceeds the 
energy needed to break the bonding of an elec-
tron to its atom, the electron can be released from 
the atom when the photon is absorbed by the 
atom. This effect is hard to explain by ray or 
wave optics. So in this case, it is useful to assume 
that light consists of photons.

In general, it cannot be said that a certain model 
of light is the best model for all purposes. It depends 
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on the application and/or the effect that shall be 
explained which model is the most useful.

1.3  Light Propagation

When working with light or lasers, it is important 
to be able to influence the direction of the light. 
The simplest means to change the direction of 
light is a mirror. It reflects the incoming light 
back following the law that the angle of incident 
equals the angle of reflection. This is illustrated 
by Fig. 1.1: Θ1 = Θ2.

A mirror typically consists of a substrate that 
defines its shape and a highly reflective coating 
that is responsible for reflecting the light. The 
simplest case of a mirror is a plane mirror. A 
plane mirror does not change the angle between 
the rays of a beam of light; a parallel beam 
reflected by a plane mirror stays a parallel beam. 
Plane mirrors are, for example, used to guide a 
laser beam from the laser source to the process-
ing/treatment area. If the angle between the rays 
of a beam of light needs to be changed, a curved 
mirror can be used. For example, a curved mirror 

with a concave, spherical shape can be used to 
focus a parallel beam into a small spot.

Another phenomenon that can be used to 
change the direction of light is refraction. 
Refraction happens when light propagates from 
one medium to another where it has a different 
propagation speed. The propagation speed of 
light in a medium is described by the index of 
refraction. The refractive index is a factor that 
describes how much faster the light propagates in 
vacuum than in the medium at hand. So, to get 
the velocity of light in a medium, the speed of 
light in vacuum must be divided by the refractive 
index. Typical values for the refractive index of 
glasses and tissue are around 1.5. The change in 
direction by refraction is described by Snell’s 
law; see Fig. 1.2. It says that the refractive index 
of the medium where the light beam comes from 
(n1) multiplied by the sine of the angle of incident 
(θ1) is equal to the refractive index of the medium 
where the light goes to (n2) multiplied by the sine 
of the angle of the refracted light beam (θ2) or 
written as a formula n1∙sin θ1 = n2∙sin θ2.

So, when light propagates from air to glass, it 
is always refracted toward the normal surface. 
In case that light propagates perpendicular to 
the surface of the interface from one medium to 
the other, refraction does not change its direc-
tion. The effect of refraction is used by lenses to 
change the direction of light. Almost any optical 
system makes use of lenses; the human eye uses 
lenses for imaging, cameras typically use lenses 
for imaging, and laser system uses lenses for 
focusing the laser beam into a small spot. A lens 
is made out of a material that is transparent with 
regard to the wavelength at hand. It has two 
optically relevant surfaces with a defined shape, 

Normal of the surface

Incident ray of light

Mirror

Reflected ray of light

Θ1 Θ2

Fig. 1.1 Principle of a plane mirror

Normal of the surface

Incident beam of light

Refracted beam of light

Medium with refractive index n1 Medium with refractive index n2

Θ1

Θ2

Fig. 1.2 Snell’s law

1 Physical Fundamentals



6

which define the properties of the lens. Those 
surfaces can be plane, spherical, or aspherically 
curved, and they can be concave or convex; 
what shape the surfaces have depends on the 
purpose of the lens. The shape of the surface 
together with the refractive index of the lens 
material defines one important property of a 
lens: its focal length. The focal length is the dis-
tance at which a parallel beam of light is focused 
by the lens into a single spot. This is illustrated 
in Fig. 1.3.

This property of a lens is used, for example, to 
focus a laser beam into a single spot. However, a 
real lens does not work as well as the drawing 
suggests. It has aberrations. For example, if the 
surface is spherical, not all rays meet in one point, 
and the outer rays are focused at a shorter focal 
length. This property is called spherical aberra-
tion. Another aberration is wavelength depen-
dent. The refractive index of a material is not 
constant with the wavelength; this effect is called 
dispersion. Due to dispersion, light of different 
colors is refracted less or more. While for a lens 
this effect is not desired, it is used by prisms to 
split up light into its components depending on 
the wavelength.

1.4  Light-Matter Interaction

When discussing the behavior of light, it is not 
only necessary to have a model of light, but it is 
also necessary to have a model of the objects with 
which light is interacting. For matter, different 
models exist at different levels of detail. For the 
understanding of this chapter, it is sufficient to 

know that matter consists of atoms, and these 
atoms consist of a nucleus that is positively 
charged and of electrons that are negatively 
charged. This simple model allows already to 
explain sufficiently well phenomena like the 
absorption of light by matter or certain types of 
scattering. The electric field of the light wave 
accelerates the electrons, and they start to oscil-
late with the frequency of the incident light wave. 
Depending on the material and the incident fre-
quency, the energy is transferred to the lattice of 
the material, so the lattice starts to vibrate, which 
means the material is heated. It could also be that, 
by the movement of the electrons, the energy is 
reemitted—as by an antenna where also moving 
charges are responsible for the emission of a 
wave. If a charge moves back and forth emitting 
energy/a wave, this is called a Hertzian dipole. 
The emitted field and the resulting wave of a 
Hertzian dipole have a very characteristic appear-
ance: in the direction of the oscillation vector, the 
dipole moment vector, no electric field is emitted. 
In all other directions, lines of the electric field 
form a plane with the dipole moment vector. So 
the direction of the electric field vector does not 
change over time at a given location, so the emit-
ted light is linearly polarized.

1.5  Scattering of Light

When light interacts with matter, different effects 
happen: for example, the light might be reflected, 
absorbed, refracted, or scattered. All these effects 
happen in tissue. When talking about light propa-
gation in the tissue, scattering is one of the domi-
nant effects. Scattering means that incident light 
changes its direction when hitting a scattering cen-
ter. In the simplest case, nothing else happens. This 
is elastic scattering. However, it is also possible 
that the light changes not only its direction but also 
its wavelength. This is inelastic scattering.

1.5.1  Elastic Scattering

Elastic scattering is something that can be experi-
enced daily. Elastic scattering is the reason why 

Incident beam of light

Lens

Focal length

Focal point

Fig. 1.3 Focal length of a lens
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the sky is blue, but it is also the reason why 
clouds or milk appear white. It is the reason why 
a finger appears to glow red when it is irradiated 
even with a low-power (class 1) red laser pointer. 
In case of the blue sky, the molecules of the atmo-
sphere are the scattering centers; in case of the 
cloud, it is the small water droplets a cloud con-
sists of. In case of tissue, scattering centers are 
the cells or parts of them. While scattering is an 
interesting effect, it is something that is unwel-
come when doing diagnostics or therapeutics 
with light: the incident light does not only reach 
the tissue at which it is aimed; it might also affect 
the surrounding tissue, or in case of diagnostics, 
the received light is not only received by the tar-
get structure but also by other structures. While 
the effect cannot be avoided, understanding it 
helps to deal with it. The most suitable model to 
describe elastic scattering in light is Mie theory 
[5]. It is an approach to solve the Maxwell equa-
tions in the environment of spherical particles. 
While understanding this theory involves a lot of 
mathematics, the overall approach can be easily 
understood and some conclusions can be drawn 
from it. Mie theory assumes that the incident 
wave is absorbed by dipole structures in the par-
ticle. Those dipoles remit the wave again. The 
number of dipoles that absorb the wave depends 
on the size of the particle. So, the bigger the par-
ticle, the more dipoles are involved. The radia-
tions of the dipoles interfere, so interference 
patterns appear inside the reemitted radiation. 
Furthermore, as a dipole emits in all directions, 
the light wave is deflected from its incident direc-
tion. However, this happens not in one fixed 
direction, but in all directions with different 
intensities. The detailed angular intensity distri-
bution depends on several parameters like wave-
length, size of the particle, refraction index of the 
particle, and refraction index of the environment. 
For example, the shorter the wavelength is, the 
more deviation happens, or the bigger the particle 
is, the less the light is deflected. Significant elas-
tic scattering happens only if the particle has a 
size in the magnitude of the wavelength or below. 
When the particles are very small, the deviation 
is the highest: in this case, only one dipole is 
excited, and in this case, the intensity of the scat-

tered light follows exactly the characteristics of a 
dipole. This happens, for example, if the scatter-
ing centers are only single molecules. This type 
of scattering is called Rayleigh scattering. While 
it can be also described by Mie theory, it has a 
separate name due to historic reasons: it was dis-
covered and investigated independently of Mie 
theory, and it took some time until it was under-
stood that both types of elastic scattering can be 
described by the same mathematical model. The 
effect that the red laser pointer makes the whole 
fingertip glow is mostly Mie scattering.

1.5.2  Inelastic Scattering

When the light changes not only its direction but 
also its “color,” i.e., its wavelength, it is called 
inelastic scattering. Several mechanisms and 
types for inelastic scattering are known. For med-
ical applications, two types are the most impor-
tant ones: Raman scattering and fluorescence. In 
case of Raman scattering, the wavelength can be 
increased or decreased, i.e., the photons can gain 
or lose energy. The energy difference is left or 
comes from the scattering center. Those are 
atoms or molecules that might change their vibra-
tional state. Raman scattering is something that 
happens normally together with Rayleigh scatter-
ing. However, the intensity of the Raman scat-
tered light is magnitudes lower than that of the 
Rayleigh scattered light, so it is something that is 
not experienced in daily life. Raman scattering 
can only be measured with an appropriate setup. 
In case of Raman scattering, the scattered light is 
not limited to one wavelength or a small band, 
but the scattered light has a rather broad spectrum 
with certain peaks. This spectrum is very charac-
teristic of the matter of the scattering center, and 
it can be considered as a fingerprint of the mate-
rial. So, Raman scattering can be used for the 
identification of materials.

Fluorescence is very similar to Raman scatter-
ing. However, the wavelength of the scattered 
light is always longer, i.e., the photon energy is 
lower. In case of fluorescence, the incoming pho-
ton is absorbed by a resonant transition of the 
molecule or atom, which enters an excited state. 
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After a short time (~nanoseconds), the excited 
particle returns through several intermediate lev-
els to the ground state by releasing the absorbed 
energy of the photon again. Part of this energy is 
released or emitted as a photon. As this photon 
must have a lower energy than the incident 
 photon, the wavelength of the scattered light is 
shorter. Fluorescence is something that can be 
experienced daily. For example, neon tubes use 
this effect to generate white light. But fluores-
cence also has its application in medicine: in 
diagnostics, it is used by fluorescence micros-
copy. Furthermore, photodynamic therapy takes 
advantage of it to generate highly reactive mole-
cules and treat certain diseases.
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Abstract

For a better understanding of the special advan-
tages of laser light in oral and maxillofacial sur-
gery, we need to know the principle of 
generation of laser light and the properties that 
distinguishes it from conventional light or other 
energy sources, as well as, how a laser works 
and the different types of lasers that can be used 
in medical applications. Light theory branches 
into the physics of quantum mechanics, which 

was conceptualized in the twentieth century. 
Quantum mechanics deals with behavior of 
nature on the atomic scale or smaller.

This chapter briefly deals with an introduc-
tion to laser, properties of laser light, and 
laser-beam propagation. It begins with a short 
overview of the theory about the dual nature 
of light (particle or wave) and discusses the 
propagation of laser beam, special properties 
of laser light, and the different types of lasers 
that are used in medical applications.
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2.1  Introduction

Light is electromagnetic radiation within a cer-
tain portion of the electromagnetic spectrum that 
includes radio waves (AM, FM, and SW), micro-
waves, THz, IR, visible light, UV, X-rays, and 
gamma rays. The primary properties of light are 
intensity, brightness, wave vector, frequency or 
wavelength, phase, polarization, and its speed in 
a vacuum, c = 299, 792, 458 m/s. The speed of 
light in a medium depends on the refractive index 
of the medium, which is c/n. Intensity is the abso-
lute measure of power density of light wave and 
defines the rate at which energy is delivered to a 
surface. Brightness is perceptive of intensity of 
light coming from a light source and depends on 
the quality of the light wave as well. The fre-
quency of a light wave determines its energy. The 
wavelength of a light wave is inversely propor-
tional to its frequency. The wave vector is 
inversely proportional to the wavelength and is 
defined as the propagation direction of the light 
wave. Phase cannot be measured directly; how-
ever, relative phase can be measured by interfer-
ometry. A light wave that vibrates in more than 
one plane like sunlight is referred to as unpolar-
ized light. Such light waves are created by elec-
tric charges that vibrate in a variety of directions. 
Depending on how the electric field is oriented, 
we classify polarized light into: linear polariza-
tion, circular polarization, elliptical polarization, 
radial and azimuthal polarization. We say a light 
wave is linearly polarized if the electric field 
oscillates in a single plane. If electric field of the 
wave has a constant magnitude but its direction 
rotates with time at a steady rate in a plane per-
pendicular to the direction of the wave, it is called 
a circular polarized wave. In general case, elec-
tric field sweeps out an ellipse in which both 
magnitude and direction change with time, which 
is called elliptical polarized wave. Radially and 
azimuthally polarized beams have been increas-
ingly studied in recent years because of their 
unique characteristic of axial polarization sym-
metry, and they can break the diffraction limit 
with a strong longitudinal electromagnetic field 
in focus [1–3]. The unpolarized light can be 
transformed into polarized light by wire grid, 
polaroid filter, molecular scattering, birefringent 

materials, retarder waveplates, reflection at 
Brewster’s angle, polarizing cubes, total internal 
reflection, optical activity, electro-optic effect, or 
liquid crystals.

The understanding of light refers to the late 
1600s with raising important questions about the 
dual nature of light (particle or wave). Sir Isaac 
Newton held the idea that light travels as a stream 
of particles. In 1678, Dutch physicist and astrono-
mer Christiaan Huygens believed that light travels 
in waves. Huygens’ principle was the successful 
theory to introduce the appearance of the spec-
trum, as well as the phenomena of reflection and 
refraction, which indicated that light was a wave. 
Huygens suggested that the light waves from point 
sources are spherical with wavefronts, which 
travel at the speed of light. This theory explains 
why light bends around corners or spreads out 
when shining through a pinhole or slit rather than 
going in a straight line. This phenomenon is called 
diffraction. Huygens stated that each point on the 
wavefront behaves as a new source of radiation of 
the same frequency and phase. Although Newton’s 
particle theory came first, the wave theory of 
Huygens better described early experiments. 
Huygens’ principle predicts that a given wavefront 
in the present will be in the future.

None of these theories could explain the com-
plete blackbody spectrum, a body with absolute 
temperature T  >  0 that absorbs all the radiation 
falling on it and emits radiation of all wavelengths. 
In 1900, Max Planck proposed the existence of a 
light quantum to explain the blackbody radiation 
spectrum. In 1905, Albert Einstein individually 
proposed a solution to the problem of observa-
tions made on photoelectric phenomena. Einstein 
suggested that light is composed of tiny particles 
called “photons,” and each photon has energy of 
hν, where h = 6.63 × 10−34 J/s is Planck’s constant 
and ν is the frequency of photons.

In 1924, de Broglie proposed his theory of 
wave–particle duality in which he said that not 
only photons of light but also particles of matter 
such as electrons and atoms possess a dual char-
acter, sometimes behaving like a particle and 
sometimes as a wave. He gave a formula, λ = h/p, 
to connect particle characteristics (momentum, p) 
and wave characteristics (wavelength, λ). Light as 
well as particle can exhibit both wave and particle 

G. Shayeganrad
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properties at the same time. Light waves are also 
called electromagnetic waves because they are 
made up of both electric (E) and magnetic (H) 
fields. Electromagnetic radiation waves can trans-
port energy from one location to another based on 
Maxwell’s equations. Maxwell’s equations 
describe the electromagnetic wave at the classical 
level. Light is a transverse wave and electromag-
netic fields E and H are always perpendicular to 
each other and oscillate perpendicular to the 
direction of the traveling wave. The particle prop-
erties of light can also be described in terms of a 
stream of photons that are massless particles and 
traveling with wavelike properties at the speed of 
light. A photon is the smallest quantity (quantum) 
of energy that can be transported.

In 1803, Thomas Young studied the wave 
properties of light by interference of light through 
shining two narrow slits separated equally from 
the center axis. The light emerging from the 
double- slit spreads out according to Huygens’ 
principle, and the interference pattern appears 
after overlapping two wavefronts as shown in 
Fig. 2.1. The two beams exiting from the two slits 
are electromagnetic waves and can be described 
by A0sin(2πνt) and A0sin(2πνt + δ), respectively, 
where A0 is the field amplitude, ν is the frequency 

of light, t is the time, and δ = d∙sin(θ) is the path 
difference between the two beams at angle θ.

2.2  Physics of Laser

Although there are many different types of lasers, 
most lasers follow similar operation principle. 
The Light Amplification by Stimulated Emission 
of Radiation (LASER) was developed by 
Theodore Maiman first [4]. Since then, laser have 
found a wide range of different scientific and 
technical applications from the industrial to 
applied and fundamental research including 
information technology, consumer electronics, 
medicine, industry, military, law enforcement, 
and research. The invention of the laser in 1960 
dates from the nineteenth century, when Albert 
Einstein explained the concept of “stimulated 
emission of radiation” in a paper delivered in 
1916 and German physicist Max Planck pro-
posed the quantum theory of light in 1900. As 
mentioned before, Planck assumed energy should 
be composed of discrete packets, or quanta, in the 
form of photons. According to Planck’s radiation 
law, when an oscillator changes from an energy 
state E2 to a state of lower energy E1, a photon 
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with discrete amount of energy E2  – E1  =  hν 
emits.

The Danish physicist Niels Bohr expanded the 
quantum theory to help explain the structure of 
atoms called Bohr’s model. In Bohr’s model, the 
nucleus of an atom is surrounded by orbiting 
electrons that are confined to specific energy 
states depending on the chemical structure of the 
atom. In other words, electrons can only occupy 
certain energy states, which are fingerprints of 
each atom. An electron can absorb a photon and 
thereby can be pushed into a higher energy state, 
called absorption. When an electron is in an 
exited state, it is inherently unstable and will 
spontaneously drop to the lower energy states by 
releasing a photon, called spontaneous emission. 
The underlying principle of the laser phenome-
non stimulated emission is purely a quantum 
effect. Einstein postulated that emission would 

be triggered by other photons, in which, an 
incoming photon of a specific frequency can 
interact with an excited electron causing it to 
drop to a lower energy state and release two pho-
tons with specific properties, including identical 
phase, frequency, polarization, and similar direc-
tion of propagation. The process of absorption, 
spontaneous emission, and stimulated emission 
is depicted in Fig. 2.2.

Notice that the root of the invention of laser 
lies in fundamental physics research, specifically, 
a 1917 paper by Albert Einstein on the quantum 
theory of radiation or stimulated emission, but it 
was a paper on laser theory published in 1958 by 
two physicists, Charles Townes and Arthur 
L. Schawlow, which spurred the race to make the 
first working laser. According to the Einstein 
principle, there is an equal probability that a pho-
ton will absorb or emit. Thereby, according to the 
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Fig. 2.2 Schematic of 
absorption (a), 
spontaneous emission 
(b), and stimulated 
emission (c) of two 
photons with different 
frequencies
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Boltzmann distribution that when there are more 
atoms in the ground state than in the excited 
states and light is incident on the system of atoms, 
in thermal equilibrium, the probability of absorp-
tion of energy is much higher than emission. 
However, in the case that more atoms are in an 
excited state than in a ground state and strike with 
photons of energy similar to the excited atoms, 
many of atoms will induce the process of stimu-
lated emission, whereby a single excited atom 
would emit a photon identical to the interacting 
photon. Under the proper conditions, a single 
input photon can result in a cascade of stimulated 
photons, and thereby amplification of photons 
will result. All of the photons generated in this 
way are in phase, traveling in the same direction, 
and have the same frequency as the input 
photon.

As shown in Fig.  2.3, a laser requires three 
major parts: (1) gain medium (e.g., gas, solid, liq-
uid dye or semiconductor); (2) pump source (e.g., 
an electric discharge, flashlamp, or laser diode); 
and (3) the feedback system, e.g., optical resona-
tor. For instance, in the case of the first invented 
laser, the gain medium was ruby, and the popula-

tion inversion was produced by intense broad-
band illumination from a xenon flashlamp. 
However, in the case of diode-pumped lasers, the 
population inversion is produced by laser diode 
that benefits from higher total conversion effi-
ciency. Laser wavelength emission is determined 
by the gain medium and the characteristics of the 
optical resonator (see, for example, [5–12]). It is 
noticeable that some high-gain lasers do not use 
an optical oscillator and work based on amplified 
spontaneous emission (ASE) without needing 
feedback of the light back into the gain medium. 
Such lasers emit light with low coherence but 
high bandwidth.

For optical frequencies, population inversion 
cannot be achieved in a two-level system. In 
1956, Bloembergen proposed a mechanism in 
which atoms are pumped into an excited state by 
an external source of energy. A lasing medium 
consists of at least three energy levels: a ground 
state E1, an intermediate (metastable) state; E2, 
with a relatively long lifetime, ts, and a high 
energy pump state; and E3, as shown in Fig. 2.4. 
To obtain population inversion, ts must be greater 
than t3, the lifetime of the pump state E3. Note 
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Fig. 2.3 Schematic 
diagram of a typical 
laser (top) flashlamp 
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laser-diode end-pumped, 
and (bottom) laser-diode 
side-pumped 
configurations, showing 
the three major parts: (1) 
laser gain medium, (2) 
pump source, and (3) 
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that a characteristic of the three-level laser mate-
rial is that the laser transition takes place between 
the excited laser level E2 and the final ground 
state E1, the lowest energy level of the system. 
The three-level system has low efficiency. The 
four-level system avoids this disadvantage.

Figure 2.4 compares schematically the three- 
level and four-level laser systems. In three-level 
lasers, initially, all atoms of the laser material are 
in the ground state level E1. The pump radiation 
rises the ground state atoms to a short-lived pump 
state E3. Atoms from this state undergo fast decay 
(radiationless transition) to a metastable state E2. 
In this process, the energy lost by the electron is 
transferred to the lattice. A population inversion 
takes place between ground state and the meta-
stable state where the lasing transition occurs. In 
general, the “pumping” level 3 is actually made 
up of a number of bands, so that the optical 
pumping can be accomplished over a broad spec-
tral range. If pumping intensity is below laser 
threshold, atoms in level 2 predominantly return 
to the ground state by spontaneous emission. 
While, when the pump intensity is above laser 
threshold, the stimulated emission is the domi-
nated processes compared with spontaneous 
emission. The stimulated radiation produces the 
laser output beam.

In the case of four-level lasers, the pump exci-
tation extends again by radiation from the ground 
state (now level E0) to a broad absorption band 
E3. As in the case of the three-level system, the 
atoms so excited will transfer fast radiationless 
transitions into the intermediate sharp level 2. 
The electrons return to the fourth level E1, which 

is situated above the ground state E0, by the emis-
sion of a photon to proceed the laser action. 
Finally, the electrons return to the ground level E0 
by radiationless transition. In a true four-level 
system, the terminal laser level E1 will be empty. 
To qualify as a four-level system, a material must 
possess a relaxation time between the terminal 
laser level and the ground level, which is fast 
compared to the fluorescence lifetime, ts. In addi-
tion, the terminal laser level E1 would be far 
above the ground state E0 so that its thermal pop-
ulation can be considered as negligible. In a kind 
of situation, where the lower laser level is so 
close to the ground state that an appreciable pop-
ulation in that level occurs in thermal equilibrium 
at the operating temperature, the laser called 
quasi-three-level laser. As a consequence, the 
unpumped gain medium causes some reabsorp-
tion loss at the laser wavelength same as three-
level lasers.

The purpose of the resonator is to provide the 
positive feedback necessary to cause oscillation.  
The resonator has mirror at the ends so that pho-
tons are reflected back and forth and are constantly 
renewing the process of stimulated emission as 
they strike more of the excited atoms in the laser 
medium. The mirrors also align the photons so that 
they force to travel in the same direction. Typically, 
one will be a high reflector (HR) and the other will 
be a partial reflector (PR). The latter is called out-
put coupler that allows some of the light to trans-
mit out of the resonator to produce the laser output 
beam. The buildup of oscillation is triggered by 
spontaneous emission. The produced photons by 
spontaneous emission are reflected by the mirrors 
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back into the laser medium and amplified by stim-
ulated emission. Other optical devices, such as 
prism, Q-switch modulators, filters, etalon, and 
lens, may be placed within the optical resonator to 
produce a tunable laser, pulsed laser, and narrow 
bandwidth laser or shape the laser beam.

If the gain medium has a homogeneous 
(Lorentzian) gain profile, as the oscillating inten-
sity grows and the population of excited atoms 
depletes by causing sufficient stimulated emis-
sion, photons oscillating at ν0 can emit from all 
atoms in the medium, and oscillation at frequency 
ν0 can suppress oscillation at any other frequency 
under the gain profile. Generally, the oscillation 
will build up with frequency, which has maxi-
mum emission probability. However, in an inho-
mogeneously broadened gaseous medium, the 
additional oscillation at frequencies far away 
from ν0 is also possible.

2.3  Laser Light Properties

The laser happens when stimulated-emission 
process is dominant compared with absorption 
and spontaneous emission. It means, in laser, 
stimulated emission leads to the unique charac-
teristics, e.g., (1) coherence, (2) divergence and 
directionality, (3) monochromatic, and (4) bright-
ness. These properties differentiate laser light 
from ordinary light and make it very interesting 
for a range of applications.

2.3.1  Coherence

Coherence of electromagnetic radiation means 
maintaining a constant phase difference between 
two points of wavefront of the wave in space 
(spatial coherence) and in time (temporal coher-
ence). Coherence is one of the most important 

concepts in optics and is strongly related to the 
ability of light to exhibit interference effects. 
Temporal coherence is related to the intrinsic 
spectrum bandwidth of the light source, while 
spatial coherence can be affected by size of the 
light source. Laser radiation has high spatial and 
temporal coherence compared with ordinary light 
sources. In ordinary light sources like bubble 
lamp, sodium lamp, and torchlight, the electron 
transition from higher energy level to lower 
energy level occurs in spontaneous process. In 
other words, electron transition in ordinary light 
sources is random in time. In these sources, no 
phase relation exists between the emitted pho-
tons, and the phase difference between different 
atoms changes in time. Thus, the photons emitted 
by an ordinary light source are out of phase as 
illustrated schematically in Fig. 2.5.

In contrast to incoherent sources, in laser, a 
phase relation between electron transitions exists. 
In other words, in laser, electron transition occurs 
in specific time. Therefore, the emission of laser 
is in phase in space and time as illustrated sche-
matically in Fig.  2.5. In laser, the stimulated 
emission process produces coherence light. 
Because of the coherence, a large amount of 
power can be concentrated in a narrow space. For 
a light source with a Gaussian emission spec-
trum, the coherence length can be obtained as 
follows:

 
l c

n n
c
vc c

= = =τ
λ
λ

2 2 2 2
2

ln ln

π ∆ π ∆  
(2.1)

where c is the speed of light, n is the refractive 
index of the medium, λ is the central wavelength, 
and Δλ is the full-width half-maximum (FWHM) 
of the emission peak in wavelength spectrum. The 
light sources with a small Δλ such as lasers are 
highly temporally coherent, while the light sources 
with a large Δλ such as white light lamps are 

Fig. 2.5 Schematic of 
incoherent (left) and 
(right) coherent light 
waves
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 temporally incoherent. The coherence length and 
coherence time of some medical optical sources 
and ordinary sources are compared in Table 2.1.

There is not a single universal technique to 
measure laser linewidth or coherence length. 
Temporal coherence can be measured by the 
Michelson interferometer, while spatial coher-
ence can be measured by Young’s double-slit 
experiment. The van Cittert-Zernike theorem 
states that the spatial coherence area, Ac, is given 
by the following:

 
A d

Dc
=

2 2

2

λ
π  

(2.2)

where D is the diameter of the light source, and d 
is the distance away. The spatial coherence area 
is large for sources with small diameter and large 
wavelength.

2.3.2  Divergence and Directionality

The propagation and directionality of radiation is 
described by diffraction theory. Maximum intensity 
of radiation is limited by the angle of divergence. In 
conventional light sources, photons emit and travel 
in random direction. Therefore, the radiation from 

these light sources has a large divergence angle. 
However, in laser, the optical resonator leads to 
travel all photons in the same direction with low 
beam divergence, which results in a high direction-
ality. In contrast, the collimated light waves from a 
laser diverge little over relatively great distances. 
For example, a laser beam can be pointed at the 
moon, which is ~4 × 105 km away from earth. For 
diffraction- limited laser radiation with wavelength 
λ and diameter D, the divergence angle is given 
from diffraction theory by the following:

 
θ

λ
d D
=1 22.

 
(2.3)

If a free-aberration positive lens is used for focus-
ing a laser light, the radius of the central lobe 
behind the lens on the focal plane is 
a ≈ f∙θd ≈ 1.22f∙λ/D, where f is the focal length of 
the lens. For a multimode beam, TEMpl, the mini-
mum diameter of the focal spot is given by the 
following:
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2.3.3  Monochromaticity

Monochromatic light means a light containing a 
single color or frequency. In ordinary light 
sources, the emitted photons have many different 
energies, frequencies, wavelengths, or colors 
with a wide spectrum bandwidth. However, in 
laser, stimulated emission leads all the emitted 
photons to have the same energy, frequency, or 
wavelength. Therefore, laser radiation has a very 
narrow spectrum bandwidth. This means that the 
radiation emitted by the laser is nearly mono-
chromatic. This purity is unique to laser light in 
contrast to all other light sources which are of 
mixed wavelengths. Monochromaticity enables 
great precision when a laser is used for medical 
or surgical purposes because components of 
human tissue preferentially absorb electromag-
netic energy of specific wavelengths. Further, 
monochromatic aspect of lasers is essential for 
temporal coherence.

According to the Heisenberg’s uncertainty 
principle, if the momentum of a particle is pre-

Table 2.1 Comparing the coherence length and coher-
ence time of some medical laser systems and ordinary 
sources

Source
Δνc 
(THz) τc lc = cτc

Filtered sunlight 
(400–800 nm, 
λ0 = 550 nm)

374 1.8 fs 0.32 μm

InGaAs (Eg = 0.9 eV, 
λ0 = 1300 nm)

6.2 0.11 ps 17.7 μm

Low-pressure sodium 
lamp (λ0 = 589 nm)

0.5 1.33 ps 0.399 mm

Single-mode He-Ne 
laser (λ0 = 633 nm)

1 × 10−6 0.66 μs 198 m

CO2 laser 
(λ0 = 10.6 μm)

40 × 10−6 0.16 ns 4.8 m

Ruby laser 
(λ0 = 694 nm)

0.36 1.85 ps 0.555 mm

Nd:YAG 
(λ0 = 1064 nm)

0.18 3.7 ps 1.11 mm

Nd:Glass 
(λ0 = 1059 nm)

9 73.8 fs 22.2 μm

Dye laser (Typ. R6G 
λ0 = 570–610 nm)

100 6.6 fs 1.98 μm
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cisely known, it is impossible to know the posi-
tion precisely and vice versa. This relationship 
also applies to energy and time. It means one can-
not measure the precise energy of a system in a 
finite amount of time. Uncertainties in the prod-
ucts of “conjugate pairs” (momentum and posi-
tion, and energy and time) are as below:

 
∆ ∆x p ≥



2  
(2.5a)

 
∆ ∆t E ≥



2  
(2.5b)

where Δ refers to the uncertainty in that variable 
and ħ  =  h/2π is reduced Planck’s constant in 
which h is Planck’s constant. For a monochro-
matic light with ΔE  ≈  0, Heisenberg’s uncer-
tainty principle results to Δt → ∞. It means a 
perfectly monochromatic source (if it existed!) 
would give an infinitely long wavetrain which is 
uniformly distributed over the infinite constant-
phase planes.

2.3.4  Brightness

The brightness is characterized by a light source 
that takes into account the power that can convey 
into the laser spot. It is defined as the power emit-
ted per unit area and unit solid angle as follows:

 
B p

A
=

.Ω  
(2.6)

where P is power, A = πD2/4 is area of laser spot, 
and Ω is solid angle defined as below:

 
Ω π − π= ( ) ≈2 1

2
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(2.7)

Maximum brightness is obtained if θ  =  θd. 
From Eqs. (2.6) and (2.3), maximum brightness 
can be simplified as follows:
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(2.8)

One can see that maximum brightness is pro-
portional to the inverse square of the center 

wavelength of radiation. Notice that in an ordi-
nary light source, the light spreads out uniformly 
in all directions, while, in laser, the light due to 
directionality spreads in small region of space. 
Thereby, laser light has greater intensity and 
brightness when compared to the ordinary light.

2.4  Gaussian Beam Optics

In most laser applications, it is necessary to know 
the propagation characteristics of laser beam. 
The propagation of a laser beam is a paraxial 
solution of the Maxwell’s equations. In general, 
laser beam propagation can be approximated by 
assuming that the laser beam has a Gaussian 
intensity profile. A Gaussian beam has a radially 
symmetrical distribution whose electric field 
variation is given by the following:

 
E r z E z r w z,( ) = ( ) − ( ) 0

2 2
exp /

 
(2.9)

with a Gaussian intensity distribution in a cross- 
sectional plane at z, r as follows:

 
I r z I z r w z,( ) = ( ) − ( ) 0

2 2
2exp /

 
(2.10)

where I0(z) is the beam peak intensity in a cross- 
sectional plane at z. Many lasers emit beams with 
a Gaussian profile. The fundamental transverse 
mode, or TEM00 mode, is a perfect Gaussian 
beam. In most cases, the laser output beam devi-
ates from TEM00 mode. When a Gaussian beam 
propagates into an optical medium like lens, a 
Gaussian beam is transformed into another 
Gaussian beam characterized by a different set of 
parameters.

A simple and commonly used measure to 
evaluate laser beam propagation is the beam 
propagation ratio M-square factor M2, which 
compares the propagation properties of a real 
beam to those of a perfect diffraction-limited 
Gaussian beam. In other words, the M2  ≥  1 
describes the deviation of a laser beam from a 
perfect Gaussian beam. For a perfect laser beam, 
M2 = 1. Most gas lasers have M2 ≈ 1. Although 
most solid-state lasers have an M2 value between 
1.1 and 1.5, some lasers, such as flashlamp 
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pumped lasers and high-power solid-state lasers, 
have an M2 value over 10.

A Gaussian beam can be fully described with 
the use of the complex beam parameter, q, and 
ABCD matrix. It facilitates the study of Gaussian 
beams in the presence of optical elements such as 
lenses, spherical mirrors, etc. The general form 
of the complex beam parameter, q, can be written 
in terms of two real parameters, R and w, as 
follows:

 

1 1
2

2q z R z
i M
n w z( )

=
( )

−
( )

λ
π

 

(2.11)

where R(z) is the radius of curvature of beam 
wavefront and w(z) is the spot radius of the beam 
at z. For the Gaussian beam, spot radius w is con-
sidered the radius where I = I0/e2. At focusing 
point, a Gaussian beam achieves a minimum spot 
size (called waist with radius w0) when the wave-
front becomes a plane (R = ∞). Therefore:

 

1

0

2

0

2q
i M
n w

= −
λ
π  

(2.12)

The transformation of a Gaussian beam can be 
described by the following:

 
q Aq B

Cq D2

1

1

=
+
+  

(2.13)

where A, B, C, and D are the elements of the 
ABCD transform matrix characterizing the opti-
cal medium. From ABCD matrix of free space 
(A = 1, B = z, C = 0, D = 1) with thickness of z, 
the value of q at z away from the waist in free 
space are given by the following:

 q q z= +0  (2.14)

or we can obtain the following equation by apply-
ing Eq. (2.13) and considering ABCD matrix of a 
thin lens with focal length f (A  =  1, B  =  0, 
C = –1/f, D = 1) as follows:

 

1 1 1

2 1
q q f

= −
 

(2.15)

Figure 2.6 illustrates propagation characteristics 
of a Gaussian beam showing spherical wave-
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Fig. 2.6 Propagation 
characteristics of a 
Gaussian beam with 
parameters w0 = 50 μm, 
λ = 2.94 μm, and 
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fronts. Once again, a Gaussian beam does not 
come to a focus at a point but rather achieves a 
minimum spot size w0 where the wavefront 
becomes a plane. From Eqs. (2.11)–(2.14), one 
can obtain the following:

 

w z w M z
n w
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Equations (2.16) and (2.17) can be simplified 
in the following forms:
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where:

 
z

n w
MR =
π

0

2

2λ  
(2.20)

is the Rayleigh length that reflects the distance 
from the waist to the place where the spot size 
increases by a factor of √2.

The divergence of a Gaussian laser beam in 
the depth of focus (DOF) is negligible, and it can 
be considered as parallel beam. The DOF or con-
focal parameter is twice the Rayleigh length:

 
DOF =

2
0

2

2

n w
M
π

λ  
(2.21)

The parameter w(z) approaches a straight line for 
z >> zR. The angle between this straight line and 
the central axis of the beam is called far-field 
divergence:

 
θ

λ


M
w

2

0
π  

(2.22)

The angle θ is inversely proportional to the beam 
waist w0 and proportional to the M-square factor 
M2 and the wavelength λ.

As mentioned in Sect. 2.2, according to the 
gain material, lasers can be divided into solid- 
state, gas, dye (liquid), or semiconductor. In the 
following, the commonly used lasers with typical 
applications and wavelengths are listed in each 
type.

2.5  Solid-State Lasers

The first functional laser was invented by Maiman in 
1960. It was a ruby laser in visible region (694.3 nm) 
pumped by a xenon flashlamp; the first laser was 
used in medicine in 1960 by Leon Goldman, the 
“father of laser medicine,” who tried to lighten tat-
toos by aiming a ruby laser at the pigmented skin 
until the pigment granules broke apart. In 1963, 
Charles Campbell used a ruby laser to treat a 
detached retina. In 1980s, the Nd:YAG flashlamp 
pumped laser was developed. Soon after, novel laser 
diode-pumped solid-stare lasers with different gain 
medium were constructed. So far, continuous-wave 
(CW) or pulsed solid-state lasers from different crys-
tals, mainly Nd3+ doped, such as Nd:YAG, Nd:YLF, 
Nd:YVO4, (Er, Nd):YAG, (Ho, Nd):YAG, 
Nd:GdVO4, Nd:LYSO, Nd:YAP, Nd:YAB, 
Nd:Mgo:LiNbO3, Nd:GSAG, Nd:LuVO4 
Nd:YAIO3, Ti:sapphire, Yb:KGD(WO4)2, and 
Nd,La:SrF2, with different laser emission wave-
length has been demonstrated (see, for instance, [6, 
7, 13–20]). In ref. [21] influence of length of gain 
medium and pump beam quality on performance of 
the laser and required design parameters has been 
investigated. The active ion of Nd3+ has mainly three 
allowed transitions of 4F3/2 → 4I9/2, 4F3/2 → 4I11/2, and 
4F3/2 →  4I13/2, corresponding to the emitting wave-
lengths around 0.9, 1.06, and 1.3 μm, respectively, 
which makes it possible to achieve single- and multi-
wavelength operations of an Nd3+ laser through a 
proper design of the laser. The capability of a laser 
can be extended by multiple wavelength engineered 
emission. Notice that dual- or multi-wavelength 
simultaneously emission laser sources have been 
used in different scientific and technical applications 
in optical coherence tomography (OCT) [22, 23], 
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optical testing [24], atom interferometry [25], spec-
troscopy [26], THz radiation generation [27, 28], 
and remote sensing [29–31]. Table 2.2 summarizes 
the most important solid- state lasers with their wave-
length emission and typical applications.

2.6  Gas Lasers

The gas lasers can be basically categorized into 
three distinct families: (i) the neutral gas laser, 
(ii) the ionized gas laser, and (iii) the molecular 
gas laser. Table 2.3 summarizes the most impor-
tant gas lasers with their wavelength and typical 
applications. He-Ne laser is the first invented gas 
laser in 1960 by Ali Javan. This laser radiates in 
a continuous regime CW and uses electric dis-

charge excitation in a neutral gaseous environ-
ment. It soon became the first commercial laser 
with a power of 1 mW. The argon laser operating 
in the visible and ultraviolet spectral regions was 
invented in 1964 by William Bridge. CO2 laser 
was developed by Kumar Patel in 1964 at Bell 
Laboratories. The CO2 laser operates both pulsed 
and CW mode in the middle infrared region on 
rotational-vibrational transitions of carbon diox-
ide at 10.6 and 9.4 μm wavelengths. It is one of 
the most powerful and efficient lasers available.

2.7  Semiconductor Lasers

Semiconductor lasers or diode lasers are a special 
type of solid-state lasers. They are portable, com-
pact, and efficient with wavelength versatility 
and reliable benefits. This type of laser can be 
operated in a CW or pulsed mode. The frequency 
of the emitted photons depends on the gain mate-
rial composition. Typical operation wavelengths 
of different diode lasers are summarized in 
Table 2.4. Diode lasers were developed very soon 
after solid-state and gas lasers. The first laser 

Table 2.2 The most important solid-state lasers with 
wavelength and typical applications

Laser type Wavelength(s) Applications
Ruby 694.3 nm Pulsed holography, 

tattoo removal and 
cosmetic dermatology, 
high-speed 
photography, hair 
removal

Nd:YAG 1.064 μm, 
(1.32 μm,  
946 nm)

Material processing, 
laser target designation, 
glaucoma surgery, 
dentistry, research, 
pumping other lasers, 
cataract surgery, water 
vapour remote sensing, 
underwater 
communication

Erbium- 
doped glass/ 
fiber

1.53–1.56 μm Optical amplifiers for 
telecommunications

Ho:YAG 2.1 Surgery, dentistry, 
material processing, 
arthroscopic surgery, 
remote sensing

Er:YAG 2.94 μm, 
1.53–1.56 μm

Surgery, resurfacing of 
human skin, oral 
surgery, dentistry, 
osteotomy, removal of 
warts, soft tissue

Er,Cr:YSGG 2.790 μm Surgery, dentistry, soft 
tissue

Tm:YAG 2.01 μm Remote sensing, 
material processing, 
optical communication, 
dentistry

Table 2.3 The most important gas lasers with wave-
length and typical applications

Laser 
type Wavelength(s) Applications
He-Ne 
laser

632.8 nm Interferometry, 
holography, 
spectroscopy, barcode 
scanning, laboratory 
testing, aiming beam

Ar+ ion 
laser

454.6 nm, 
488.0 nm, 
514.5 nm

Retinal phototherapy (for 
diabetes), plastic surgery, 
dermatology, lithography, 
confocal microscopy, 
spectroscopy pumping 
other lasers

CO2 
laser

10.6 μm, 
(9.4 μm)

Material processing 
(cutting, welding, etc.), 
dentistry, osteotomy, 
vaporization and 
coagulation, gynecology

Excimer 
laser

193 nm (ArF), 
248 nm (KrF), 
308 nm (XeCl), 
353 nm (XeF)

Ultraviolet lithography 
for semiconductor 
manufacturing, surgery, 
skin treatment, material 
processing, lithography, 
nanofabrication, LASIK

G. Shayeganrad
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emission from a semiconductor GaAs was 
obtained in 1962 by Robert N.  Hall at General 
Electric and by Marshall Nathan at IBM TJ 
Watson Research Center.

The principle operation of semiconductor 
lasers is different from gas and solid-state lasers. 
It is based on recombination “electrons” and 
“holes.” Forward electric bias across the p-n 
junction of gain medium creates an area with an 
excess of electrons and holes that recombine with 
the release of photons. This recombination can be 
stimulated by a positive feedback induced by an 
optical resonator. The optical gain is directly pro-
portional to the injection current through the 
junction and also to the reciprocal value of the 
size of the active region. The maximum emission 
wavelength of semiconductor lasers is given by 
the following:

 

λ
max

/
=

+
≈

hc
E kT

hc
E

g g
2

 

(2.23)

with the spectral bandwidth of:

 
∆ν =

1 8. kT
h  

(2.24)

where T is the absolute temperature in Kelvin, 
and k = 1.38 9 10−23 J/K is the Boltzmann con-
stant. These equations show that the peak wave-

length is inversely proportional to the bandgap 
energy Eg, and bandwidth is proportional to the 
absolute temperature.

Semiconductor diode lasers are used in differ-
ent medical applications such as photodynamic 
therapy (PDT), photodynamic detection (PDD), 
optical coherence tomography (OCT), nonsurgi-
cal treatment of varicose veins, dentistry and 
soft-tissue oral surgery, cosmetic treatments, 
blood oximetry, low-level laser therapy (LLLT), 
tumor ablation, ecology, coagulation, and hair 
removal. Some typical applications of semicon-
ductor lasers in terms of wavelength are summa-
rized in Table 2.5.

It is noticeable that light-emitted diodes 
(LEDs) are an optical semiconductor device that 
emits incoherent light when voltage is applied. 
Their high reliability, high efficiency, and lower 
overall system cost compared with lasers and 
lamps make these devices very affordable and 
attractive to both consumer and industrial seg-
ments. LEDs are now used in a large number of 
diverse markets and applications. LEDs do not 
carry the same eye safety concerns or warnings 
that laser diodes do. But LEDs cannot be made 
into extremely small, highly collimated, and opti-
cally dense spots. In applications where extremely 
high power density within a small area is required, 
a laser is almost always required.

Table 2.4 Typical operation wavelength of different diode lasers

Laser type InP InGaN/GaN
GaSb 
based InGaAsP

Quantum 
cascade
laser (QCL)

Vertical-cavity 
surface-emitting
laser (VCSEL)

Wavelength(s) 375–488 nm 630–980 nm 1.5–4 μm 1.0–2.1 μm Mid-IR to
Far-IR

650–3500 nm

Table 2.5 The medical applications of diode lasers in terms of wavelength

Application Wavelength (nm)
Dentistry 430–470 810–980
Surgery 630–635 800–1500
LLLT 465 630 652 660–690
PDT 405 410–430 630 635 652 660–690 753
Hyperthermia tumors 940, 980 1064
Cosmetic treatment 810
Tumor ablation 800–980
Blood oximetry 630
Ecology 1500–4000
Acne treatment 1450–1470
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Abstract

Since their invention, lasers have been suc-
cessfully employed in many applications. The 
basic principle of the interaction of laser with 
biological tissue is explained, and how many 
factors may influence the results of the inter-
action are also discussed. The tissue optical 
properties, the primary factors of laser interac-
tions, including absorption and scattering, are 

defined. Other factors, i.e., photochemical, 
photothermal, photoablation, plasma-induced 
ablation, and photodisruption, are also 
discussed.
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3.1  Introduction

Many different interactions might happen when a 
laser is impinging onto biological tissues. The 
laser parameters as well as tissue characteristics 
play a critical role in this diversity. In this chap-
ter, we discuss the tissue optical properties which 
are essential for laser–tissue interaction. Tissue 
thermal properties—such as heat conduction and 
heat capacity—are also discussed in this chapter. 
On the contrary, the laser parameters, such as 
wavelength, exposure time, applied energy, focal 
spot size, energy density, and power density, are 
also discussed. As we will find later on in this 
chapter, the exposure time is a critical parameter 
when choosing the type of interactions. There is 
an unlimited number of possible combinations 
for the experimental parameters. However, 
mainly five categories of interaction types are 
classified today. These are photochemical inter-
actions, thermal interactions, photoablation, 

plasma-induced ablation, and photodisruption. In 
this chapter, we thoroughly discuss each of these 
interaction mechanisms.

Figure 3.1 shows a double-logarithmic map 
with the five basic interaction types. The y-axis 
expresses the applied power density or irradiance 
in W/cm2. The x-axis represents the exposure 
time in seconds. Two diagonals show constant 
energy fluences at 1  J/cm2 and 1000  J/cm2, 
respectively. According to this chart, we can 
roughly divide the timescale into four sections: 
continuous wave or exposure times >1 s for pho-
tochemical interactions, 1 min to 1 μs for thermal 
interactions, 1 μs to 1 ns for photoablation, and 
<1 ns for plasma-induced ablation and photodis-
ruption. The difference between the latter two is 
attributed to different energy densities. They will 
be addressed separately in Sects. 3.6 and 3.7 
since one of them is solely based on ionization, 
whereas the other is primarily associated with a 
mechanical effect.
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3.2  Optical Properties of Tissue

In laser–tissue interaction, it is important to know 
about the absorbing and scattering properties of 
tissues. The purpose is to have better prediction 
of successful treatment. When we apply laser 
onto a highly reflecting materials, the index of 
refraction might be of interest. In general, we do 
not assume any tissue optical properties unless 
specified in tables or graphs. We emphasize more 
in the general physical interaction which mostly 
apply to solid and liquid. In reality, there are limi-
tations given by the inhomogeneity of biological 
tissue to predict the optical properties.

3.2.1  Absorption

The intensity of light is attenuated during absorp-
tion by the biological tissue. The absorbance of 
tissue is defined as the ratio of absorbed and inci-
dent light intensities. A partial conversion of light 
energy into heat motion or certain vibrations of 
molecules of the absorbing material governs the 
process of absorption. A perfectly transparent 
medium which has no absorption will transmit 
the total radiant energy entering into such 
medium. In visible range of light, the cornea and 
lens can be considered as transparent media. In 
contrast, when the media absorb all the incident 
radiation, it is called opaque.

The terms “transparent” and “opaque” are 
very wavelength-dependent. This term depends 
on the main absorber inside the biological tissue. 
The cornea and lens, for instance, mainly consist 
of water which is highly absorbing in the infrared 
region, will appear opaque in the infrared region 
but transparent in the visible region. There is no 
medium known to be either transparent or opaque 
to all wavelengths of light.

General absorption is being considered if the 
substance reduces the intensity of all wavelengths 
by a similar fraction. If we considered the visible 
region, this substance would appear gray to our 
eyes. Colors actually originate from selective 
absorption. Basically, we can divide color as sur-
face and body colors. Surface color is originated 
from surface reflection. Body color is originated 

from backscattering light that experiences multi-
ple absorption and scattering inside subsurface of 
the substance.

The ability of a medium to absorb electromag-
netic radiation depends on many factors, mainly 
the electronic constitution of its atoms and mol-
ecules, the wavelength of radiation, the thickness 
of the absorbing layer, and internal parameters 
such as the temperature or concentration of 
absorbing agents. Two laws, which describe the 
effect of either thickness or concentration on 
absorption, are commonly called Lambert’s law 
and Beer’s law and are expressed by:

 
I z I e z( ) = −

0

µ
a

 

where z is the sample optical thickness, I(z) is the 
intensity at a distance z, I0 is the incident inten-
sity, and μa is the absorption coefficient of the 
medium.

In biological tissues, absorption is mainly 
caused by either water molecules or macromole-
cules such as proteins and pigments, whereas 
absorption in the IR region of the spectrum can be 
primarily attributed to water molecules, proteins, 
and pigments mainly absorb in the UV and visible 
range of the spectrum. Proteins, in particular, have 
an absorption peak at approximately 280 nm [1].

Absorption spectra of two elementary biologi-
cal absorbers—melanin and hemoglobin 
(HbO2)—are shown in Fig.  3.2. Melanin is the 
basic pigment of the skin and is the most impor-
tant epidermal chromophore. Its absorption coef-
ficient monotonically decreases across the visible 
spectrum toward the infrared [2]. Hemoglobin is 
predominant in vascularized tissue. It has relative 
absorption peaks around 420, 540, and 580 nm 
and then exhibits a cutoff at approximately 
600 nm. Most biomolecules have their complex 
band structure between 400 and 600  nm. 
Macromolecules or water is not highly absorbed 
in the near-infrared region. Thus, a “therapeutic 
window” is ranged between roughly 600 and 
1200 nm. In this spectral range, biological tissues 
have a lower absorption, thus enabling treatment 
of deeper tissue structures.

As already previously stated, hemoglobin is 
predominant in vascularized tissue. Krypton ion 
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lasers at 531 nm and 568 nm, respectively, have 
almost perfectly matched wavelength with the 
absorption peaks of hemoglobin. Thus, these 
lasers can be used to coagulate blood and blood 
vessels. Dye lasers may also be a choice for laser 
treatment since their tunability can be advanta-
geously used to match particular absorption 
bands of specific proteins and pigments. In some 
applications, special dyes and inks are used to 
provide enhanced absorption. Thus, we can 
increase specific tissue absorption which leads to 
better laser treatment. Moreover, we will have 
less damage to the adjacent tissue due to this 
enhanced absorption.

3.2.2  Scattering

Refractive index mismatches cause scattering of 
light in biological tissue at microscopic boundar-
ies such as cell membranes and organelles. The 
scattering coefficient describes the scattering 
properties of a medium. The scattering coeffi-
cient is the product of the scattering cross section 
of the particles and the number density of scatter-
ing particles. The scattering cross section is an 
area which describes the likelihood of light being 
scattered by a particle. Therefore, μs represents 

the probability per unit length of a photon being 
scattered [3]. In the same manner as for absorp-
tion, one can define a scattering coefficient, μs, 
for a collimated source, such that [3]:

 
I z I e z( ) = −

0

µ
s

 

where z is the sample optical thickness, I(z) is the 
intensity at a distance z, I0 is the incident inten-
sity, and μs is the scattering coefficient of the 
medium.

The exact origins of scattering in tissue are not 
well known. Biological tissue is acomplex and 
highly heterogeneous material. There are a num-
ber of hypotheses identifying contributions to tis-
sue scattering from various biological and 
biochemical microstructures, both extracellular 
such as collagen fibers [4, 5] and intracellular 
such as mitochondria [6], cell nuclei [7], and pos-
sibly a large variety of other structures such as 
cell membranes [8].

The angular distribution of scattering is 
described by the scattering phase function, p(θ), 
which gives us the probability of a photon to be 
scattered at an angle, θ, with respect to its initial 
direction. The phase function is normalized in 
such a way that ∫p(θ) dω = 1 (with dω denoting 
integration over solid angle ω). The Henyey–
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Greenstein (HG) phase function, which is origi-
nally introduced to describe scattering of light by 
interstellar matter [9], provides a satisfactory 
description of the angular patterns arising from 
tissue scattering [10, 11]:
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with g being the average cosine of the scattering 
angle, defined as follows:
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The parameter g, which is also known as anisot-
ropy factor, is very frequently used to indicate 
how strongly forward directed the scattering is. A 
typical value for tissue is in the range g = 0.7–
0.95 corresponding to average scattering angles 
between 45° and 20°, respectively. The angular 
scattering pattern function for isotropic scattering 
has g  =  0 and for typical biological tissue has 
g  =  0.9 (see Fig.  3.3). The scattering pattern 
becomes more forward directed as g → 1.

Another important parameter that is often 
used to indicate the amount of scattering present 
in a tissue is the reduced scattering coefficient, 
μs

′, which is defined as μs
′ = μs (1 − g), and thus 

incorporates effects introduced by the anisotropic 
nature of scattering. The reduced scattering coef-

ficient is the mean free path needed for the scat-
tering to reach an isotropic scattering.

3.3  Photochemical Interaction

Light can induce chemical effects and reactions 
within macromolecules or tissues. Photosynthesis 
is one of the most popular examples. 
Photochemical interaction mechanisms play a 
significant role during photodynamic therapy 
(PDT) and laser biostimulation. These two meth-
ods will be discussed in this section.

Photochemical interactions take place at very 
low power densities (typically 1 W/cm2) and long 
exposure times ranging from seconds to continu-
ous wave. Careful selection of laser parameters 
yields a radiation distribution inside the tissue 
that is determined by scattering. In most cases, 
wavelengths in the visible range (e.g., rhodamine 
dye lasers at 630 nm) are used because of their 
efficiency and their high optical penetration 
depths. The latter are of importance if deeper tis-
sue structures are to be reached.

3.3.1  Photodynamic Therapy (PDT)

During PDT, spectrally adapted chromophores 
are injected into the body. Monochromatic irra-
diation may then trigger selective photochemical 
reactions, resulting in certain biological transfor-
mations. A chromophore compound that is capa-
ble of causing light-induced reactions in other 
non-absorbing molecules is called a photosensi-
tizer. After resonant excitation by laser irradia-
tion, the photosensitizer performs several 
simultaneous or sequential decays which result in 
intramolecular transfer reactions. At the end of 
these diverse reaction channels, highly cytotoxic 
reactants are released causing an irreversible oxi-
dation of essential cell structures. Thus, the main 
idea of photochemical treatment is to use a chro-
mophore receptor acting as a catalyst. Its excited 
states are able to store energy transferred from 
resonant absorption, and their deactivation leads 
to toxic compounds leaving the photosensitizer 
in its original state. Therefore, this type of 

y

g = 0 g = 0.9

x

Fig. 3.3 Henyey–Greenstein scattering phase function 
showing the angular pattern of scattering in polar 
coordinates
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 interaction is also called photosensitized oxida-
tion. The general procedure of photodynamic 
therapy is illustrated in Fig. 3.4.

At the beginning of the twentieth century, cer-
tain dyes that induce photosensitizing effects 
were reported [12]. In 1903, the first application 
of dyes in combination with light was used for 
treatment [13]. Later, it was observed that certain 
porphyrins have a long clearance period in tumor 
cells [14]. If by applying a laser to these dyes 
could change it to a toxic state, we could treat 
cancer cells. In 1976, the first endoscopic appli-
cation of a photosensitizer in the case of human 
bladder carcinoma was done [15]. Today, the idea 
of photodynamic therapy has become one of the 
major pillars in the modern treatment of cancer.

3.3.2  Laser Biostimulation

Laser biostimulation also known as low-level 
laser therapy (LLTT) is believed to occur at very 
low irradiances and belongs to the group of pho-
tochemical interactions. The potential effects of 
extremely low laser powers (5–50 mW) on bio-

logical tissue have been found useful to stimulate 
the healing of wounds, skin ulcers, bed sores, 
pressure ulcers, and burn injuries [16]. Wound 
healing and anti-inflammatory properties by red 
or near-infrared light sources such as helium- 
neon lasers or diode lasers with energy fluences 
that lie in the range 1–4 J/cm2 were reported [17]. 
In several cases, observers have noticed improve-
ments for the patients. But in a few studies only, 
results could be verified by independent research 
groups. Moreover, contradictory results were 
obtained in many experiments [18].

3.4  Photothermal Interaction

Photothermal interaction happens where light 
energy interacts with biological tissue and increases 
the local temperature significantly. Either CW or 
pulsed laser radiation can induce thermal effects. 
Based on the duration and peak value of the tissue 
temperature achieved, we can divide the thermal 
interaction into coagulation, vaporization, carbon-
ization, and melting. The summary of these thermal 
interactions can be found in Table 3.1.

tumour
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photosensitiser

clearance, and
accumulation in

tumour

phagocytosis of
dead cells

cell necrosis and
apoptosis in tumour

irradiation

laser

Fig. 3.4 Scheme of 
photodynamic therapy
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Coagulation occurs when the final tempera-
ture of tissues is between 60  °C and 
100  °C.  Denaturation of proteins and collagen 
occurs, leading to coagulation of tissue and 
necrosis (death) of cells. Local temperature of 
tissue has to reach at least 60 °C for coagulated 
tissues to become necrotic. At >80 °C, membrane 
permeability is drastically increased, destroying 
the otherwise maintained equilibrium of chemi-
cal concentrations.

Vaporization occurs when tissue reaches 
100 °C. Formation of gas bubbles or steam (sig-
nificant increase in volume) during this phase 
transition results in pressure buildup and can 
induce mechanical ruptures and thermal decom-
position of tissue fragment tissue torn open by 
the steam expansion, leaving behind an ablation 
crater with lateral tissue damage. Ablation by 
vaporization is purely thermomechanical, aka 
thermal ablation or photothermal ablation. 
Lateral damage can spread due to thermal diffu-
sion from the ablation site by blood vessels. 
Further increase in temperature only proceeds 
after all water molecules have been vaporized.

Carbonization occurs when temperatures exceed 
150 °C. Carbonization takes place which is observed 
by the blackening of adjacent tissue and the escape 
of smoke. Carbonization produces tissue chars 
where all tissue organic constituents are converted 
into carbon. Blackening in color reduces visibility 

during surgery. No benefit leads to irreparable dam-
age of tissue. Carbonization can be avoided by cool-
ing the tissue with either water or gas.

Melting can occur when tissue reaches tem-
perature beyond 300 °C, depending on the target 
material melting point. Local temperature of tis-
sue may reach above its melting point at suffi-
ciently high-power density from a pulse laser.

3.5  Photoablation

Photoablation occurs when sufficient energy is 
applied into tissue to ablate it. This process 
should occur in a very short time before any heat 
can dissipate to surrounding tissue. Photoablation 
was first discovered in 1982 [19]. They identified 
it as ablative photodecomposition, meaning that 
material is decomposed when exposed to high- 
intensity laser irradiation (Fig. 3.5). The ablation 
process is primarily mechanical which includes 
thermoelastic expansion of tissue. Therefore, UV 
lasers generate high-energy photons mostly used 
for photoablation.

Photoablation typically has a threshold value 
of 107–108 W/cm2 at laser pulse durations in the 
nanosecond range. The pulse energy determines 
the ablation depth up to a certain saturation limit. 
The beam size of the laser determines the geom-
etry of the ablation pattern. The main advantages 
of this ablation technique lie in the precision of 
the etching process, its excellent predictability, 
and no thermal damage to adjacent tissue.

3.6  Plasma-Induced Ablation

Plasma-induced ablation involves exposure to 
optical energy concentrated in space and time 
with a power density of at least 1011 W/cm2. High 
electric field of 107 V/cm experienced by tissue 

Table 3.1 Thermal effects of laser radiation on biologi-
cal tissues

Temperature (°C) Biological effect
37 Normal
45 Hyperthermia
50 Cell immobility
60 Coagulation
100 Vaporization
>150 Carbonization
>300 Melting

UV
Absorption

Promotion
to repulsive

excited
states

Dissociation
Ejection of
fragments

Ablation

Fig. 3.5 Summary of the principle of photoablation
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causes dielectric breakdown (or optical break-
down), creating a very large free electron density 
(plasma, or ionization of the target medium) of 
~1018 cm−3 in the focal volume of the laser beam 
over an extremely short time period (<100’s ps). 
High-density plasma strongly absorbs UV, visi-
ble, and IR light, leading to ablation (spatially 
localized to the breakdown region). Ablation is 
primarily caused by plasma ionization. Plasma- 
induced ablation can achieve very clean and 
well-defined removal of tissue without evidence 
of thermal or mechanical damage [20]. The most 
critical parameter of plasma-induced ablation is 
the local electric field strength E which deter-
mines the optical breakdown generation. If E 
exceeds a specific threshold value, breakdown 
occurs. The physical principles of breakdown 
have been investigated in several theoretical stud-
ies [21–24].

The initiation of plasma generation can be 
divided into twofold [25]. Either mode-locked 
laser or Q-switched laser pulses can induce a 
localized microplasma. In mode-locked pulses, 
the high electric field may induce multiphoton 
ionization. In Q-switched pulses, it starts with the 
generation of free electrons by thermionic emis-
sion which releases electrons due to thermal ion-
ization. In general, multiphoton ionization 
denotes processes in which coherent absorption 
of several photons provides the energy needed for 
ionization. Multiphoton ionization is achievable 
only during high peak intensities as in picosec-
ond or femtosecond laser pulses. Plasma energies 
and plasma temperatures, though, are usually 
higher in Q-switched laser pulses because of the 
associated increase in threshold energy of plasma 
formation. Thus, nonionizing side effects often 
accompany optical breakdown by nanosecond 
pulses.

The critical feature of optical breakdown is 
that energy deposition is possible in both pig-
mented tissues and nominally weakly absorbing 
media due to the increased absorption coefficient 
of the induced plasma. Furthermore, there is no 
restriction on the photon energy since any amount 
of energy can be absorbed to increase the kinetic 
energy of electrons. This leads to a very short rise 

time of the free electron plasma density of the 
order of ps. The irradiance must be intense 
enough to cause rapid ionization so that losses do 
not quench the electron avalanche condition for 
plasma growth and sustainment.

The interaction type of plasma-induced abla-
tion can also be used for diagnostic purposes 
(LIBS). Laser-induced breakdown spectroscopy 
(LIBS) is a spectroscopic analysis of the induced 
plasma spark that allows evaluating the free elec-
tron density and plasma temperature in detail, 
and hence the information about tissue types [26] 
and conditions [27] can be obtained.

3.7  Photodisruption

Photodisruption is a mechanical effect resulting 
from high-intensity irradiation which produces 
plasma formation due to the ionization (optical 
breakdown) of biological tissue. High-energy 
plasma generates shock waves and other mechan-
ical side effects which disrupt tissue structure by 
mechanical impact (photomechanical effect). 
When a laser is focused inside soft tissues or flu-
ids, cavitation (produced by cavitation bubbles 
consisting of gaseous vapor and CO2) and jet for-
mation may also take place. Unlike plasma- 
induced ablation, shock waves and cavitation 
effects spread into adjacent tissues (limited local-
izability of the interaction zone). Dependence of 
optical breakdown on laser pulse width is evi-
dent. At nanosecond pulses, shock wave forma-
tion and its effect will dominate over 
plasma-induced ablation. At shorter pulses, both 
photodisruption and plasma-induced ablation 
may occur (difficult to distinguish between 
them). In general, photodisruption can be 
regarded as a multi-cause mechanical effect start-
ing with an optical breakdown. The primary 
mechanisms of photodisruption are shock wave 
generation, cavitation, and jet formation. Plasma 
formation occurs during the laser pulse and lasts 
for a few nanoseconds. In this time, free electrons 
diffuse into the surrounding medium expansion 
of plasma. Shock wave generation results from 
plasma expansion and is therefore initiated dur-
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ing plasma formation. After that, the shock wave 
propagates into adjacent tissue, leaving the focal 
volume, and slowed down to an ordinary acoustic 
wave after 30–50  ns. Cavitation starts roughly 
50–150  ns after the laser pulse. The cavitation 
bubble usually performs several oscillations of 
expansion and collapses within a period of a few 
100 ms. Every collapse of the bubble can also 
induce a jet formation if the bubble generation 
occurs in the vicinity of a solid boundary.

Shock wave generation occurs when there is a 
sudden adiabatic rise in plasma temperature to 
values of up to a few 10,000 K. This temperature 
is due to the high kinetic energy of free elec-
trons. The energetic free electrons are not con-
fined to the focal volume of the laser beam but 
diffuse into the surrounding medium instead. 
After a certain time delay, mass is moved and 
generates a shock wave. The shock wave ulti-
mately separates from the boundary of the 
plasma. The shock wave initially moves at 
hypersonic speed but eventually slows down to 
the speed of sound.

Cavitation occurs if laser generates plasmas 
inside soft tissues or fluids. The high plasma 
temperature vaporizes the focal volume. Work is 
applied against the external pressure of the sur-
rounding medium, and kinetic energy is being 
stored as potential energy in the expanded cavi-
tation bubble. Within 1 ms, the bubble implodes 
as a result of the external static pressure, and the 
bubble content (water vapor and carbon oxides) 
is strongly compressed. Pressure and tempera-
ture rise again to a value achieved during optical 
breakdown leading to a rebound of the bubble. 
A second transient occurs, and the whole 
sequence repeats a few times until it dissipates 
all energy and surrounding fluids absorb all 
gases.

Jet formation occurs when cavitation bubbles 
collapse in the vicinity of a solid boundary. The 
impingement of the high-speed liquid on the wall 
can lead to severe damage and erosion of solids. 
If the bubble is in direct contact with the solid 
boundary during its collapse, the jet can cause a 
high impact pressure against the wall bubbles 
attached to solids that have the most massive 

damage potential. Jet velocities can be up to 
156  m/s with a corresponding water hammer 
pressure of ~2 kbar (standard atmospheric pres-
sure ~1  bar) [28]. A counter-jet, which points 
away from the solid boundary, is formed when 
the distance between the cavitation bubble and 
solid boundary is too small.

3.8  Conclusion

Laser–tissue interaction is a fundamental knowl-
edge to have when using a laser in medical appli-
cations. This knowledge is crucial for further 
development of laser system in medicine. 
Furthermore, better knowledge of the tissue opti-
cal properties will enable accurately determined 
destruction of diseased tissue and its treatment in 
the future.
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Abstract

Oral mucositis (OM) is one of the most 
impacting oral complications negatively 
affecting the quality of life of cancer patients 
being treated with high-dose chemotherapy 
and radiation of the head and neck. It is an 
acute adverse effect that can be devastating 
and could affect cancer prognosis. Prevention 
and management strategies have not been suc-
cessful. Photobiomodulation is a form of light 
therapy delivered to human tissues by lasers, 
light-emitting diodes, and even broadband 
light. It interferes in the way human cells 
repair tissues in a nonthermal and nonionizing 
fashion. There is mounting evidence that pho-
tobiomodulation (PBM or low-level laser 
therapy) can be effective in preventing OM 
and/or reducing the severity of this important 

complication. This chapter describes current 
modeling of the pathobiology and clinical 
characteristics of OM, the burden on the can-
cer patient, and the use of PBM as a preventa-
tive and/or therapeutic management of this 
oral complication.

Keywords

Oral mucositis · Photobiomodulation · Laser 
therapy · Low-level laser therapy · Oral 
complications of cancer therapy

4.1  Introduction

Advances in cancer therapy have changed the 
way cancer patients are treated. In many 
instances, depending on the staging a malignancy 
is detected, oncologists aim to cure. Clinically, 
this means the use of aggressive and multiple 
chemotherapeutic agents and/or radiation ther-
apy. To achieve cure, cytotoxic regimens are 
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being used at the price of severe adverse events 
for the cancer patient. These adverse side effects 
can develop in clusters making quality of life 
miserable. The burden to the patient can be so 
severe that oncologists must alter therapy proto-
cols to levels that can be tolerated by the patient. 
The negative result can be a change in the prog-
nosis. One of the most severe adverse event of 
cancer therapies is oral mucositis (OM).

Photobiomodulation (PBM) is defined as the 
use of various forms of light delivery to help 
accelerate tissue healing. This can be achieved by 
using low-level lasers, light-emitting diodes, and 
broadband light. Shining light in tissues that need 
repair leads to changes in the absorption of light 
by tissue chromophores, a process that is non-
thermal and nonionizing and that elicits photo-
chemical and photophysical effects that stimulate 
tissue repair [1, 2].

In this chapter, we briefly discuss how 
researchers and clinicians combine the use of 
PBM to prevent, manage, and treat oral mucosi-
tis. We explain what OM is, the current pathobio-
logical modeling that explains the molecular 
basis of this process, and then how PBM can alter 
the mechanisms that lead to OM formation. 
Furthermore, we discuss the current science that 
supports the use of PBM to prevent and treat this 
important complication of cancer therapies. In 
addition, we address a recent concern that the use 
of PBM in cancer patients could stimulate cancer 
cells and promote cancer resistance.

4.2  Oral Mucositis

Alimentary mucositis is a general term that 
describes this complication affecting the entire 
gastrointestinal system. Oral mucositis (OM) 
refers to this adverse event occurring solely in the 
oral mucosa. It is one of the most important and 
damaging oral complications of cancer therapies 
[3, 4]. Risk factors are associated with patient 
characteristics such as genetic polymorphisms, 
age, oral health, and smoking [5]. The severity of 
OM varies depending on the type of therapy 
being used, including radiation of the head and 
neck and high-dose chemotherapy, associated or 

not with radiation. The complication can start 
insidiously presenting clinically as erythema but 
progressing to become ulcerated. OM affects 
more often nonkeratinized areas of the oral 
mucosa and can develop in several anatomic sites 
depending on the severity. The ulcerative form 
can bleed easily and can be covered by a layer of 
necrotic cells and fibrin characterized clinically 
as a white pseudomembrane [6]. Common signs 
and symptoms include pain and discomfort at 
rest, when eating, and when swallowing; burning 
sensation; difficulty swallowing or talking; and 
bleeding from the ulcerated areas. These signs 
and symptoms can significantly alter patient 
quality of life [7].

There are several scoring criteria for oral 
mucositis. The scale proposed by the World 
Health Organization (WHO) is one of the most 
used. It goes from grades 0 to 4 and is based on 
both clinical and functional features (Table 4.1, 
Fig. 4.1).

The prevention and management of OM is an 
unresolved issue. With the development of cyto-
toxic cancer treatment protocols that usually 
combine different agents such as high-dose che-
motherapy and radiation of the head and neck, 
the risk of OM grades 3 and 4 has increased, 
altering the patient’s quality of life and the tumor 
prognosis. Several remedies have been suggested 
over the years without observed efficacy and sci-
entific support. So far, the only approved inter-
vention for OM is palifermin (Kepivance®) [8]. 
This therapy is expensive, and its use is aimed at 
only a small number of patients in the cancer 
populations at risk.

Clinicians have relied on clinical experience 
and observations about the development of OM 
depending on the type of therapy. One hundred 

Table 4.1 WHO oral mucositis scoring criteria

0 = Normal
1 = Soreness with or without erythema; no ulceration
2 =  Ulceration and erythema; patient can swallow a 

solid diet
3 =  Ulceration and erythema; patient cannot swallow a 

solid diet
4 =  Severe ulceration and erythema; alimentation not 

possible
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percent of patients treated with ionizing radiation 
of the head and neck will develop some degree of 
OM.  The ulcers may prevent eating and affect 
swallowing and speech [9].

The current pathobiology modeling of OM 
and the discovery of various molecular pathways 
involved on the formation of this adverse reaction 
have opened the opportunity for the exploration 
of new ways to prevent and treat this important 
complication of cancer therapy [3, 10, 11]. The 
pathobiology of mucositis has been described to 
occur in five distinct stages. The initial stage 
starts with a direct injury to DNA by radiation 
and chemotherapy resulting in clonogenic basal 
epithelial cell death. Of importance is the forma-
tion of reactive oxygen species (ROS). This pro-
cess in combination with the toxicity of 
chemotherapy and radiation trigger biological 
events such as the activation of NF-ƙB, Wnt, p53, 
and their associated pathways. The next stage of 
the process is the signaling and amplification in 
which the activation of NF-ƙB and sphingomye-
linases by ROS and radiation leads to the produc-
tion of pro-inflammatory cytokines such as 
TNF-α that will activate more NF-ƙB and sphin-
gomyelinases leading to tissue injury and cell 
death. NF-ƙB can stimulate the upregulation of 
genes that can cause a second phase of tissue 
damage. Pro-inflammatory cytokines TBF-α and 
interleukins can lead to the amplification of the 
tissue injury and cell apoptosis. At this stage, tis-

sue damage overcomes epithelial healing result-
ing in tissue ulceration. Ulcers become colonized 
by oral cavity bacteria. The breakdown of bacte-
rial cell wall allows for cytotoxic products to pen-
etrate into the submucosa. This process will 
stimulate macrophages to produce even more 
pro-inflammatory cytokines and further augment 
tissue damage [6, 12–15].

In patients being treated with chemotherapy, 
the OM process is acute. It develops in the first 
few days of therapy and will start healing in about 
2–3 weeks when the toxic effects of chemother-
apy start to ware off. In patients treated with radi-
ation therapy, the damage is cumulative. The 
treatment is delivered daily, 5 days a week, and 
can last for up to 7 weeks. This causes the oral 
mucosal damage to prolong up to the end of ther-
apy and longer. These variations in the type of 
therapy have to be considered by clinicians when 
talking about prevention and treatment of 
OM. There are several suggestions in the litera-
ture on how to manage OM. However, they are 
not supported by solid evidence. In 1994, the 
mucositis study group of the Multinational 
Association of Supportive Care in Cancer and the 
International Society of Oral Oncology devel-
oped the first evidence-based guidelines [4]. 
These guidelines reported measures that were 
recommended and those that were only sugges-
tions, due to the lack of solid scientific evidence. 
One of the recommendations for the prevention 

a b

Fig. 4.1 Oral mucositis. (a) A patient being treated with 
high-dose chemotherapy developed oral mucositis on the 
labial mucosa. (b) A patient with head and neck cancer 

treated with radiation developed oral mucositis on the lat-
eral and ventral tongue
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and management of OM included patient educa-
tion, basic oral care, and palliative care [4, 16, 
17]. Whereas initially the use of lasers only 
received a suggestion level of evidence, a large 
body of publications became available in the lit-
erature, suggesting that lasers and LED could 
have a positive impact on both the prevention and 
management of the complication. A systematic 
review confirmed that the use of lasers and other 
forms of light in oral mucositis confirmed that 
there was sufficient evidence to support the use 
of the technology in the prevention and treatment 
of oral mucositis [18]. The MASCC/ISOO muco-
sitis guidelines were recently updated and 
included the use of lasers as one recommendation 
at a level II evidence [19, 20].

There are still a number of unanswered ques-
tions regarding the science behind the effect of 
light over tissues. In spite of the large number of 
studies in the literature, the variety of devices, 
parameters of light delivery, and protocols used 
in the treatment of patients, additional evidence 
is needed in order to determine ideal protocols 
[2]. One must also consider that available studies 
are from individual centers and that multicenter 
controlled studies are not yet available.

4.2.1  Photobiomodulation (PBM) 
and Oral Mucositis

Photobiomodulation can be achieved with the use 
of different forms of light: low-level laser therapy 
(LLLT), light-emitting diodes (LED), and white 
light. In the following, we address two basic and 
important questions related to the use of PBM in 
OM in cancer patients:

 1. What are the ideal parameters used in 
PBM and by what mechanisms can it influ-
ence the complex pathobiological mecha-
nism of OM preventing its appearance or 
decreasing its severity?

As discussed above, OM is a complex pro-
cess that starts within tissues following the 
use of high-dose chemotherapy and/or radia-
tion therapy of the head and neck. It is an early 

process that initiates when cancer treatment 
commences and is already in development 
before changes can be seen on the oral muco-
sal tissues by clinical examination. Thus, pre-
ventative measures must start earlier in the 
process, most likely when tissue aggression 
also starts.

PBM involves the use of red and near- 
infrared light with the goal of stimulating 
healing, relieving pain, and reducing inflam-
mation [21]. It also triggers an immune 
response. The interaction of tissues and light 
is dependent on the light absorption by tissue 
chromophores. The primary chromophores in 
this process have been identified as cyto-
chrome c oxidase in mitochondria, and cal-
cium ion channels [22]. PBM is the result of 
this process [22]. This change in cell metabo-
lism has been recently confirmed [23]. The 
current hypothesis explaining how light 
increases cytochrome c oxidase activity is that 
nitric oxide can be photodissociated by the 
absorption of a photon of red light, leading to 
increased rates of respiration inside of cells 
and ATP production, improving healing con-
ditions [24]. This mechanism is activated by 
PBM resulting in anti-inflammatory effects, 
justifying the use of light to treat OM [21].

Considering that PBM can stimulate heal-
ing and the fact that the type of light, the 
amount of energy density, the wavelength 
used, and the time of light are applied to the 
tissues, one must determine what the ideal 
protocol to deliver PBM is. The number of 
publications in this field continues to grow. 
However, a variety of devices, parameters, 
and protocols of light delivery are being 
reported. Studies are done in individual insti-
tutions, are not controlled, and, therefore, are 
passive of flaws. Currently, there is a lack of 
multicenter studies [18, 25].

The current protocol recommended in the 
MASCC/ISOO mucositis guidelines was pub-
lished recently, and it was based on a random-
ized controlled study done in Seattle at the 
Seattle Cancer Care Alliance (Fred Hutchinson 
Cancer Research Center) [19, 20].
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The recommendation by the panel of experts is for 
the use of low-level laser therapy (wavelength 
650 nm, power at 40 mW, and each square centi-
meter of tissue treated with the required time to 
reach the energy dose of 2 J/cm2), to prevent OM in 
patients receiving hematopoietic stem cell trans-
plant (HSCT) conditioned with high-dose chemo-
therapy with or without total body irradiation.

In preventive protocols, the technique to 
apply the light is by lightly touching the tip of 
the probe on the areas were OM develops with 
more frequency. The probe covers point by 
point during the time determined to be ideal 
for the case, until the entire desired area has 
been illuminated. When mucositis has devel-
oped, the technique is the same, but now only 
the ulcerated areas and the surrounding tissues 
are illuminated (Fig. 4.2).

In addition, based on weaker evidence sup-
porting effectiveness in the treatment setting 
listed above, the panel of experts suggests:

The use of low-level laser therapy (wavelength 
around 632.8 nm) to prevent OM in patients under-
going radiation therapy without concomitant che-
motherapy, for head and neck cancer patients.

It is important to keep in mind that the 
mucositis guidelines of MASCC/ISOO are 
evidence-based and that recommendation for 
use of a therapy for either prevention or treat-
ment of OM is based on studies that are flaw-
less and have a high level of evidence [19].

Since these guidelines became available, a 
large number of studies have been published 

supporting the evidence that light therapy can 
be beneficial in the prevention and treatment 
of OM in cancer patients receiving a variety of 
therapies in different populations both in 
adults and in pediatric patients [20, 25–34]. 
However, determining the ideal parameters is 
still a key question. It appears that both laser 
light and light-emitting diodes (LEDs) have 
similar effects on tissues and OM. However, 
using the correct parameters will improve the 
efficacy of the technology and the outcomes 
of therapy.

In view of the variety of parameters 
reported in various studies in the literature, a 
comprehensive list of parameters and their 
explanation have been suggested to help 
researchers when they design studies and 
report their results [35, 36]. This will allow for 
a better standardization of protocols and repli-
cation of results.

 2. If PBM is so robust to alter the complex 
inflammatory process involved in the for-
mation of OM and stimulate healing of cells 
and tissues, could it also stimulate cancer 
cells present in areas where PBM is applied 
and promote tumor protection?

PBM use to prevent and treat OM has been 
widely used in countries around the world. 
The only protective requirement when using 
PBM is eye protection. This barrier is pro-
vided by the manufacturers of PBM units by 
means of special eyewear that filters the spe-
cific wavelength being used. No other adverse 

Fig. 4.2 A breast cancer patient receiving preventive application of laser
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effects have been reported in years of use of 
this technology. PBM is not ionizing and, 
therefore, does not have the capacity to cause 
DNA damage. It also does not produce heat 
[2]. A recent concern was raised based on the 
protective effects this technology has on oral 
tissue and its capacity to stimulate cells. It has 
been asked whether the robust effect of PBM 
on tissues and cell could promote tumor pro-
tection or stimulate malignant cells to form a 
new tumor [37].

PBM technology has been used for several 
decades, and still there have been no reports 
that the technology has affected malignancy. 
The prevention and treatment of OM have 
been extensively discussed in the literature as 
demonstrated in this chapter. Medical oncolo-
gists work together with oral oncologists and 
support the use of PBM in their patients. In 
recent years, the side effect of medications has 
been growing to alarming rates, and antibiotic 
resistance is a current problem. In addition to 
the use of PBM in the oral cavity, oncologists 
are also using this technology in cancer 
patients. For example, PBM is used in breast 
cancer patients to manage secondary lymph-
edema [38].

Nevertheless, no matter how the question 
about potential activation of malignant cell by 
PBM is evaluated, a strong scientific support 
has yet to be produced. Clinicians are advised 
not to use PBM in areas where visible malig-
nancy can be seen. With the objective of pro-
viding evidence in this area, researchers have 
looked into existing literature. A retrospective 
study of head and neck cancer patients treated 
with radiation therapy and also with PBM to 
prevent oral mucositis evaluated the safety of 
the use of this technology in 152 patients with 
stages III and IV squamous cell carcinomas 
(OSCC). Clinicopathological features and 
survival outcomes were similar to previously 
published data. There was no evidence that 
PBM negatively impacted outcome of treat-
ment of the primary cancer, recurrence, sec-
ond cancers, or survival of the primary index 
OSCC [39]. A prospective study is underway.

4.2.2  New Beneficial Evidence

 – A recent study suggested that PBM can posi-
tively impact on the long-term survival of can-
cer patient receiving concurrent 
chemoradiation. This is the first evidence of 
this benefit that will need to be further evalu-
ated when additional long-term studies are 
conducted [39].

 – The cost-effectiveness of associating the use 
of PBM with specialized oral care in patients 
treated with hematopoietic stem cell trans-
plantation (HSCT) has been evaluated. The 
use of this protocol in the study group demon-
strated a decreased in OM severity. Less sever-
ity was associated with the less need for 
parenteral nutrition, prescription of opioids, 
pain in the oral cavity, and fever. On the con-
trary, the non-PBM group had an increase in 
the hospitalization costs of about 30% higher. 
Thus, it appears that when OM is less severe, 
it also helps to minimize hospitalization costs 
associated with HSCT [40].

 – The use of PBM associated with specialized 
oral care before, during, and after HSCT has 
also been shown to improve quality of life of 
HSCT patients [41].

The increase in research in the field of PBM 
and its applications in the prevention and treat-
ment of OM requires a close monitoring of the 
literature for new advances. Building a stronger 
scientific support for the use of this technology in 
cancer patients is of great importance.
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Abstract

In this chapter, we introduce the fundamentals 
of photodynamic reactions and applications 
for the treatment of oral-facial lesions, and 
microbiological control are presented.
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5.1  Introduction

Photodynamic reaction is a process that involves 
the interaction between light and a photosensi-
tizer (PS) in a biological environment. Currently, 
this modality has been applied as a local treat-
ment for cancer and also for infections caused by 
bacteria, fungi, or virus [1]. The first biological 
photodynamic action was reported by Oscar 
Raab in 1900, when he observed that the toxicity 
of acridine hydrochloride against Paramecium 
caudatum was dependent on the amount of light, 
thus publishing the first article on photodynamic 
effects of chemical compounds [2].

Later, the first clinical applications of the tech-
nique with the use of eosin as PS and light were 
applied for the treatment of lupus vulgaris, syphi-
lis, psoriasis, and superficial skin cancer [3]. 
Although in all these potential findings, around 
1928 with the emergence of antibiotics age, the 

further development and investigation of the 
inactivation photodynamic effect were signifi-
cantly decreased [4].

The photodynamic action occurs when the PS 
in its fundamental state (S0) is excited by light 
with a well-suited wavelength to an electronic 
excited state and, later, through an intercrossing 
system process, to a triplet excited state (T1). After 
that, there are two possible reactions, type I reac-
tion (via free radical formation) and type II (via 
singlet oxygen formation), depending on the PS 
characteristics. The photodynamic reactions and 
the biological targets are summarized in Fig. 5.1.

In the type I reaction, the PS excited can inter-
act with the biological substrate (BS) transferring 
electrons or deducting a hydrogen atom, as the 
Eqs. (5.1) and (5.2), while, in the type II reaction, 
the PS excited can react with molecular oxygen 
(³O2) producing the singlet oxygen (1O2 ) that is a 
reactive oxygen species, according to the Eq. (5.3):

Light Photosensitizer

Cancer Cells Bacteria Fungi Virus

PHOTODYNAMIC REACTIONS

Type I → Free Radicals

Type II → Singlet Oxygen

NH

HN

N

N

HO2C CO2H

Fig. 5.1 Photodynamic 
reactions promoted by 
the interaction of the 
light and the 
photosensitizer. The 
main application targets 
are cancer cells, 
bacteria, fungi, and 
virus. The death 
mechanisms can be 
activated by free radicals 
(type I reaction) or 
singlet oxygen 
formation (type II 
reaction)
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 T SBH HS SBH1 2 0+ → +  (5.1)

 T SB S SB1 0+ → + −

 (5.2)

 T O S O1
3

2 0
1

2+ → +  (5.3)

These reactions result in toxic products 
responsible for the biological target’s damage, 
and it is highly unlikely that microorganisms and 
cells acquire resistance to the treatment, which is 
a significant advantage when compared to the 
antibiotics mechanisms.

When the photodynamic reactions are used to 
treat cancer, the technique is known as 
 photodynamic therapy (PDT). PDT is also used in 
non-oncological lesions as in wet age-related 
macular degeneration, acne, psoriasis, and athero-
sclerosis [5–7]. Depending on the PS localization, 
the cell death in PDT can be caused by necrosis 
when the PS is mainly located in the plasma 
membrane, by apoptosis if it is localized in the 
mitochondria or lysosomes, and by autophagia if 
it is held in the endoplasmic reticulum [8].

PDT allows a localized treatment since the 
PSs accumulate preferentially in the target cells, 
and it is possible to perform local irradiation [9, 
10]. This selectivity is another significant advan-
tage when PDT is compared to the other cancer 
treatments, once it can preserve healthy cells and 
tissues. The main disadvantage of PDT is the lim-

ited light penetration, which results in a limited 
tumor necrosis. This technique can only be used 
for superficial tumors; in bulky tumors, as of 
head and neck cancers (HNC), the combination 
of PDT with surgery and radiation therapy, or 
multiple sessions, is usually needed. Other 
related disadvantages are pain during the irradia-
tion procedure mainly only using the topical 
PDT, and with the systemic PDT, the skin photo-
sensitivity can last for weeks or months. 
Nevertheless, analgesics and anti-inflammatory 
can be prescribed by the physician based on 
patient needs; there is no reported evidence of 
adverse effects of PDT in combination with these 
drugs.

The light source for the irradiation is chosen 
depending on the region to be treated. For inter-
nal organs, the irradiation is mainly applied by a 
laser with optical fiber to achieve the desired 
location. In contrast, to perform an external treat-
ment is possible to irradiate using laser or light-
emitting diode (LED) systems [11, 12]. The 
typical light parameters range from 80 to 
200 mW/cm2 with total delivered dose from 80 to 
150 J/cm2. Hence the irradiation takes from 10 to 
30 min to be completed. Figure 5.2 shows exam-
ples of light sources for treatment by photody-
namic reactions. For superficial basal cell 
carcinoma (BCC) lesions, some groups have pre-

a b c

Fig. 5.2 Examples of light sources application for PS activation: (a) diode laser coupled to an optical fiber for cancer 
treatment; (b) red LED device for cancer treatment; (c) blue LED device for oral cavity decontamination
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sented sunlight as an alternative PDT light source. 
The procedure using the sun as a light source is 
known as daylight PDT and has been used in 
numerous studies [13–16]. But here, consider-
ation must be performed, since the dosimetry 
cannot be well-controlled, due to high variability 
associated with the meteorological conditions.

As PDT is based on simple concepts, it could 
be used in any type of well-oxygenated lesion for 
which it is possible to deliver PS and light. 
However, in practice, it is not that simple. Due to 
the limitation imposed by light penetration, dark 
lesions, such as melanoma or pigmented basal 
cell carcinoma, are not adequate for PDT. Also, 
bulky or internal tumors are challenges for suffi-
cient and uniform irradiation. For a useful treat-
ment with PDT, it is essential to afford enough 
amounts of light and drug, ensuring precise 
dosimetry for each application [17].

5.2  Photodynamic Therapy 
in Facial Lesions

The main malignant lesions in the facial skin are 
superficial and nodular basal cell carcinoma 
(BCC) and squamous cell carcinoma (SCC), 
whereas the primary nonmalignant lesions are 
actinic cheilitis, psoriasis, actinic and seborrheic 
keratosis, Bowen’s disease (squamous cell carci-
noma in situ), and sebaceous hyperplasia. PDT 
can be applied as an alternative to the traditional 
treatments to all these facial lesions, with the 
advantages of having better cosmetic results in 
comparison with surgery, for example. The pho-
tosensitizer can be applied intravenously or topi-
cally. The systemic delivery of the PS is 
recommended for more aggressive types of can-
cer or internal diseases. Beil et al. reviewed rele-
vant results of PDT using systemic PS delivery to 
PDT treatment of head and neck cancers (HNC), 
though there is a significant side effect of the sys-
temic application, the prolonged photosensitivity, 
during weeks depending on the PS.

When the PS is topically applied, we call it topi-
cal PDT. The most used prodrugs for topical PDT 
are 5-aminolevulinic acid (ALA) and methyl ami-
nolevulinate (MAL). ALA is a precursor in the bio-
synthesis of the endogenous protoporphyrin IX 

(PpIX). Due to metabolic changes in altered cells, 
they present the behavior to produce more PpIX 
and have a different pharmacokinetics time of its 
elimination. The steps of PpIX formation after top-
ical cream application are summarized in Fig. 5.3. 
After the cream application, the prodrug molecule 
(e.g., ALA) reaches the mitochondria, where the 
PpIX is synthesized and thus converted into heme 
to produce hemoglobin molecules. To avoid 
exceeding heme molecules to be converted back to 
ALA by negative feedback autoregulation, the 
ALA vehicle cream contains ferrochelatase inhibi-
tors (such as ethylenediaminetetraacetic acid, 
EDTA) to interrupt heme formation at PpIX step 
and allow PpIX accumulation in cells. Abnormal 
cells show characteristics that interfere with the 
clearance of the accumulated PpIX. Thus, although 
the mechanisms are not clearly elucidated, it is 
observed that those cells usually take much longer 
time to completely clear the extra PpIX molecules 
when compared to normal cells [18].

Topical PDT is a simple procedure, it can be 
performed in an ambulatory setting, and after the 
treatment, the patient receives instructions related 
to pain control and post-procedure care.

The BCC is considered a nonmetastatic type of 
cancer. It is the most incident non-melanoma skin 
cancer, affecting mainly the head and neck regions 
[19, 20]. The surgical procedure is the standard 
protocol applied, though there are elder patients 
with comorbidities that prevent the surgery or 
even cases that the removal can compromise ana-
tomic structures. Regarding a better cosmetic out-
come and less invasive treatment, PDT has been 
widely applied in non- melanoma skin cancer 
treatment [21, 22], including BCC [23, 24] with 
similar success to the surgery. When the BCC 
lesion is less than 2 mm in thickness, the topical 
PDT is preferred. Figure  5.4 presents a BCC 
lesion treated with systemic PS (Photogem—
hematoporphyrin derivative) administration; also 
its follow-up is 30 and 180 days after PDT.

For squamous cell carcinoma, PDT can be 
indicated but only using the systemic photosensi-
tizer administration. This is a more invasive can-
cer and requires a higher PDT dose to be treated. 
The planning of the PDT irradiation must con-
sider the tumor site, thickness, and optical prop-
erties, mainly absorbance.
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Fig. 5.3 PpIX accumulation after ALA cream topical application

a b c

Fig. 5.4 BCC lesion: (a) before the PDT treatment; (b) 30 days after the treatment with the presence of necrotic tissue; 
(c) 180 days after the treatment
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Cutaneous melanoma is not a current indica-
tion for PDT, due to its high visible light absor-
bance. The PDT is inefficient to this pigmented 
lesion since the light will be absorbed in the first 
cell layers, resulting in reduced light penetration 
and no PDT response in depth. Another issue is 
because melanoma is highly invasive, and PDT 
has no effect at a distance, i.e., no photodynamic 
response will occur away from the irradiated 
tissue.

In the literature, several studies can be found 
showing the success of PDT in the treatment of 
nonmalignant lesions as actinic cheilitis [14, 25–
28], psoriasis [6, 29], actinic and seborrheic kera-
tosis [13, 30, 31], Bowen’s disease [32–34], 
sebaceous hyperplasia [35, 36].

When a patient with facial lesion is referred to 
be treated with topical PDT, the lesion is usually 
scarified, to remove crusts and a particular layer of 

stratum corneum, allowing a better permeation and 
penetration of both cream and light. The cream 
containing the PpIX precursor is then applied on 
the lesion as a layer about 1  mm thick, and an 
occlusive bandage is placed on the lesion to keep 
the cream in place and to avoid undesired light 
exposure during the drug-light interval. After about 
3  h, the bandage is removed, and the lesion is 
cleaned with gauze and is ready to receive irradia-
tion. Figure 5.5 shows the steps of a typical clinical 
PDT procedure for skin cancer using topical medi-
cation. The lesion morphology with the white light 
image, followed by the widefield fluorescence 
images before the cream application (endogenous 
fluorescence), after 3 h of incubation (the red color 
corresponds to the PpIX fluorescence), and after 
the irradiation (PpIX consumption). White light 
images also represent the appearance of the treated 
region 7 and 30 h after PDT.

Localized PpIX formation

Cell dying

Healing process

7 days after PDT
After irradiation

After ALA
incubation time

Endogenous
fluorescence

Lesion 30 days after PDT

Fig. 5.5 Summary of a facial lesion treated with topical PS application
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5.3  Photodynamic Therapy 
of Head and Neck Cancers

HNC consists in an anatomically and histopatho-
logically diverse group of malignancies located 
in about 35 different sites of the region but mainly 
in the lips, mouth, pharynx, larynx, salivary 
glands, paranasal sinuses, and skin of the head 
and neck [37]. Their treatment is a clinical chal-
lenge since it affects important structures, such as 
vital nerves, vessels and tracks, and the ones 
essential for basic sensations. Additionally, the 
overall survival rates have remained unchanged 
for many decades, and significant increases in it 
have been achieved only recently. In the United 
States, 5-year survival increased from 54.7% in 
1992–1996 to 65.9% in 2002–2006 [38, 39].

Standard treatments include surgery and 
chemoradiotherapy. Surgical resection is still 
controversial, with opinions divided between a 
conservative and observative approach and a tra-
ditional one, in which large margins are employed 
to try to prevent recurrences [40, 41]. On the con-
trary, radiation exposure in the tissues surround-
ing the tumor due to radiotherapy results in 
short- and long-term consequences such as xero-
stomia, mucositis, taste loss, radiation caries, 
trismus, dental decay, dysphagia, and, occasion-
ally, osteoradionecrosis and the formation of scar 
tissue. However, even in cases that present excel-
lent cure rates, their long-term sequelae substan-
tially and negatively impact the quality of life 
[41]. Additionally, there are cases of recurrence 
after surgery and chemoradiotherapy in which 
the tumor site is not easily accessible [42].

In that context, PDT has emerged as an alter-
native treatment that could improve the quality of 
life of patients, as it protects surrounding tissues 
and results in excellent cosmetic outcomes, as 
well as provides a way to treat inaccessible tumors 
via interstitial PDT with local fibers [42, 43]. In 
the mid-1980s, there were initial clinical trials in 
head and neck tumors restricted to advanced dis-
ease patients with poor prognosis. Still, good 
results in a small number of patients were reported 
[44–49]. Since then, several types of tumors have 
been treated with PDT [50]. PDT for HNC can be 
indicated as a curative treatment, when the lesion 

volume can be entirely irradiated, or as a pallia-
tive technique; in this case, aiming to control or 
decrease the tumor size is indicated in combina-
tion with the radiotherapy and surgery.

There are good reviews on the topic, Civantos 
et al. reported an overall view focusing on clini-
cal application of the past 30 years of PDT expe-
rience in HNC treatment regarding mechanisms 
of action, available data, and historical develop-
ment [50]. Gondivkar et  al. also presented a 
recent review on the subject, focused on proto-
cols, details, and results obtained in 1985–2015, 
covering 26 studies and a total of 988 patients 
[51]. They reported complete response following 
PDT of oral potentially malignant lesions in 27% 
of these studies and 16–100% in HNC patients.

5.3.1  Protocols and Determining 
Factors in the Outcome

Diverse protocols have been used in preclinical 
and clinical trials, comprising wavelengths from 
585 to 660  nm, fluence rates, photosensitizers, 
and incubation times. Light sources reported 
include light-emitting diodes (LEDs), dye lasers, 
and diode lasers, with power densities in the 
interval of 50–500  mW/cm2. Photosensitizers 
(PSs) used in clinical trials varied from hemato-
porphyrin derivatives, Photofrin, aminolevulinic 
acid (ALA), meta-tetra(hydroxyphenyl)chlorin, 
choline e6, Photosan, and Foscan. It could be 
employed in a gel, cream, or emulsion form when 
applied topically, or intralesionally and intrave-
nously. The PS choice is mostly based on regula-
tory agencies approval, cancer type, and site and 
tumor volume, which  correlates to light penetra-
tion required. The PS doses employed and the 
time between application and irradiation vary 
widely, the last one ranging from 24 to 96 h for 
intravenous administrations and 1–5 h for topical 
application [51]. Many parameters in PDT, com-
bined with the intrinsic heterogeneity of tumors, 
limit the comparison and advances in the modal-
ity since it becomes difficult to isolate the depen-
dence of successful outcomes with a variable. 
Some factors that are known to impact the treat-
ment are briefly described next.
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5.3.2  Lesion Size and Appearance

Tumor volume and appearance are crucial fac-
tors for determining PDT results. However, 
most of the studies fail to correlate them with 
treatment outcome. As pointed out by Gondivkar 
et  al., the recurrence differences between the 
results from Selvam et  al., Grant et  al., and 
Jerjes et  al. (0%, 36%, and 19%, respectively) 
suggest that dysplasia, type, volume, and sur-
face of the lesion could impact the effectiveness 
of the therapy [47, 52, 53]. Future investigations 
are needed to determine the influence of these 
factors in PDT.

5.3.3  Dosimetry

As mentioned before, light dose, or fluence 
rate, is one of the leading protocol parameters, 
and it has a significant role in determining the 
success or failure of PDT. Light distribution is 
hugely affected by spatial and temporal diver-
sity in the optical properties of the tissue, which 
impacts the light dose delivered in the tumor 
volume. Therefore, it is known that advances in 
dosimetry lead to better clinical outcomes [50]. 
The total delivered dose is dependent on the 
number of PDT employed. However, its effec-
tiveness also depends on the number of PDT 
sessions. Hosokawa et  al. reported no addi-
tional effect of the second or third PDT com-
pared to a single one, in the treatment of 33 
patients with head and neck squamous cell car-
cinoma [43].

5.3.4  Site

The success of PDT is highly dependent on the 
anatomical tumor site and type. For example, 
subgroup analysis from the study of Karakullukcu 
identified that lesions from the oral tongue and 
floor of mouth have more favorable outcomes 
relative to other oral cavity sites, the oropharynx, 
or the nasal cavity [54]. In 2015, Cerrati et  al. 

reviewed the PDT literature for oral cavity cancer 
comparing it with surgical treatment. They found 
no statistical difference between the groups con-
cerning local control and recurrences [55]. For 
lip squamous cell carcinomas, PDT is also very 
efficient, especially for field cancerization cases, 
in which leukoplakia and erythroplakia compro-
mise large areas of the lip surface [56]. However, 
PDT should not be the single therapeutic modal-
ity of tumors with more than 3 mm of invasion 
depth, as additional treatment of the neck would 
be essential [50].

There is proper evidence that suggests that 
PDT would be an alternative to endoscopic resec-
tion for treating superficial lesions of early-stage 
larynx cancer. A study of Shafirstein et  al. 
reported complete response in 68% of the 29 
patients treated with PDT using HPPH as a PS 
[57]. As mentioned before, it presents the advan-
tage of minimal normal tissue destruction. 
Nevertheless, there are no available data on the 
quality of life of PDT patients compared to con-
ventional approaches [50].

Interstitial PDT (iPDT) is performed for bulky 
tumors or cancer sites thicker than 5 mm. PS is 
given via intravenous or intralesional administra-
tion, and light is delivered using fibers. The main 
advantage of iPDT is the possibility of protecting 
and sparing nerves and essential structures that 
often surround the tumor, preventing severe func-
tional deficiencies caused by surgery and chemo-
radiotherapy. PDT also helps in the preservation 
of elastin and collagen fibers, when compared to 
other treatment modalities, which may reduce the 
risks of thrombosis or rupture of normal arteries 
[38]. It is also a useful option for a palliative mea-
sure and treatment of recurrent tumors [38, 58, 
59]. The main groups investigating iPDT uses are 
from the University College London, who uses 
ultrasound to guide the laser fibers, and a group 
from the Netherlands Cancer Institute, who uses 
computer tomography and magnetic resonance 
imaging-guided catheters and cylindrical diffus-
ers [50].

A summary of the main advantages and disad-
vantages of PDT is presented in Table 5.1.
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5.4  Photodynamic Inactivation

There are many terms in the literature to describe 
photodynamic reactions for microorganism inac-
tivation, such as photodynamic inactivation 
(PDI), antimicrobial photodynamic therapy 
(aPDT), photodynamic antimicrobial chemother-
apy (PACT), photoactivated disinfection (PAD), 
and photodynamic disinfection (PDD) [60–64].

Microorganisms, especially bacteria, have a 
high multiplication rate, and if a mutation occurs 
that assists a single microbe to survive in the 
presence of an antibiotic, it will become pre-
dominant in the microbial population creating a 
drug-resistant strain. With the increase of bacte-
ria resistant to antibiotics stress, there is a need 
for the development of different antimicrobial 
therapies; this is one of the reasons why the 
Raab idea was again a topic of investigation on 
this area [63].

PDI is an alternative for the treatment of dis-
eases caused by antibiotic-resistant pathogens 
and has shown a promising outcome for 
multidrug- resistant infections. There are still no 
reports of the development of microorganism 
resistance to PDI, even after numerous attempts 
at induction by repetition of cycles of this tech-
nique [63]. Further, antibiotics administration 
may cause side effects, commonly gastrointesti-
nal disturbances, in addition to allergies caused 
by penicillins, uptake of tetracyclines into the 
bones and teeth, arthropathies induced by quino-
lones, headache, dizziness, metallic taste, or 

alcohol intolerance with metronidazole [65]. In 
this context, PDI is considered a potential tool to 
renew the treatment of infectious diseases.

The PDI for microorganisms is based on the 
accumulation of photosensitizer (PS) preferen-
tially in the therapeutic target such as bacteria, 
not on the surrounding cells or tissues, and also 
on lower resistance to PDT damage when com-
pared to the mammalian host cells. Such condi-
tion is essential for the subsequent activation of 
low-light fluences (often called “light doses,” 
which is a correlation with the amount of energy 
delivered to the target cells); a toxic effect does 
not occur in host cells [2]. The technique is 
already used clinically as a treatment for various 
infectious diseases, such as skin ulcers, oral 
candidiasis, periodontal diseases, and acne vul-
garis [66–70].

One important disease that can be treated by 
PDI and affects oral cavity is denture stomatitis, 
which is erythematous candidiasis associated 
with the continuous denture use and/or its poor 
hygiene, as well as immunosuppression, mucosal 
trauma, smoking, and others. Commonly denture 
stomatitis is asymptomatic; however, it can be 
painful even and may cause taste changes and 
swallowing difficulty. PDI mediated by 
Photodithazine® and Photogem® as PS is already 
applied to treat denture stomatitis in patients [71–
73]. Alves et al. (2018) inactivated Candida spp. 
using Photodithazine® gel and red light irradia-
tion; the protocol was applied three times a week 
for 15 days (six sessions). Forty-five days after 
the last PDI session, the colony-forming units per 
milliliter (CFU/mL) values were lower than 
found before the treatment [73].

For periodontal diseases, another relevant 
infection that has been already related to bacte-
rial endocarditis, PDI is used with different syn-
thetic dyes, such as methylene blue, toluidine 
blue, porphyrins, chlorines, Photodithazine®, 
and, more recently, curcumin, which is a natural 
PS, and has been applied to avoid collateral 
effects and drug interactions [4, 65]. PDI applica-
tion has a relative advantage on antibiotics 
administration for periodontal diseases, whereas 

Table 5.1 Summary of the main advantages and disad-
vantages of PDT

Advantages Disadvantages
Negligible effect on underlying 
functional structures

Limited penetration 
depth

Excellent cosmetic outcomes Nonspecific tissue 
uptake

Does not have the cumulative 
toxicity

Phototoxicity

Cost-effective Local pain
Increased quality of life after 
treatment

Swelling and edema

5 Photodynamic Reactions for the Treatment of Oral-Facial Lesions and Microbiological Control



54

the high rate of bacterial resistance to most anti-
biotics used in periodontology, the increased 
number of immunosuppressed patients, and also 
the periodontal infections are frequently caused 
by many diverse pathogens which require differ-
ent antibiotics administration enhancing the risks 
of adverse reactions [65].

Photodynamic reactions are also an alternative 
procedure to inactivate pathogenic microbes in 
the oral mucosa and periodontal tissue. The cur-
rent antimicrobial mouthwash for oral hygiene 
has several drawbacks [74]. Further, numerous 
infectious diseases may affect the oral cavity, 
motivating the use of PDI in dentistry. Several 
studies using photosensitizers as mouthwash fol-
lowed by the irradiation of the oral cavity were 
performed, and the inactivation is compared with 
the traditional mouthwash [75–77].

In addition to diseases of the oral cavity, many 
studies applied PDI to treat acne vulgaris and 
other skin infections. Most studies conclude that 
PDI is considered as an effective treatment for 
acne or an auxiliary treatment, especially in 
patients who do not respond to topical therapy 
and oral antibacterials. The most commonly used 
PS to treat acne vulgaris is the aminolevulinic 
acid (ALA) excited by red or blue light, although 
it is possible to use other PS such as indocyanine 
green [68, 78–82].

Still, on head and neck infections, Blanco 
et  al. (2017) proposed PDI with curcumin and 
blue light as an innovative treatment for pharyn-
gotonsillitis, which shares the same challenge as 
other infectious diseases concerning the fight 
against antibiotic-resistant microorganisms. In 
2050, the number of deaths caused by these 
pathogens is expected to reach ten million people 
per year [83].

The approaches here presented play a relevant 
role in offering alternatives for the use of PDI as 
a treatment for head and neck infectious diseases. 
The advantages provided concerning the aes-
thetic results for skin applications are a positive 
aspect and frequently decisive for the patient 
acceptance of the treatment. The ability to pro-
vide therapy with little-to-none side effects is 
also relevant, particularly concerning drug-resis-
tant microorganisms. Thus, these therapies may 
be offered either as the first choice or as support-

ive therapy, or even as a last resource when other 
techniques have failed in providing results.
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Abstract

Dentistry is a field that has been evaluated to 
act beyond the teeth. Treatment of diseases 
such as gingivitis, neuralgia, and others is com-
mon nowadays. The constant demand created 
by the highest life expectations of men and 
women requires constantly changing proce-
dures. Geriatric dentistry is, today, a specialty 
among the general dental activities. This con-
stant evolution is directing dentistry to offer 
patients much more than the conventional cura-
tive procedures, also migrating to rehabilita-
tion and to aesthetic restoration to promote full 
harmonization. Based on modern technologies, 

with special attention to those promoted by 
biophotonics, orofacial rehabilitation and har-
monization is becoming a reality. In this chap-
ter, we describe a collection of procedures and 
technologies that has allowed orofacial biopho-
tonics-based rehabilitation and harmonization 
to become a new specialty for modern dentistry.

Keywords

Laser · LED · Dentistry · Rehabilitation  
Orofacial · Biophotonics

6.1  Introduction

Biophotonics is the use of light in the areas of 
health, for the purposes of the diagnosis, treat-
ment, and maintenance of biological systems. 
Within dentistry, the competence of the dental 
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surgeon is required to prevent, diagnose, treat, 
and preserve patients’ orofacial health. It is part 
of this profession to be up to date with all the 
innovative, scientifically established procedures.

Biophotonics, using different light sources, 
associated or not with other therapies (dermocos-
metics, peelings, kinesiotherapies, etc.) came to 
add and contribute at different levels e.g., from 
the diagnosis of tissues to the treatment and treat-
ment plan itself; the microbiological control of 
infections (e.g., caries, periodontitis, acnes, her-
pes), loss of sensation (paresthesias), loss of motor 
activity (paralyses), acute and chronic pain (photo-
dynamic therapy); photoactivation of biomaterials 
(resin restorative materials and bleaching agents); 
selective ablation of hard and soft tissues and of 
biomaterials; preservation of healthy structures, 
and also in the management of dysfunctions, 
which may or may not be established in the oro-
facial region.

In this way, lasers and LEDs, intense pulsed 
light (IPL) and radiofrequency (RF), high- 
intensity focused ultrasound (HIFU) and 
 high- intensity laser therapy, ablative or non-abla-
tive, fractional or non-fractional, will also aid 
us in tissue and muscular toning, integumentary 
whitening/decontamination, and aesthetic orofa-
cial corrections.

Considering non-invasive procedures, photo-
biomodulation is the area of biophotonics where 
light sources operating at low or medium inten-
sity are used.

6.2  Photonic Therapies 
for Orofacial Rehabilitation 
and Harmonization

Considering the use of laser and LED light, it is 
possible to work from real-time optical diagnosis, 
with violet LEDs, performing dental lightening, 
with photodynamic therapy and photoactivation, 
laser surgery for ultra-conservative plastics and 
removal of carious tissue. But without doubt, the 
most frequently explored area that has a much 
broader field of action has been photobiomodu-
lation and its combination with other therapies, 
such as chemical and mechanical treatments, both 

for the integumentary system and for the orofacial 
neuromuscular system.

In this way, we will review the indications of 
the most commonly used spectral bands and their 
associations with kinesiotherapies (photokinesio-
therapy) and with chemical–physical treatments 
(photopeelings).

The intention of these therapies is to minimize 
the effects of aging using all the knowledge of 
anatomy, reconstituting the joviality without giv-
ing a plasticized, artificial aspect, with rhytido-
plasty considered the gold standard.

Face squaring most often starts from the age 
of 30, and, depending on genetic standards and 
the neutralizing ability of each person’s free radi-
cals, wrinkles may or may not arise early.

Prophylaxis for patients with high muscular 
strength and very expressive people prevents 
the early appearance of static wrinkles. For this 
purpose, it is possible to use photobiomodulation 
with light-emitting red (600–700  nm) and low 
total energy per application point (1 J) or infrared 
laser with high total energy per application point 
(around 5 J), associating with the functional elas-
tic bandages (Phototaping) or even using botuli-
num toxin.

Orofacial rehabilitation/harmonization is, 
at the moment, a field of dentistry rather than 
a specialization. It brings together various very 
specific areas that intersect with each other and 
that seek the same goal of managing senescence 
and preventing the senility of the stomatognathic 
system.

6.2.1  Photobiomodulation

Photobiomodulation has become established as 
an intelligent “instrument” in managing the cellu-
lar, tissue and systemic physiological responses, 
in different directions, but all with the same 
objective: to return the synesthetic and holistic 
homeostasis, resulting in systemic functionality.

Phototherapy, called photobiomodulation 
since 2015 [1], a term that encompasses all light 
sources that modulate systemic physiological 
responses without ablating (removing) tissues, 
has been shown to be a very efficient option 
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within dentistry. Relief of acute and chronic 
pain, drainage of inflammatory processes and 
tissue repair can be performed or supplemented 
with light at low intensity. Using higher and 
controlled doses and protocols, it is also able to 
improve the quality of the tissues under repair, 
avoiding keloids and apparent scars, lightened 
patches of skin, mucous and dental surfaces, pro-
moting the microbiological and tumor control of 
regions affected by infections or uncontrolled 
mitoses, recovering cellular functions damaged 
by time.

Currently, we consider the visible spectral range 
and the near infrared as the lights whose chromo-
phores in the biological tissue absorb them and, 
therefore, result in the promotion of a photobio-
modulatory effect; however, a recently published 
article by Hamblin [2], also cites the possibility 
of light emitting in the medium infrared, where 
there is a considerable temperature rise, also to 
be absorbed, but by the water molecules and, as a 
consequence, increases the influx of calcium ions 
into the intracellular environment.

Here, we highlight some interesting photo-
biomodulatory characteristics of each spectral 
range, from violet to near infrared. According 
to Daghastanli [3], the lights in the visible por-
tion have the following spectral bands: violet 
from 390 to 455 nm, blue from 455 to 492 nm, 
green from 492 to 577 nm, yellow from 577 to 
597  nm, amber from 597 to 622  nm, red from 
622 to 780 nm. Above 780 nm, the infrared spec-
trum begins, the next one considered to be 780 
to 1500 nm, an average of 1500 to 5600 nm and 
distance of 5600 to 10,600 nm.

6.2.1.1  Red Light (622–780 nm)
Red light is absorbed by the cytochrome 
c- oxidase, then causing oxidation of nicotin-
amide adenine dinucleotide (NAD) and con-
sequently changing the state of mitochondrial 
and cytoplasmic oxy-reduction. This change in 
the electron transport velocity of the respiratory 
chain generates an increase in the proton-motor 
force, in the electrical potential of the mitochon-
drial membrane, in the acidity of the cytoplasm, 
and in the amount of endocellular adenosine tri- 
phosphate (ATP).

The increase in intracellular H  +  ion concen-
tration results in changes in the sodium (Na+) 
and potassium (K+) pump in the cell membrane, 
increasing the permeability to calcium ions (Ca2+) 
to the intracellular medium. The increased amount 
of this cation affects the level of the cyclic nucleo-
tides that modulate the synthesis of RNA and DNA 
[4]. It changes the oxy-red state of the cell, pro-
moting chemical and enzymatic reactions for the 
dissociation of internal components, immediately 
releasing the nitric oxide molecules previously 
attached to the cytochrome c-oxidase, and then 
accelerating the metabolism; this reflects vasodila-
tion at the tissue level [5].

It is a spectral band that can be used in pro-
tocols for nutrition, oxygenation, and tissue 
repair, facilitating all other steps provided in the 
protocols, so that it can be associated in several 
treatments.

In addition, we know that for the light to be 
absorbed by cytochrome c-oxidase, phototoxication 
of nitric oxide occurs, which is responsible for the 
immediate increase in vasodilation and improve-
ment in tissue oxygenation.

In addition, in an editorial of Photomedicine 
and Laser Surgery, Sommer and Trelles [6] 
developed the following idea: the near infrared 
light (670 nm—red) at low intensities for bios-
timulation is fundamental to regulating the ATP 
content in cells, and when applied in a pulsed 
mode, to the activation of cellular metabolism.

Thus, red light can promote the treatment of 
vitiligo—in very low doses 3  J/cm2  – reorgani-
zation of fibroblasts, melanocytes, keratinocytes, 
and melanoblasts ([7, 8]; be antioxidant [9, 10]; 
decrease the expression of metalloproteinases; 
and promote an “FPS 15-like” effect by prevent-
ing post-inflammatory hyperpigmentation by 
increasing nerve growth factor (NGF), protecting 
melanocytes from UVB [11].

Moshkovska and Mayberry [9] and Huang 
et al. [12] already mentioned the benefits of intra-
vascular therapy with red laser, also being an anti-
oxidant and systemically treating some diseases.

Red laser is low intensity, because it penetrates 
less, mainly by the mechanism of absorption 
through which it interacts with the biological tis-
sue is indicated for superficial lesions such as tissue 
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repair (healing and local drainage), muscle relax-
ation, or to photoactivate biomaterials/dermocos-
metics for topical application.

Red light (laser or LED) at low intensity also 
promotes mitochondrial biogenesis, that is, it 
restores the conditions for the cells to rebalance 
their metabolism. Recent work shows that 630 nm 
(37 mW/cm2, 75 mW) LED irradiation with 16 J/
cm2 radiant exposure was able to induce a prolif-
erative response in stem cells of the pulp tissue of 
deciduous teeth without affecting mitochondrial 
function or inducing senescence [13].

A recent study by Oh et al. [14] showed that 
the LED, emitting in the range of 660 nm, under 
an energy density of 10–20  J/cm2, was able to 
inhibit tyrosinase activity, reducing UVB- induced 
melanogenesis in the skin (in vitro and in vivo). 
They concluded that the red LED ± 660 nm is a 
potential integumentary depigmentation.

6.2.1.2  Near Infrared Light 
(780–1500 nm)

Light emitting in the spectral range of the near 
infrared can be absorbed by the cytochrome 
c-oxidase in the mitochondrial respiratory chain, 
too. However, it can also be absorbed in the bio-
membranes, the photophysical polarity of the 
membranes that results in the alteration of the 
conduction of neural stimuli and the permeability 
of these biomembranes.

Cytoplasmic membrane permeability 
increases in relation to the Ca2+, Na+ and K+ 
ions, determining an increase in cell membrane 
receptor activity. As a result, endorphin syn-
thesis and the action potential of neural cells 
increase, whereas the amount of bradykinin as 
well as the activity of C-fibers leading to pain-
ful stimuli diminishes. This sequence of events 
results in relief of pain symptoms [4]. Infrared 
laser/LED are wavelengths that act in the relief 
of acute and chronic pain, lymphatic drainage, 
and bone and neural repair, being considered, 
in aesthetic treatment, essential when the cause 
is the accumulation of free radicals in the sys-
tem. Considering the integumentary system, it 
is hypothesized that, once this spectral band is 
absorbed by the membrane proteins, it can then 
be absorbed by the aquaporins, for example, 

thus stimulating its action, which is the trans-
port of transmembrane water molecules (from 
the dermis to the epidermis). This could pro-
mote active epidermal hydration.

The infrared laser in low intensity is more 
penetrating, but because it interacts through 
changes in the polarity of the biomembranes, it 
has been the wavelength of choice for neural and 
bone repair, and also to promote immediate and 
temporary analgesia, as it works by altering the 
potential of these biomembranes.

As with red light, it can also be delivered in 
the target tissue at the dental clinic, both in a 
timely manner and in a larger area, when the idea 
of concentrating the delivered light penetrates a 
little more and the diffusion in the cluster gen-
erates the opposite effect, keeping the greater 
percentage of the energy absorbed in the more 
superficial layers.

Several studies with infrared, laser, and/or 
LED light, associated with exercises and other 
kinesiotherapies, have demonstrated a great abil-
ity to accelerate neuro-muscular rehabilitation, 
both facially and in the body. This possibility 
opens a very important window for orofacial 
rehabilitation procedures, as it would not only 
be suitable for reconditioning the system to per-
form its functions, but also to prevent the loss 
of efficiency that is physiologically occurring 
with the aging of the stomatognathic system. 
This approach will be discussed in Sect. 6.2.2 on 
photokinesiotherapy.

6.2.1.3  Blue Light (455–492 nm)
Blue light is able to accelerate chemical reactions, 
including cell metabolism. Absorbed by the fla-
voproteins [15], in the mitochondrial respiratory 
chain, hemoglobin, porphyrins, and cytochrome 
c were reduced [16], but also absorbed by cryp-
tochromes [2], in biological tissues, and by most 
biomaterials because of their spectral range.

Upon absorption by flavoproteins and cryp-
tochromes, the blue light promotes an increase 
in the influx of some ions, such as calcium, 
magnesium, and zinc, improving the cellular 
metabolism.

It can be used as a photoactivator and photoacceler-
ates polymerization of monomers in restorative mate-
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rials and to induce the production of singlet oxygen 
in photodynamic therapies, when the photosensitizer 
and/or the target bacterium (as for example, the bac-
terium of acne, Propionibacterium acnes [17] and the 
bacteria of periodontal disease) absorb blue wave-
lengths [18, 19].

However, even within photobiomodulation, 
it can decompose hydrogen peroxide present in 
cells (metabolism products) [18] and/or biomate-
rial (dental bleaching agents). The action, when 
absorbed by the peroxides, results in the break-
ing of large light-absorbing molecules and of 
these peroxides, transforming double bonds into 
simple ones, reducing the absorption of light, and 
then there will be whitening of the skin and den-
tal tissue (enamel and dentin) and hydration of 
the tissues [20, 21].

In addition to this mechanism, through con-
trolled thermotherapy, when the source emits 
with medium intensity, a facilitation occurs in the 
decomposition of the peroxides and diffusion of 
the products to the interstitial space, in the soft 
tissues, inducing swelling and acting as a hydrat-
ing agent by wetting, promoting the change in the 
superficial tension of the skin, with the aesthetic 
effect of expansion of the tissues.

In addition, once absorbed, blue light may 
induce the production of collagen and elastin, 
being able to accelerate cellular metabolism as 
much as or more than the red wavelength [22].

Another hypothesis on tegument hydration 
(skin = epidermis, dermis, and cutaneous attach-
ments) is that the blue spectrum accelerates the 
function of keratin in making the stratum cor-
neum more resistant and impermeable, acting as 
an occlusion agent for the epidermis, reducing 
loss (reducing transepidermal water loss).

A more recently discovered function: low 
doses (3–16 J/cm2) are able to modulate imma-
ture and mature Langerhans cells (dendritic 
cells), modulating proinflammatory cytokines 
locally and in lymph nodes [23].

6.2.1.4  Amber Light (577–622 nm)
Amber light emits into a spectral range of 577–
622  nm. It has the best peak of absorption by 
cytochrome c oxidase, according to Poyton and 
Ball [24]. Thus, as well as wavelengths emitting 

red (600–700  nm), it interferes with mitochon-
drial respiration by accelerating the rate of endo-
cellular ATP production and promotes a large 
release of nitric oxide (NO), which is responsible 
for vasodilation and neurotransmission.

It is therefore recommended to accelerate the 
repair of soft tissues of the tegument (gingiva, 
epidermis, and dermis) and the conjunctiva, such 
as assisting the return of muscle toning in a case 
of facial paralysis during the neuromuscular 
rehabilitation process.

Regarding its penetrability into the biologi-
cal tissue, it is already known that amber light 
reaches the connective tissue, i.e., in the skin, 
it reaches the papillary dermis. Figure shows 
a measure where this situation is very clear. 
However, orofacial tissues, because they are very 
thin, may have the benefit of this light in deeper 
layers, reaching muscle tissue.

WEISS et al. [25, 26] presented an experience of 
more than 2 years treating 900 patients with derma-
tological diseases, using amber LED (±590 nm) as 
the only instrument or associated with other thera-
pies (Light Intense Pulsed (LIP), RF, ablative lasers, 
for example). They observed the following clini-
cal effects of this amber light: an anti-inflammatory 
effect, acceleration in tissue repair, decreased gene 
expression of collagenase in photodark skins, and 
thus a suitable light for skin aging management treat-
ments as well as post-treatment of more aggressive 
surgical procedures [27, 28].

Another study by the same group [25, 26] 
confirmed with standardized experiments that 
the photomodulation treatment has the poten-
tial to modulate the production of matrix metal-
loproteinases (MMPs) after thermal lesions. 
Therefore, combined amber LED treatments with 
non- ablative thermal techniques, such as ILP or 
dye laser, may be beneficial.

To McDaniel (2005), the patent was granted to 
manufacture all the equipment with amber LED, 
whether alone or associated with the infrared 
laser, in the continuous (CW), periodic (keyed) 
or pulsed modes. He presented the methods and 
how to use them to regulate cell proliferation and 
gene expression in the production of collagen.

A recently published article by Chen et al. [29] 
demonstrated that amber light at 585  nm with 
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 fluences of 10–20 J/cm2 was able to induce autoph-
agy of melanocytes and decrease melanogenesis, 
confining their indication to tissue whitening.

6.2.1.5  Violet Light (390–455 nm)
In this emission range, the photons have more 
energy; therefore, being highly absorbed, the 
penetrability of this light into the biological tis-
sues is quite superficial, remaining in the epithe-
lial band of the mucous membranes and in the 
epidermis of the skin. In this way, fluorescence 
can also be easily observed and seen with the 
naked eye or with filters; thus, it is a welcome 
spectral range for both optical diagnostics and 
surface treatments.

Absorption chromophores consist of deriva-
tives of porphyrins, flavoproteins, and terminal 
oxidases; oxyhemoglobin and melanin; and long 
chain molecules with delocalized electrons [30].

In addition, it is important to note that the effects 
of nitric oxide (NO) and NO molecules on the sur-
face of the lungs have been shown to be associated 
with the effects of vasoconstriction and decontami-
nation [31], and with the use of a high-performance 
tooth-whitening agent (Lever et al., 2010).

Some studies have shown that violet light is 
more efficient than blue light for decontamina-
tion of skin, mucosa, and even osseo-integrated 
implants [32–34], and is very well indicated as a 
photonic agent for facial peelings [35], promot-
ing excellent clinical results by softening facial 
expression marks and wrinkles.

However, it is a spectral band that can generate 
many free radicals that are deleterious to impor-
tant molecules, such as carotenoids (natural skin 
antioxidants) and fibroblasts present in the der-
mis [36]; the dose and frequency of application 
should be monitored. It is worth remembering 
here the importance of dosimetry in the clinical 
success of photobiomodulation.

6.2.1.6  Green Light (492–577 nm)
There are still few studies on green light. 
According to HAMBLIN [2], green light is 
absorbed by the opsins. One of the best defined 
signaling events that occurs after opiate light acti-
vation is the opening of light ion channels, such 

as members of the calcium channel family of 
transient receptor potential (TRP). TRP channels 
are now known as pleiotropic cellular sensors that 
measure the response to a wide range of external 
stimuli (heat, cold, pressure, taste, smell) and are 
involved in various cellular processes.

The light emitted in this spectral range is able 
to reach the dermo-epidermal junction in the 
skin, as well as the dentinal tissue of the dental 
organ, and is therefore an interesting tool for the 
mechanisms of maintenance of skin metabolism 
and protection of the pulp. However, this is just 
a suggestion; studies need to check these potenti-
alities, because only a few studies on green light 
have been published so far:

• Antioxidant effect on photoaged skin [37].
• Increased angiogenesis [38].
• Acceleration in the process of repair in burned 

skin [39].
• Anti-inflammatory effect on burned skin [40].
• Acceleration in the cellular metabolism 

(increase in the concentration of calcium ions) 
and an increase in the gene expression for 
osteogenesis, from the stem cells [41].

• Excessive increase in the entry of calcium ions 
(oxidation), greatly increasing free radicals 
and inhibiting the proliferation of adipocytes 
(from the stem cells) [42].

We performed clinical research, with labora-
torial measurements of electromyography and 
ultrasound of the dermis, to evaluate the effect 
of photobiomodulation with purple light (blue 
LED + red laser) and yellow light (amber LED 
+ infrared laser) in women aged 35–55  years 
(Fig. 6.1).

Figures 6.2 and 6.3 present digital photo-
graphs and comparative measurements of the ini-
tial and final (after 30 days) situation of one of 
the participants in the light research group. It is 
a simple, easy-to-perform orofacial biophotonics 
session, which can be used not only as a single 
treatment but also as an operative sequence of the 
mid and late postoperative periods of other more 
invasive procedures (peelings, HIFU, LIP, etc.). 
The session lasts around 60 to 90 min.
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In Fig.  6.1, facial photographs are presented 
without the eye covering, because it is very 
important to look closely at the region of the 
periocular muscles. It is very interesting to see 
how much the photobiomodulation has changed 
in the clinical orofacial aspect of the patient 
(Fig.  6.2). Of course, owing to the instructions 
on the correct method of hygiene, hydration, 
and protection that she received, in the first ses-
sion, when she received the dermocosmetics and 
started using them, her home care could already 
contribute to the improvement in integumentary 
health. However, very different from the cases 
studied in the control group, where the partici-
pants did not receive irradiation or any other 
stimuli (kinesiotherapies), the patient in the pres-
ent case leaves very easily observed evidence 
that  photobiomodulation can cause homeosta-
sis to return, not only to the skin, but also to the 
orofacial neuromuscular system. This is because 
the clinical aspect presented after the eight ses-
sions of laser/LED irradiation appears to be calm 
with diminished expression marks, which could 
be understood as the balance of the orofacial 
muscle force vectors or, simply, neuromuscular 
reprogramming.

Figure 6.3 shows results from the same patient 
as shown in Fig. 6.1, where this reprogramming 
seems to be more evident. In Fig. 6.2a, the electro-
myography of the frontal bundles of the right and 

left occipital–frontal muscles (left side, above), 
before and after the treatment, as well as the right 
and left orbicularis muscles (left side, below), 
both in isometry (elevation of the eyebrows and 
forced closure respectively), showed an improve-
ment in the electromyographic signal, which can 
be translated as an improvement of muscle ton-
ing. In Fig. 6.2b, it was the integumentary system 
covering the orbicularis muscle of the right eye 
(above) and the frontal bundle of the right occipi-
tal frontal muscle (below) that were evaluated 
under dermal ultrasound (Dermascan, FCFRP/
USP Cosmetology Lab), comparing the initial 
(left) and final (right) situations, when there was 
a significant improvement in echogenicity, which 
can be translated as an improvement in tegumen-
tary (skin) toning.

6.2.2  Photokinesiotherapies

Photokinesiotherapy is a program of active, pas-
sive, and/or active isometric muscle movements, 
associated with photobiomodulation, lasers, and 
LEDs, in the pre- and post-time, i.e., preparing 
and preserving the tissues to be worked on, pro-
viding an efficient metabolism, and then draining 
the free radicals resulting from this work. The 
main goal is muscular toning and the consequent 
improvement of health (improved toning, hydra-

a b
Fig. 6.1 Photobiomodu-
lation with (a) purple 
light (blue LED + red 
laser) and (b) yellow light 
(amber LED + infrared 
laser; Venus, MMOptics, 
São Carlos, SP, Brazil)
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a

b

c

Fig. 6.2 Management 
of senescence with 
photobiomodulation: 
patient G.P.M., 48 years 
old, female, single, 
administrative assistant. 
She sought treatment to 
improve facial tone. 
Initial (left) and final 
(right) clinical 
appearance in (a) 
frontal, (b) left lateral 
and (c) right lateral 
positions. The clinical 
sequence, in all the 
sessions, was: hygiene/
exfoliation; irradiation 
with “purple” light (blue 
LED + red laser) for 
30 s, stopped and in 
contact throughout the 
face; irradiation with 
“yellow” light (amber 
LED + infrared laser) 
for 5 min in each facial 
quadrant (Venus, MMO, 
São Carlos, SP, Brazil); 
application of 
moisturizer with filter 
(Neofarma/Lizarelli) 
(personal archive)
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tion, and elasticity) of the integumentary system, 
i.e., the skin.

As the name describes, it is the symbi-
otic combination of photobiomodulation and 
kinesiotherapy.

The idea of this new approach, within the 
rehabilitation of the stomatognathic system, 
came about with orofacial neuromuscular behav-
ior in the face of senescence (natural physi-
ological aging), senility (senescence associated 
with traumas or other pathological conditions) 
and also due to disuse or “misuse” of orofacial 
muscles.

If the neuromuscular system is dysfunctional, 
one of the aesthetic and functional consequences 
presented is orofacial disharmony, through an 
imbalance of facial proportions, asymmetries, 
and wrinkles or dynamic and/or static rhytids. 
Physical orofacial pain may or may not be asso-
ciated, but in the vast majority of cases, psycho-
logical pain and personal dissatisfaction may be 
present, requiring rehabilitative therapy.

Light sources could be associated with this 
treatment proposal, in addition to the kinesio-
therapies themselves (which will be described 
below), as well as the therapies capable of man-
aging or reprogramming the entire orofacial 
neuromuscular system, that is, the orthopedic 
function of the jaws and the application of botuli-

num toxin, therapeutic procedures already estab-
lished within dentistry.

We understand kinesiotherapies to be all the 
therapeutic modalities with which we can pro-
mote muscular movement to cure an illness.

Kinesiotherapies could be classified, in a more 
didactic way, into:

 1. Passive kinesiotherapies: when the patient 
receives therapy without exerting a physical 
effort of his own, e.g., mechanical stimuli with 
massage (stretching, drainage, among others), 
with equipment such as ultrasound and also 
with functional elastic bandages, electrical 
stimuli with equipment (Farádica, Australian, 
Russian chains).

 2. Active kinesiotherapies: mechanical stimuli 
with self-massage, mechanical stimuli with 
isometric and isotonic exercises.

We have noticed that a loss of efficiency of the 
neuromuscular responses occurs over the years. 
It is sometimes a disabling situation that facili-
tates the instigation of orofacial dysfunctions, 
resulting in discomfort, pain and functional loss, 
and aesthetic disharmony.

For the dental surgeon to offer efficient treat-
ments, it must be understood that, given the cellular 
nature of these neural and muscular tissues, the quest 

a b

Fig. 6.3 Data on (a) electromyography (b) ultrasound of 
the dermis (Dermascan, Lab. Cosmetology of FCFRP / 
USP) of the orbicularis oculi muscles (Fig. 6.2a, b, below) 

and frontal view of the occipital–frontal muscles 
(Fig. 6.2a, b, above), participant of the light group (per-
sonal archive)
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to maintain physiological homeostasis demands 
care in the mitochondrial functions. Damaged mito-
chondria are not only less bioenergy efficient, they 
can also lead to sarcopenia (loss of skeletal muscle 
mass and strength due to aging) and loss of muscle 
function. But they also generate larger amounts of 
free radicals (reactive oxygen species, ROS) by 
interfering with and compromising mechanisms of 
control in cell quality and, finally, showing a greater 
tendency toward apoptosis.

A large body of evidence indicates that 
mitochondria are the main source of ROS dur-
ing chronic muscle inactivity. The experimental 
evidence also suggests that chronic muscle inac-
tivity causes large disturbances in intracellular 
calcium homeostasis [43–45], which may lead 
to the modification of the management of mito-
chondrial calcium and increased oxidant produc-
tion [46].

The metabolic plasticity of skeletal myofibers 
depends to a large extent on the dynamic nature of 
mitochondria and the ability of these organelles 
to alter their organization (i.e., shape and size) 
and position within a cell in response to intracel-
lular and extracellular signals [47]. The mito-
chondrial morphology is regulated by continuous 
fusion and fission events that are not only crucial 
for the determination of the organelle form but 
also for the transmission of sensitive signals to 
the oxidation–reduction reactions, maintenance 
of mitochondrial DNA integrity, and regulation 
of the pathways of cell death [48]. The equilib-
rium between fusion and fission depends on a 
complex machine of mitochondrial dynamics.

Mitochondrial dynamics is centrally involved 
in the maintenance of cellular homeostasis. In 
fact, the fusion of isolated mitochondria results in 
the formation of a mitochondrial network, which 
allows the mitochondria to mix their content, 
redistribute metabolites, proteins, and mitochon-
drial DNA, and avoid the local accumulation of 
abnormal mitochondria [49]. The fission secretes 
the components of the mitochondrial network that 
are irreversibly damaged or unnecessary, allowing 
its autophagic removal [50]. There is, therefore, a 
functional link between mitochondrial dynamics 
and autophagy, which is essential for mitochon-
drial quality control [51]. An imbalance in mito-

chondrial fusion–fission events, associated with 
altered mitochondrial degradation, contributes to 
the mitochondrial imbalance observed in atrophied 
muscles.

Thus, it seems very clear that the prevention, 
treatment, and maintenance of orofacial muscular 
health, that is, the toning of the orofacial muscles, 
depends directly on mitochondrial functionality. 
So how could photobiomodulation accomplish 
this “mitochondrial management”?

XU et al. presented a very interesting study in 
rats. They induced oxidative mitochondrial stress  
by electrical stimuli, subsequently treating with laser 
therapy, and concluded that photobiomodulation 
significantly reduced ROS production and 
restored mitochondrial function, which may form 
a basis for the use of photobiomodulation to treat 
mitochondrial dysfunction induced by exercise or 
skeletal muscle fatigue.

Also, degenerative diseases, such as Parkinson’s 
and Alzheimer’s, have been studied to promote 
not only their treatment with associated light, 
but also to prevent those diseases that result in 
orofacial senility. According to Tegowska and 
Wosinska [52], although mitochondria constantly 
generate free radicals, from which they are pro-
tected by their own defensive systems, in some 
situations these systems become deregulated, 
which leads to mitochondrial defects based on 
free radicals. This causes an energy deficit in the 
neurons and an additional increase in the associa-
tion of free radicals. The nature of these processes 
is initially protective because of their antioxidant 
action, but as the amount of formations increases, 
the beneficial effect decreases. They become a 
storage site for substances that improve the pro-
cesses of free radicals, which makes them toxic. 
This is approach of the primary causal factor for 
Alzheimer’s, suggesting the use of methylene-
based drugs, laser, or insulin applied intranasally.

In 2014, Agrawal et al. showed evidence that 
photobiomodulation may also be effective if 
delivered to normal cells or tissue prior to the 
actual trauma in a preconditioning mode. The 
muscles are protected, the nerves feel less pain 
and there is even protection against a subsequent 
heart attack. These examples point the way to the 
wider use of photobiomodulation as a precon-
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ditioning modality to prevent pain and increase 
healing after surgical/medical procedures, and 
possibly to increase athletic performance.

Nguyen et  al. [53] evaluated mitochondria 
of muscle cells irradiated with near infrared 
light (800–950 nm) under low intensity (22.8 J/
cm2) and suggested that exposure to this light 
source repeated for 4 consecutive days seemed 
to increase oxidative stress and mitochondrial 
 regulatory proteins upstream AMPK (3.1-fold), 
p38 (2.8-fold), PGC-1α (19.7%), Sirt1 (26.8%), 
and reduced RIP140 (23.2%), but the regulation 
of mitochondrial content (Tfam, NRF-1, Sirt3, 
cytochrome c, ETC subunits) was not altered. 
The data indicated that light in the near infrared 
spectrum alters mitochondrial biogenesis signal-
ing and may represent a mechanistic link to the 
clinical benefits.

Albuquerque-Pontes et  al. [54] performed 
a study to evaluate photobiomodulation (laser 
and LED) in mice with Duchenne muscular 
dystrophy. They compared controls with experi-
mental groups irradiated with a cluster probe 
with nine diodes (1  ×  905-nm super-pulsed 
laser diode, 4  ×  875-nm infrared LEDs, and 
4 × 640-nm red LEDs, manufactured by Multi 
Radiance Medical®, Solon-OH, USA), three 
times a week for 14 weeks, using low doses (1 
or 3 J) and high doses (10 J) applied at a single 
point (anterior tibial muscle, bilaterally). We 
analyzed the functional performance, muscular 
morphology, and the gene and protein expres-
sion of dystrophin. Photobiomodulation at a 
dose of 10 J significantly improved (p < 0.001) 
functional performance compared with all other 
experimental groups. Muscular morphology 
was improved by all doses, with better results 
at doses of 3 and 10 J. The genetic expression 
of dystrophy was significantly increased, with 
doses of 3  J (p  <  0.01) and 10  J (p  <  0.01), 
compared with the control group. Regarding 
the protein expression of dystrophy, doses of 
3 J (p < 0.001) and 10 J (p < 0.05) also showed 
a significant increase in relation to the control 
group. They concluded that photobiomodula-
tion can preserve mainly the muscular morphol-
ogy and improve the muscular function of the 
mice through the modulation of gene expression 

for dystrophy. In addition, as it is a non-phar-
macological treatment with no side effects and 
easy to perform, it can be seen as a promising 
tool for the treatment of Duchenne muscular 
dystrophy.

Considering aging, Brito et al. [55] conducted 
a study on infrared laser photobiomodulation 
780 nm, 40 mW, 3.2 J to each point, remodeling 
of connective tissue, and skeletal muscle regenera-
tion in elderly rats. Eight points were irradiated on 
the skin referring to the anterior tibial muscle, 2 h 
after the injury with cryotherapy. In the histomor-
phological analysis, the treated group showed a 
significant decrease in the inflammatory infiltrate 
(p  <  0.001), as well as increasing the immature 
fibers and the new blood vessels at 7 days com-
pared with the untreated group (p < 0.05). In addi-
tion, the treatment induced a better distribution of 
collagen at 7  days compared with the untreated 
group (p < 0.05). In conclusion, low- energy level 
laser therapy demonstrated a modulating effect on 
the muscle repair process in elderly animals with 
regard to collagen remodeling and morphological 
aspects of muscle tissue.

This work by Brito et al. [55] makes it clear 
that low-dose irradiation (up to 3  J) in the 
infrared spectrum modulates trauma without 
“destroying” the opportunity that this controlled 
trauma allows the aged tissues to at least par-
tially recover their tone.

We have developed a logical sequence of orofa-
cial exercises (active kinesiotherapy). This sequence 
or spreadsheet is shown in Fig. 6.4. The patients per-
form this sequence daily in their homes, which takes, 
on average, 45 min. As part of the treatment, these 
patients attend the clinic twice a week and receive 
the photobiomodulation with purple light (blue 
LED + red laser) followed by yellow light (amber 
LED + infrared laser). This photobiomodulation 
seeks to tone the stomatognathic system, stimulat-
ing not only the neural and muscular connections 
but also its relationship with the integumentary sys-
tem. Therefore, it is possible to optimize nutritional 
changes, to drain metabolites, but to guarantee, 
by preparing exfoliation (prior to irradiation) and 
with the isometric movements of the exercises, the 
microleaves necessary to stimulate neocollagenesis 
(Fig. 6.5).
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There is a gap to be filled with legitimate 
dental actions that can reduce the discomfort of 
our patients caused by trauma, dysfunction, and 
orofacial aging. Association with therapies that 
promote different physiological stimuli, optical 
(lasers and LEDs), mechanical (functional elas-
tic bandages and facial exercises) and electri-
cal (Australian current), has presented very fast 
results for orofacial neuromuscular rebalancing as 
well as in the nutritional stimulus and metabolic 
characteristics of the facial integumentary system, 
a fact that decelerates natural senescence [56].

6.3  Photopeelings

Peeling consists in a very common procedure 
aimed at “peeling” the integumentary system. 
Different layers can be removed, in a controlled 
manner, at different depths. It means that differ-
ent goals can be pursued: from the improvement 
in the permeation of cosmetic assets to the pro- 

inflammatory stimulus in the dermis, as a stimu-
lus for the neo-formation of proteins (collagen, 
elastin, reticulin), as well as glycosaminoglycans 
(e.g., hyaluronic acid).

It is believed that this modality of treatment 
is one of the oldest forms of rejuvenation. It is 
effective, flexible, and has a histological, chemi-
cal, toxicological, and clinical base. The interest-
ing thing about this procedure is that it can be 
adapted to most circumstances within the limits 
of its indications.

Historically, the use of this philosophy of “con-
trolled destruction” to “rejuvenate” the skin, pres-
ents very interesting reports. Cleopatra and many 
women of ancient Egypt bathed in fermented milk 
to soften and invigorate the skin; and even though 
they lacked the scientific knowledge about what 
they were doing, they were actually performing 
superficial peeling with an alpha-hydroxy acid 
called lactic acid, which is derived from milk. 
There are also indications that Turkish women used 
fire to scorch the skin, and then promoted a light 

Fig. 6.4 Orofacial exercise sequence using isometric 
movements addressing the three parts of face: superior 
third (forehead, eyes, and nose root)—the five exercises on 
top; the middle third (cheeks, face-lift muscles, buccinator 
muscles, and masseters)—the first four exercises bottom; 

and lower third of the face (contour of the face, supra-
hyoid muscles, and responsible for the protrusion of the 
mandible)—the last two exercises bottom. It is possible to 
observe one participant (Fig. 6.5) before and after treat-
ment using photobiomodulation and orofacial exercises
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exfoliation, whereas Indian women were given a 
mixture of urine and pumice on the skin to stimu-
late epidermal desquamation [57]. Also, the Greeks 
and Romans used some procedures, such as cata-
plasms containing mustard, sulfur, and corrosive 
limestone sublimate [58].

Peels can be classified as mechanical, physi-
cal, chemical, enzymatic or biological, cryo-
genic, photomodulated, or photoactivated.

At the end of the nineteenth century, the 
Norwegian doctor Niels Finsen was already con-
sidering preparing his patients’ skin with pyrogal-
lic acid ointment to allow better absorption of UV 
light in the treatment of lupus vulgaris. This could 
be considered a light photomodulated peeling.

When using a chemical, physical or enzymatic 
peeling associated with light sources for photo-

biomodulation, before and after, we considered 
a photomodulated peeling. This ensures the 
preparation of the tissue to receive the aggressive 
procedure and the control of the inflammation 
generated (and desired) for better healing and tis-
sue neoformation.

Photomodulated or photoactivated peel-
ings are characterized by the presence of 
acids (alpha hydroxy acids and beta hydroxy 
acids) with the function of promoting a peel-
ing, which, in association with a light source, 
becomes more efficient, either by accelerating 
their reactions or by interacting with its target 
tissue making it more reactive. Therefore, we 
consider photoactivated peeling when at least 
one of the components of this chemical formu-
lation has the ability to absorb light at a  specific 

a

e

b c d

Fig. 6.5 Digital photographs of face (a) initially and after 
(b) eight sessions of photobiomodulation in association 
with orofacial exercises; electromyography of the orbicu-

laris oculis (c—top, right side, and, d—below, left side); 
and echogenicity (skin ultrasound) of the right masseter 
before (e—top) and after treatment (c—bottom)
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wavelength (color) with a high quantum yield 
of ROS formation capable of generating dam-
age of the target tissue stimulating the tissue 
repair.

Photoactivated peeling is an effective, safe, 
reproducible, non-melanogenic procedure, and 
always results in tegmental “whitening,” as, min-
imally, it improves the tissue metabolism and the 
drainage of the metabolites.

According to Manoel et al. [59] and Menezes 
[60], photoactivated peels using active chemicals 
such as methylene blue (Photoskin; Dr. Peel, SP, 
Brazil), curcumin (Photopeel and Photoskin; 
Dr. Peel), and glycosides, and procyanidins 
(Photomelan Peel; Dr. Peel) act by promoting the 
structuring of the epidermis (thickening) and der-
mis (stimulation of collagen and other biomol-
ecules), which is very well indicated for aged and 
dehydrated skin.

An example of a very interesting commercial 
product with antioxidant, whitening, and skin 
resurfacing function is Photopeel (Dr Peel). It is a 
blend of acids combined with curcumin, derived 
from saffron, and has an absorption band in blue–
violet and blue (400–490  nm). Interestingly, 
depending on the conditions presented by the 
patient’s skin and the timing of the treatment 

plan, the peeling session with Photopeel can 
act by preparing, treating or maintaining the 
health (aesthetics and function) of the skin. It is 
very well indicated for treatment of acneic skin 
(Fig. 6.6) and also as an antioxidant and whiten-
ing treatment (Fig. 6.7).

Another interesting option is the combination 
of a physical (electric) peeling with photobio-
modulation, resulting in photoelectroabrasion. 
New Skin (MMO) equipment is a dual technol-
ogy for multiple treatment purposes. It acts as 
an electric peeling, promoting the superficial 
removal of stains through electrodermabra-
sion, but also as an electro-stimulator, induc-
ing a punctual inflammatory response, that will 
lead to tissue repair through the activation of 
the cicatricial process of the treated tissue. The 
red light type LED, which accompanies the 
equipment, can be used prior to the procedure, 
preparing the repair metabolism, and also the 
post-procedure of this electric peeling, aimed 
at a more homogeneous and efficient repair and 
a well-directed control of post-inflammatory 
staining, being well indicated in the immediate 
postoperative period of 7 and 14 days respec-
tively. Figure 6.8 shows a clinical case.

a b

Fig. 6.6 (a) Teen patient J.C.L., 15  years old, female, 
student, phototype III, sought care, accompanied by par-
ents. In the anamnesis, it was observed that the patient had 
harmful habits, such as excessive junk food and a low 
daily consumption of water, besides not being well ori-
ented as regards the minimal and necessary home care for 
her type of face, acne grade 3. The patient received photo-

biomodulation and photoactivated peeling based on acids 
and curcumin (Photopeel; Neofarma–Dr. Peel, SP, Brazil) 
photoactivated with blue LED (Elite, DMC, São Carlos, 
SP, Brazil) for 3 months, and 2 weekly sessions, to control 
the acne disease. (b) After treatment, the patient presented 
a significant improvement, including self-esteem and 
social coexistence (personal file)
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a b

Fig. 6.7 (a) Patient R.C.F., 50  years old, married, pre-
sented a clinical appearance of decreased tissue toning 
and lack of vitality. The patient received six sessions with 
photo-activated peeling (Photopeel; Dr. Peel) photoacti-
vated with blue LED (Elite; DMC), weekly, and interca-
lated sessions of photokinesiotherapy (orofacial exercises 
and light), totaling 2 months of treatment for rehabilitative 

orofacial biophotonics, (b) resulting in a healthier, youth-
ful, and toned appearance, as well as lighter skin. The 
patient’s eyes were not covered because of the importance 
of observing the improvement in upper palpebral tissue 
flaccidity and her ptosis (tissue and muscular toning; per-
sonal archive)

a b
Fig. 6.8 Patient G.P.M., 
48 years old, female, 
single, administrative 
assistant. She sought 
treatment to improve 
facial tone. (a) Initial 
and (b) 7 days after the 
procedure using 
photomodulated (red 
LED) 
electrodermabrasion 
(New Skin; MMOptics, 
São Carlos, SP, Brazil) 
clinical appearance in 
the right lateral position
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6.4  Conclusion

The use of different light sources as a unique 
tool or in combination with other therapies 
could facilitate orofacial rehabilitation, prevent-
ing senescence and dental dysfunction. These 
proposed functional treatments allow a great 
aesthetic result, promoting orofacial harmoni-
zation. In fact, having knowledge about how to 
use biophotonics to prevent orofacial sarcopenia 
is mandatory for all general dentists or special-
ists in the rehabilitation of the stomatognathic 
system. We think in this way because the pos-
sibilities presented here, photobiomodulation, 
phototherapies, and photopeelings not only allow 
to treat dysfunctions caused by sarcopenia and 
uncontrolled senescence, they can also prevent 
unbalanced aging of the stomatognathic system.
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Abstract

This chapter deals with the use of Er:YAG laser 
in conservative laser dentistry as well as its part 
in the interaction with the adhesion process. 
Er:YAG laser is helpful in conservative den-
tistry. Its property to be absorbed by water and 
apatite can help clinicians in selective and 
microinvasive decay removal from tooth struc-
ture. The importance of using repeatable clini-
cal protocol, to obtain a very strong adhesion 
effect with materials, brings medium- and long-
term results of efficacy in conservative rehabili-
tations. The precision of the laser beam and its 
selectivity give the possibility to create new 
shapes for conservative cavity preparation.

Keywords

Er:YAG laser · Conservative dentistry · Micro 
leakage · Adhesion · Threshold ablation

7.1  Er:YAG Laser Interaction 
with Enamel and Dentine

Up until today, preservative dentistry has been 
defined as that branch of dental practice that con-
cerns all clinical procedures carried out with a 
view to preserving natural teeth and ensuring 
their functioning within a framework of preserv-
ing both oral health and the overall health of the 
patient (definition: School of Dental Medicine at 
the University of Geneva). Within that frame-
work, we can define what are the real aims of pre-
servative dentistry thanks to the current expertise 
and technology in the field of the treatment of 
hard dental tissue that we have set out to achieve:

 1. Prevention and the safeguarding of the integ-
rity of the tooth: the techniques and proce-
dures carried out on the patient with a view to 
reducing the amount of cariogenic bacteria in 
the mouth in order to reduce the incidence of 
disturbances to the enamel and dentine tissue.

 2. Curative treatment and restoration: microin-
vasive techniques for the removal of infected 
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tissue and the use of selective long-wave laser 
for tissues with a greater water density may be 
useful in minimizing the sacrifice of healthy 
tissue during the process of ablation in order to 
preserve the architectonic structure of the tooth.

 3. Restoration of lost tissue: the adhesive tech-
niques that have now become part of the normal 
routine in our work allow and, indeed, oblige us 
to exploit any portion of healthy tissue remain-
ing in order to ensure the preservation and resto-
ration of the tooth. The use of laser and ER:YAG 
in order to improve the process of adhesion and 
micro-infiltration at a marginal level both on the 
enamel and the dentine.

 4. Maintenance of dental health: checking up 
on the maintenance of the suitable margins 
of the reconstructions, the physiological 
wear and tear that result from chewing, and 
the duration of the adhesive interface in sub-
sequent years is a fundamental step in the 
mechanical maintenance of conservative res-
toration [1].

The definition of an adequate plan of conser-
vative treatment entails certain fundamental 
steps, the first of which is the identification of the 
major problems involved in the conservation; 
subsequently, it is necessary to treat urgent prob-
lems as quickly as possible to obviate the pro-

gression of penetrating tooth decay, deep-rooted 
dentine traumas, etc.; the use of X-rays for an 
early diagnosis of interproximal tooth decay is 
still a fundamental step in any complete and pre-
cise intervention; a periodontal evaluation con-
cludes the total diagnostic process following the 
restoration project (Fig. 7.1).

At this point, the optimal characteristics of a 
laser instrument should be:

• Cutting precision,
• Interactive selection with the tissue,
• Mini-invasiveness,
• Safety,
• Patient comfort,
• Compatibility with state-of-the art adhesive 

systems.

In order to make a cautious choice, we need to 
know the different wavelengths of the lasers so as 
to decide which is the most suitable for the 
abovementioned parameters.

In order to satisfy these requirements, we need 
to use a laser in which the predominant feature is 
the absorption of the rays on the tissue. In this 
respect, the wavelengths that best fit this require-
ment are ultraviolet wavelengths of between 190 
and 300  nm, such as the excimer lasers used in 
ophthalmology because of their high rate of energy 
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or infrared lasers such as CO2, Ho:YAG, Er:YAG, 
and Er-Cr:YSGG of between 2000 and 11,000 nm.

The penetration depth of these lasers is very 
slight, between 1 and 100 μm; the diffusion ele-
ment is basically irrelevant, and there is no 
retro-diffusion.

In light of these considerations in the course 
of our work, we have chosen the Er:YAG 2940 nm 
laser for work on the hard tissue of the tooth.

To obtain a correct photo-ablative align-
ment, the choice of the parameters is abso-
lutely fundamental. The relation between 
power density, exposure time, and length of 
pulsation makes a significant difference in the 
efficacy of our operation. As shown in Fig. 7.2, 
it is only a correct balancing of these parame-
ters that will lead to obtaining a process of real 
photo-ablation, called by some authors “cold-
ablation” (Fig. 7.2).

The removal of the decayed tissue is facilitated 
by the use of the Er:YAG laser because the central 
parts of the decayed area contain more water than 
the surrounding tissue. Given the physical proper-
ties of the erbium laser for the absorption of water, 
we can verify clinically a certain selectivity for 
the decayed tissue (Fig. 7.3).

Considering the various anatomical compo-
nents that make up the tooth, the action of the 
laser will differ according to the work to be done 
on enamel or dentine tissue.

Enamel: a mineralized acellular secretion with 
a very high component of inorganic material 
(96%), a very low organic component (1%), and 
a low water content (3%) (Fig. 7.4).

Dentine: a mineralized cellular tissue made up 
of three phases:

• A mineral phase composed of around 50% 
apatite.

• An organic phase of around 30% represented 
for 90% by type 1 collagen and 10% by non- 
collagen proteins as well as lipids.

• A watery phase of 20%, 75% of which is pres-
ent within the dentine tubes and 25% mineral-
ized matrix that varies according to the 
anatomical area [2].

The dentine tubules, hollow structures that run 
through the dentine tissue in a centripetal direction 
toward the pulp chamber, represented by a number 
between 20 and 45,000/mm2, with a diameter com-
prising from 1 to 3 μm, contain the processes of 
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odontoblasts, lamina sslimitans, collagen, fibers, 
dentine fluids, proteins, etc. There are also present 
numerous ramifications and anastomosis with a 
smaller diameter of between 50 nm and 1 μm.

The dentine is subdivided into three parts:
Intertubular dentine within the tubules: char-

acterized by a large quantity of water, type 1 col-
lagen fiber, non-collagen proteins, lipids, and 
odontoblastic processes (Fig. 7.5).

Intratubular dentine: characterized by pres-
ence of type 1 collagen fiber, crystalline struc-
ture, non-collagen proteins, lipids, and water.

Peritubular dentine: hyper-mineralized den-
tine, around 40 times more mineralized than the 
preceding examples, characterized by a thickness 
that varies between 1 and 3  μm and a dense, 
homogenous structure characterized by hydroxy-
apatite crystals and no collagen (Fig. 7.6).

A – disorganized part

5 parts:

DECAY MACRO ANATOMY

CARLIER CLASSIFICATION, 1954

B – soft part

C – invasion part

D – transparent part

E – hard part

Fig. 7.3 Macro 
anatomy of decay lesion

Enamel:

96% inorganic matter

1% organic matter

1-3% water

Original X 200

TOOTH ANATOMY

Fig. 7.4 Enamel 
structure anatomy
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The iteration of the LASER on the tooth pos-
sesses an average absorption of around 85% 
thanks to the presence of water in the spray of the 
maniple and of hydroxyapatite [3].

On the dentine in particular, the efficacy of 
absorption is around ten times greater compared 
to the enamel, thanks to the larger quantity of 
water present in that tissue. This action can be 

considered as having a thermomechanical effect 
insofar as the ray hits the surface of the tooth cre-
ating a volumetric expansion and an increase of 
the internal pressure of the water with the cre-
ation of micro explosions that lead to the elimina-
tion of the substance in the form of “micro-drops” 
(ablation). We should also bear in mind that the 
quantity of the ablative water is also a conse-

TOOTH ANATOMY

INTER-TUBULAR DENTINE

type I collagen fibres

crystaline structures

non collagenic proteins, lipids

water

Fig. 7.5 Intertubular 
dentine and its 
composition

PERI-TUBULAR DENTINE

TOOTH ANATOMY

hypermineralised dentine
 rings thickness: 1 to 3 µm 

 dense and homogeneous structure

Structure: hydroxyapatite crystals

no collagen

Fig. 7.6 Peritubular 
dentine, hyper- 
mineralized tissue
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quence of the photo-acoustic effect due to the 
production of a wave that increases the effect 
itself.

As we have already pointed out, the action of 
the laser is more effective on the intratubular den-
tine because it is richer in water, while ortho-
phosphoric acid has a greater effect on peritubular 
dentine in that the latter is more mineralized. It 
follows from this that the application of acid or of 
an acid primer after laser treatment exposes the 
collagen fibers and forms a hybrid layer with the 
bonding (hybridization). The result obtained is 
that the combination between chemical acid 
treatment and the laser leads to the creation of a 
surface with a wider opening of tubules, more 
open anastomoses, and a better possibility for the 
bonding to infiltrate and form resin tags.

The factors that influence the duration of the 
restoration, taking into account the correctness of 
the adhesive procedures and the use of lasers, can 
be divided into two categories: macroscopic and 
microscopic.

The macroscopic factors include the design 
and refinishing of the margins of the mouth prepa-
ration, the protection of the surrounding tissue, 
and the precision of the restoration/tooth inter-
face; the microscopic factors concern the iteration 
between superficial hydrophilia and hydrophobia 
of the resin and the wettability of the surface.

7.2  Laser Er:YAG and Adhesion

Adhesion, defined as the tendency of some 
dissimilar substrata to join together thanks to 
the formation of forces of attraction, is still 
today a cornerstone of everyday dentistry, and 
we consider it as one of the most fundamental 
and crucial stages which can affect the out-
come of the restoration (Ferrari, Breschi) 
(Fig. 7.7).

The functions of the adhesive system are:
Create a seal to allow the correct maintenance 

of the restoration in the course of time.

 1. Distribute the forces to guarantee a correct 
functional rehabilitation of the tooth.

 2. Prevent the characteristic separation indis-
pensable for the retention of the restorative 
material, and impede polymerization 
contraction.

The aims of enamel-dentine adhesion accord-
ing to Lutz et al. [4] are:

• Retention and stability of the restoration,
• Prevention and absorption of the stresses of 

contraction,
• Perfect marginal adaptation in the absence of 

fissures and micro-infiltrations,

MICROSCOPIC

1) Hydrophility of the surface\resin

INFILTRATION IN THE
HYBRID LAYER

The hydrophobia of the resin has to be connected with the

Different systems of priming permit the interaction between

this 2 different substrates.

hydrophilia of the tooth to create an adhesion.

MANDATORY THE USE OF THE RUBBER DAM

FACTORS INFLUENCING DURATION OF THE FILLING

Fig. 7.7 Factors 
influencing adhesion
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• Hermetic sealing of the dentine pulp 
complex,

• Reduction of post operation sensitivity,
• Strengthening of the restored tooth.

On the dental substratum, two types of adhe-
sion occur: micromechanical and chemical.

Micromechanical adhesion which is created 
thanks to the forces of attrition between the sur-
face and the bonding occurs both on enamel and 
dentine. On enamel, the roughness of the surface 
that we obtain by the use of laser and mordant 
acid increases the area of interaction between the 
parts. On dentine, the penetration of the resinous 
bonding within the tubules and the formation of 
resin tags produce an increase in the mechanical 
attrition between the resin and the tubular walls 
and an increase in adhesion (Fig. 7.8).

Chemical adhesion which only occurs on den-
tine is due to dentine priming and the process of 
hybridization. By means of the creation of a 
hybrid layer (collagen fiber + resinous bond 
joined together by van der Waals electrostatic 
forces), the strength of adhesion increases and 
microfiltration diminishes.

According to the classification of Silverstone 
of 1975, enamel can present four microscopic 
aspects of erosion depending on the type of stim-
ulus applied. Specifically, type 1, which presents 
preferential erosion at the core of the prism (the 

most mineralized part) and to a lesser extent on 
the periphery which shows up after mordanting 
with a 35% solution of orthophosphoric acid, 
turned out to be the most suitable for subsequent 
adhesive interventions (Fig. 7.9).

The treatment of the enamel surface with laser 
creates the aspect seen in type 3, in other words 
of undifferentiated erosion, less suitable for adhe-
sion systems. From this, there emerged the neces-
sity of always using a mordanting acid after laser 
treatment on enamel in order to clean the surface 
treated of the residue of the micro explosions and 
bring it back to the aspect of type 1 (Fig. 7.10).

The differences observed between a surface of 
type 1 that was only treated with a mordant acid 
and a surface that was treated with laser and acid 
are the presence in the latter of micro and macro 
cracks within the enamel that create an interface 
of contact with the bonding that is not rectilinear 
but of an irregular sinusoidal type, increasing 
exponentially the surface contact between the 
enamel and the bonding and reducing the micro- 
infiltration of the preservative restoration in the 
course of time. In fact, studies have shown that 
the strength of the bond is basically identical but 
that there is a notable increase in marginal 
impermeability.

The effect of laser on dentine, as we have 
already mentioned, creates a larger opening at 
the entrance of the tubules and anastomoses. 

Borderline between surface 
cavity on enamel.
C = Composite resin, 
E = enamel

Tags formation after bur and acid traditional
preparation of the dentine. Micromechanic 
adhesion

Fig. 7.8 Resin tags penetrating into dentine tubules
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This characteristic allows a greater and better 
penetration of the resinous bonding within them 
and creates peculiar tags characterized by their 
longer length and thickness, numerous anasto-
moses, and a base of insertion that is longer and 

more represented, called “champagne cork” 
because of its shape compared to the traditional 
system where the tags are longer but thinner with 
fewer anastomoses and a short base in the typical 
shape of a “string of spaghetti” [5–7].

CLASSIFICATION OF SILVERSTONE (1975)

preferential erosion of the enamel prism core

preferential erosion of the enamel prism periphery.

undifferentiated erosion,

association type I - type II

Type I :

Type I Type Il Type Ill Type IV

�

Type II :�

Type III :�

Type Iv :�

Source : Elsenmann DR. Enamel structure. In Ten Cate AR. Oral Histology : development, structure,
and function. 5éme édition. St Louis : Mosby, 1998.

ENAMEL

Fig. 7.9 Silverstone classification of enamel SEM aspect depending on erosion stimulus
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The combined treatment of laser and etching 
acid both on enamel and dentine does not change 
substantially the absolute values of bond strength, 
but it has a considerable influence on the improve-
ment of the prevention of micro-infiltration of the 
adhesive restoration carried out directly on cavi-
ties prepared and treated by laser (Fig.  7.11) 
within suitable parameters [8, 9].

7.3  Clinical Cases and Protocols 
for Laser Conservative 
Dentistry

In the light of all that has been said until now, it 
will have become clear how important it is to 
integrate the use of laser in everyday clinical 
practice.

For this reason, the authors, since as far back 
as 2009, consider it of fundamental importance 
to adopt a “laser-integrated” approach to den-
tistry in which laser instruments and techniques 
should be integrated within traditional proto-
cols in order to obtain clinical advantages as 
regards:

• Comfort of patients,
• Reduction of healing time,
• Improved quality of the surfaces and tissues 

treated,

• Decontaminated operating area,
• Less possibility of intra- and postoperative 

complications.

Our experience has led us to draw up, on the 
basis of scientific studies and guidelines, some 
clinical protocols to use in daily practice.

We advise therefore keeping to hand the fol-
lowing checklist for laser-integrated conservative 
restoration:

 1. Pinpoint the lesion (above/below gum, above/
below crest).

 2. Evaluate the seriousness and eventual pulp 
involvement (capping or endodontic 
treatment).

 3. Local anesthetic (if necessary).
 4. Protection of adjacent tissue.
 5. Removal of undermined enamel.
 6. Removal of infected dentine.
 7. Adhesion procedures.
 8. Incremental technique of reconstruction.

Case 1 Hypo-mineralization of enamel-dentine 
with a history of hyper fluorosis. The patient 
reported an esthetic deficit of 4.1, clearly revealed 
by and/or a lack of enamel integrity, a central 
hyperchromic area of the tooth at a lingual level 
in respect of the arch.

Micro infiltration in composit restorations 5° class

BUR Er:YAG

Er:YAG laser cavity preparation and composite resin bonding with a single-component adhesive system:
relationship between shear bond strength and microleakage

Bertrand MF, Semez G, Leforestier E, Muller-Bolla M, Nammour S, Rocca JP.Lasors Surg Med. 2006 Jul;38(6):
615-23.

DENTIN

Fig. 7.11 Micro leakage after laser treatment alone and laser + acid treatment
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It was decided, after isolating the area to be 
operated on using a rubber dam, to proceed with 
the ablation of the damaged tissue using laser 
(Fig. 7.12).

With a view to improving the precision of the 
intervention, it was decided to use a mirror hand-
piece (Fotona) with a 0.5 mm spot.

This handpiece, since it bears no physical 
resemblance to the bur as regards proximity to the 
surface, is difficult for novices to use, so we 
decided to protect the adjacent teeth by positioning 
rough interproximal matrices (to fragment the 
reflected ray and reduce the risk to the people pres-
ent). The assistant was asked to position the aspi-
ration tube not very close to the air/water spray 
supply since the aiming beam on the mirror hand-
piece is visualized by the operator thanks to the 
drops of water which, in turn, could be deviated by 
the aspiration tube itself when we reduce signifi-
cantly the water ratio. We should keep in mind that 
the Er:YAG laser is an IR laser and so not visible 
to the naked eye. Having evaluated the integrity of 
the enamel, it was decided to use a suitable setting 
of 250 mJ, 20 Hz, and air 6/water 3.

It was decided to reduce the spray of water in 
order to have a greater ablative effect on the 
enamel which was very mineralized. By reducing 
the water, there is a risk of creating superficial 
carbonization, and so the duration of the pulsation 
should not exceed 150 ms. Once the dentine has 
been reached, the parameters will be changed to 
150 mJ, 20 Hz, and the water will be increased to 
4/4. The movement must take into consideration 
an overlapping of the spots of around 50%. For 
the polishing of the enamel margins, we advise 
diminishing the frequency in order to have better 
control and moving away from the focal point in 
order to disperse the ablative energy over a wider 
surface. There then follows a differentiated total 
etch type of mordanting of the enamel- dentine 
with at least 30 s washing and gentle drying.

The spreading of the primer and bonding must 
take into consideration the sinusoidal surface cre-
ated by the laser, and so the brushing movement 
must be very close shaved so as to enable the prod-
uct to penetrate all the anfractuosities of the enamel 
and dentine in a complete three- dimensional way. 
This is important to obtain an optimum dentine 
hybrid layer (tags and no sensitivity) and to cancel 
marginal blemishes on the enamel (white streaks).

Finishing touches and remodelling of the res-
toration with finishing burs and polishing with 
pop-on discs (Fig. 7.13).

Case 2 The patient presented multiple, incon-
gruous fillings in the lower teeth with marginal 
infiltrations and secondary decaying lesions 
(Fig. 7.14).Fig. 7.12 Initial clinical view

BEFORE AFTER

Fig. 7.13 Clinical before and after
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After isolation, it was decided to use less 
energy, 150  mJ, 20  Hz, A/A 4/4, and pulsation 
300 μs because the decaying tissue by reason of 
the fact that it is richer in water will absorb the 
ray more readily. In this case, we used a 0.8 mm 
spot and F  =  30  J/cm2 sapphire tip in order to 
have more control over the effect and avoid dam-
age to the adjacent tissue.

The erbium laser is very useful in removing old 
compound restorations in that the photomechanic 
action directed on the hybrid layer, by vaporizing 
all the water, allows an easy removal of the filling 
without affecting the whole dental zone.

The use of the contact handpiece must take 
into consideration a minimum space between the 
area of the tip and the surface to be treated so as 
to allow the passage of water between the two 
and obtain both the photo-acoustic effect and not 
ruin the tip itself (Fig. 7.15).

NB: Never touch the surface of the tooth 
with the tip; otherwise, the damage will pre-
vent the rectilinear emergence of the bundle 
and will produce what is called scattering 
effect [10].

The steps for acid etching, application of 
bonding, and polishing are the same (Fig. 7.16).

Fig. 7.14 Initial view

Fig. 7.15 Cavity preparation with Er:YAG laser

Fig. 7.16 Final result
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Case 3 In this third clinical case, we take into 
consideration erbium not as regards the prepara-
tion of the teeth but simply as regards the treat-
ment of the surface before applying adhesive 
cementing (Fig. 7.17).

The preparation is carried out according to the 
traditional rotating methods, and subsequently, 
the teeth are treated within the 150 mJ, 20 Hz at a 
distance, 150 μs pulse duration, and F = 30 J\cm2 
parameters so that the surface contact with the 
adhesive will be increased.

Until today, it is not possible to treat ceramic 
facets and caps with laser, and so we must follow 
the traditional requirements of the producer 
(Fig. 7.18).

Traditional chemical treatment of ceramic sur-
face to improve the micro leakage (Fig. 7.19).

Fig. 7.17 Initial clinical view

Fig. 7.18 Porcelain etching and cementation

Fig. 7.19 Ceramic chemical etch on porcelain
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Abstract

The use of deep lasers on hard dental tissues to 
treat dental hypersensitivity and prevention by 
sealing with laser integrated procedures. 
Hypersensitivity is a common problem for 
many patients in our offices, and management 
is quite complex. Deep lasers such as Nd:YAG 
and diode laser can be used, with different 
techniques and different clinical approaches in 
our daily practice. The importance of using 
chromophore and desensitized chemical prod-
ucts, in addition to laser beam, seems to be 
strongly recommended. Results on clinical 
studies and medium-term evaluation show that 
these procedures are safe, efficient, and time- 
saving in expert hands.

Keywords

Nd:YAG · Diode laser · Dental  
hypersensitivity · Laser sealing · PDT

8.1  Laser and Hypersensitivity

Dental hypersensitivity (DH), defined as “a 
short sharp pain arising from physical or chemi-
cal stimuli which cannot be ascribed to dental 
pathologies” in 2003 by the Canadian Advisory 
Board, is a highly relevant and widespread prob-
lem among dental patients. Such pain, often 
described as short and sharp, can be ascribed to 
thermal stimuli, mechanical contacts, osmotic 
variations (e.g., drying of the surface of exposed 
dentine), or chemical stimulations (e.g., sugary 
or acid foods). According to the hydrodynamic 
theory already expounded at the beginning of the 
last century by Brannstrom, these stimuli would 
create a movement of the intratubular fluid that 
would stretch the nerve fibers within the pro-
cesses of the odontoblasts contained in them.

Exposed dentine is often due to periodon-
tal disease and is particularly related to gum 
recession in thin gingival biotypes, while it 
becomes a matter of resective periodontal sur-
gery in patients undergoing such procedures for C. F. Sambri (*) · G. Semez

Semez srl, Trieste, Italy
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the maintenance of the health of the periodon-
tium. It is estimated that between 60% and 98% 
of patients are affected by periodontal disease 
with a loss of teeth, and undergoing resective 
therapies present varying degrees of dentine 
hypersensitivity.

Other situations that can be correlated to DH 
are the loss of dental tissue in the cervical region 
due to abrasions caused by mechanical traumas 
(e.g., incorrect brushing) or abfractions often 
found in patients affected by chewing parafunc-
tions. Less common are pathologies linked to 
odontogenesis (e.g., amelogenesis imperfecta) or 
erosions due to chemical traumas (e.g., patients 
with eating disorders such as anorexia and/or 
bulimia).

For these reasons, nowadays, numerous sys-
tems are used with a view to obliterating the 
dentine tubules themselves so as to eliminate 
the movement of fluid and the consequent algic 
symptoms demonstrated by the affected teeth.

Following one of the various treatment proto-
cols mentioned in previous studies, it is first of 
all important to identify and, where possible, to 
eliminate the root cause of DH.  In the second 
place, chemical products such as KNO3 and KCl 
are used in order to relieve the pain. If these pre-
ventive and curative measures should not produce 
satisfactory results, it is necessary to proceed 
with the obliteration of the dentine tubules.

There are numerous techniques proposed for 
this procedure including the following:

• Gingival closing: using the techniques of 
mucus-gingival surgery, the exposed dentine 
is corrected by repositioning the gingival 
margin.

• Adhesive systems: the enamel-dentine adhe-
sive systems seem to be relatively effective in 
tubular obliteration.

• Chemical sclerosis: chemical products with 
the capacity to form weak links with the den-
tal substratum are applied topically to the 
exposed surface. Some examples are CaOH2, 
fluoride, and HAp-based varnish and pastes.

• Integrated laser techniques called LITS: 
Laser integrated tubular sclerosis.

The light of the laser by transmitting energy 
under the form of photons (photonic energy) 
makes it possible, according to the characteristics 
of the laser itself, to have a direct effect on the 
exposed dentine or to activate an appropriately 
treated desensitizing chemical product.

8.1.1  Nd:YAG Laser: LITS Technique

The Nd:YAG laser is considered a high-energy 
laser in that the modality of the ray properly 
called a pulsate or super pulsate allows the built-
 up energy to be emitted in very high quanti-
ties (peak power of very high pulsations) in an 
extremely short time (short pulse duration). This 
binomial of energy and exposure time allows the 
wavelength to alter irreversibly the irradiated 
dentine surface without however transmitting the 
heat produced to the deep tissue and in particular 
to the pulp tissue which is extremely sensitive to 
rise in temperature.

This process, defined as the photothermal 
effect, consists in the absorption of the energy of 
a photon on the part of a target molecule which 
creates an increase in the molecular vibrations 
and is translated into the production of heat and a 
rise in temperature. The Nd:YAG laser, thanks to 
its type of pulsate emission, produces this effect, 
and thanks to the brief duration of the pulsation, 
the rise in temperature is not translated into the 
scattering of heat toward the pulp. This rise in 
temperature allows a permanent alteration of 
the architectonic structure of the irradiated den-
tine tissue, thus giving rise to dentine melting 
that obliterates the tubules very effectively. This 
process can be carried out clinically only in the 
presence of a suitable chromophore placed on the 
surface to be treated, in this specific instance on 
the graphite opportunely applied. The procedure 
we propose is the following (Fig. 8.1):

Clinical Protocol
 1. Delicate washing of the surface with a rotat-

ing toothbrush.
 2. Application of the graphite on the surface to 

be treated.
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 3. Application of the laser (Nd:YAG 0.5  W; 
10 Hz; fiber 300 μ) with the fiber at an angle 
of around 45° in relation to the tooth.

 4. Pause of 30  s (the time for thermal 
relaxation).

 5. Application of the laser (Nd:YAG 0.5  W; 
10 Hz; fiber 300 μ) with the fiber at an angle 
of around 45° in relation to the tooth.

 6. Wash with air/water spray.
 7. Test dentine sensitivity with air.
 8. Polish gently with a toothbrush and fluorate 

paste.

We advise inclining the fiber to around 45° 
in order to reduce the phenomenon of refraction 
and diminish the concentration of energy deep 
down, above all at the level of the pulp chamber 
(Fig. 8.2). We recommend interrupting the treat-
ment when the graphite has vaporized and resum-
ing it only after having positioned a further layer 
of ophore. The sensitivity test with air allows us 
to evaluate the results obtained, and it is immedi-
ately felt by the patient. During the treatment, the 
patient may often feel a short sharp pain which is 
why we advise warning him/her about this before 

Fig. 8.1 Application of the graphite, fiber at an angle around 45°, graphite vaporization and superficial thermal struc-
ture modification

Fig. 8.2 SEM image before and after LITS treatment of dentine surface exposed
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treatment begins. The duration of the treatment 
is extremely short, and so it fits well into daily 
clinical procedures [1].

8.1.2  Diode Laser

In order to carry out the same operation of 
desensitization using a diode laser, the proce-
dure used must perforce include the application 
of an opportunely colored desensitizing product 
on the surface to be treated. The desensitizing 
product will absorb the energy of the laser light 
and prevent its diffusion downwards towards 
sensitive tissue and the heat produced within 
the substance itself by increasing the molecular 
kinetics will produce a form of activation of the 
product, not only tending to form a more homog-
enous layer of the treated surface but also lead-
ing to a greater penetration within the exposed 
dentine tubules with a desensitizing effect that is 
longer lasting over time. In a clinical study that 
we carried out on 44 treated teeth in the cervi-

cal portion we first provided the patient with a 
VAS/AVS test (Analogical Visual Scale) to eval-
uate the pre- operatory pain. The patients had to 
make a score from 0 (complete lack of pain) to 10 
(highest level of pain) for the tooth in question. 
The stimulation was provided using a puff of air 
from the air/water pistol for about 2–3 s. Clinical 
protocol requires the delicate washing of the sur-
face using ultrasound and gentle polishing using 
a rotating silicon toothbrush with soft, rounded 
bristles. Subsequently, after having isolated the 
area to be operated on with cotton rolls to soak 
up the excessive presence of saliva, we proceeded 
with the mixing of the product which is based on 
hydroxyapatite crystals and since they are white 
we added a blue food dye to them (Fig. 8.3).

The mixing time advised by the producer of 
the dye is 15  s but we prolonged it to 30  s to 
ensure the homogeneity of the final product. This 
was applied to the relevant surface of the teeth and 
particular care was taken in spreading the whole 
product smoothly even in the inter- proximal 
areas that were exposed [2]. For this operation we 

Fig. 8.3 Add the food dye to the desensitizing product
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advise the use of a very fine brush. Once the col-
ored desensitizing product has been positioned 
we began the process of irradiation with the laser 
(Fig. 8.4) using constant movements to brush the 
surface of the colored gel [3–5]. The protocol we 
used is the following:

Clinical Protocol
• Application of the colored paste on the surface 

to be treated.
• Application of the LASER (Diode 980  nm 

0.5 W; CW; fiber 320 μ) about 20 s.
• Pause of 30  s (the time for thermal 

relaxation).
• Application of the LASER (Diode 980  nm 

0.5 W; CW; fiber 320 μ) about 20 s.
• Washing with air/water spray.
• Dentine sensitivity test with air.

After laser irradiation the product is left in situ 
for about a minute and then rinsed off with water.

After completing the treatment, the sites 
were re-evaluated after 7 days, when necessary 
retreated, and then evaluated again 14 days and 3 
months after the initial treatment.

The results that emerged from the operation 
were the following:

• No patient treated reported a worsening of 
their symptoms.

• No patient treated showed clinical signs of 
pain or pulp damage.

• All the patients experienced a clinical 
improvement in hypersensitivity during the 
treatment.

• No patient showed a return to his initial values 
after 3 months from the first application.

• 11 patients at 0 after 7 days and 1 application 
(25%).

• 17 patients at 0 after 14 days and 2 applica-
tions (38.6%).

• 17 patients at 0 after 90 days and 2 applica-
tions (38.6%).

• 28 patients with a score equal to or less than 2 
after 90 days (63.6%).

• Average value at 3 months 1.63 against an ini-
tial value of 4.77.

• The average reduction in the scores is 3.14 
points.

In the light of these results, we can confirm 
that the technique is safe and effective, simple 
to carry out, and devoid of discomfort for the 
patient during and after treatment [6].

The laser seems to allow a better formation 
of the isolating layer on the whole surface of 
the exposed dentine, but above all, it seems 
able to penetrate deeper into the hydroxyapa-
tite crystals in the dentine tubules, thus form-
ing longer intra- tubule tags. Longer tags are 
correlated with a more lasting desensitization 
over time with a prolonging of the therapeutic 
effect by almost 50% in patients treated with 
laser (Fig. 8.5).

This technique does not seem to undermine 
the adhesion maneuvers that may be required by 
the clinical situation itself, and consequently it 
can also be used on vital sensitive stumps before 
the adhesive cementation of metal-free-type 
prosthetic products.

Fig. 8.4 Brushing homogeneous layer on the treated surface. Than laser diode irradiation following the protocol
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8.2  Er:YAG Sealing

The sealing of permanent teeth as soon as they 
erupt in young people is one of the prevention 
interventions that we habitually carry out in our 
surgeries. Permanent teeth when they have just 
erupted often present an unfavorable occlusal 
anatomy or, in other words, pits and furrows that 
are too pronounced and that compromise the 
health of the tooth. Furthermore, the vestibular 
pits of the lower molars and the dead holes on the 
upper central and lateral incisors are anatomical 
alterations with a greater possibility of becoming 
decayed.

For these reasons, it is considered important to 
treat these unfavorable anatomical defects espe-
cially in patients who are negligent in their oral 
hygiene.

The Er:YAG laser, with its characteristics of 
iteration with enamel tissue as described in the 
preceding chapter, is extremely useful in this 
technique. The microinvasive characteristics of 
the spot (0.5  mm diameter in the mirror hand-
piece) make it possible to work with great preci-
sion on the surfaces to be treated. What is more, 
by varying the fluence, it is possible to simply 
treat the enamel surface in order to improve 
the adhesive process or to be ablative and alter 
directly the anatomy of the tooth itself.

The procedure we used is the following.
After having inserted the rubber dam in 

order to isolate the operative area (Fig. 8.6), we 
proceeded with the laser, 150  mJ, 20  Hz, spot 
0.5 mm, and pulse duration 50 μs therapy [7].

The treatment of the furrow was carried out 
using air/active water (ratio 3/6) until all detritus 

Fig. 8.5 Deeper tags formation inside dentinal tubules

Fig. 8.6 Rubber dam positioning, laser treatment, acid etching
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had been eliminated. Some authors have advised 
that subsequently a photodynamic therapy (PDT) 
should be carried out in order to decontaminate 
the site before positioning the resin sealant [8] 
(Fig. 8.7).

For the PDT, a wavelength of 645  nm, 
500  mW, 60  s, is used after having positioned 
a specific product called a photosensitizer (e.g., 
indocyanine green). At the conclusion of this 
phase, the process continues with micro-acid 
etching using a 37% solution of orthophosphoric 
acid for 30 s. The chemical micro- acid etching 
is indispensable after the use of laser in order to 
remove the micro-cracks that are formed from the 
photo-acoustic effect of the erbium laser. Finally, 
the operation proceeds, as usual, with the posi-
tioning of the resin sealant and the subsequent 
polymerization of the same.
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Abstract

During the past half-century, laser osteotomy 
has been studied for a broad range of lasers, 
which almost covers the entire range of avail-
able laser systems in the market, from early 
unsuccessful experiments with CW lasers to 
newly developed ultrashort pulse lasers. 
Although a large variety of laser parameters 
including wavelength, pulse energy, pulse 
duration, and repetition rate have been inves-
tigated to find an optimum laser system as an 
alternative osteotomy tool, there is not a uni-
versal agreement on a specific type of laser to 
replace conventional mechanical saws. The 
only universal agreement is on the speed of 
cutting (ablation rate) which went to long- 

pulse Er:YAG and CO2 lasers. Microsecond 
pulse Er:YAG and CO2 lasers perform oste-
otomy by inducing efficient photothermal 
effect to the bone with the help of high 
absorption peak of water in the bone. 
However, having a speedy cut is not the only 
effective parameter to pave the way for trans-
ferring lasers to the operating room. Other 
parameters including cutting with the lowest 
thermal damage, ability for deep cutting, and 
compatibility with integrating sensors are 
among the other determinant parameters. 
Moreover, being able to be delivered through 
the fiber optic and as a consequence fit inside 
the endoscope channel could extend their 
application from the open surgery to mini-
mally invasive ones. This chapter besides 
proving the necessary information on the 
physics behind the laser–bone interaction 
provides a short review on the history of bone 
surgery with laser and state-of-the-art studies 
in this field.
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9.1  Introduction

Bone surgery has been a challenge since ancient 
times due to the difficulties for performing free 
and precise shapes and trying to preserve, at the 
same time, the surrounding tissues. However, the 
conventional tools have not changed according 
to the new challenges and needs in the operat-
ing rooms [1]. The surgeons still are feeling more 
comfortable using the classical mechanical saws 
and drills despite the collateral effects those pro-
cedures have on the patients. The vibrations and 
heat generated by those mechanical tools pro-
voke damage of soft tissue and delayed healing 
process for the cut area [2].

The main areas in which laser technology has 
achieved the best results in terms of less damage, 
more flexibility to perform the cuts, and better 
healing process for the patient are dermatology 
[3], ophthalmology [4], otolaryngology [5], and 
dentistry [6]. All those areas are mainly focused 
in soft tissue rather than in hard tissue. The only 
clinical application in which lasers like erbium, 
Nd:YAG, and CO2 have been used to ablate hard 
tissue, like enamel and cementum, is in dentistry 
[7]. However, no deep cuts have been yet achieved. 
In the last decades, the use of laser for ablating oral 
tissues has shown a better performance because the 
laser provides small and flexible cuts and contact-
free interaction with the cut area. Therefore, the 
collateral damage is reduced [7–10], and the heal-
ing process is much faster and easier for the patient.

9.2  History of Hard Tissue Laser 
Ablation

Bone surgery is found to be more challenging 
when fragile, and small bone parts (like in the 
maxilla and mandible) are under high pressure 

and vibration due to the contact with the mechan-
ical tools (osteotomes). Also, the difficulties are 
found when cutting bones which are surrounded 
by delicate tissue like the spine or bones which 
require an invasive surgery to be reached, like in 
the partial or complete replacement of the knee. 
All those procedures require precision, less con-
tact pressure and vibrations, and free shape cuts. 
Additionally, it is needed to reduce the bacterial 
contamination risk, which is very high when 
using the conventional osteotomes like drills and 
saws because sometimes there is deposition of 
metal material in the cut areas [7].

Right after the invention of the laser by Maiman 
in 1960 [11], many more types of lasers were 
launched [12]. Moreover, pulsed lasers were stud-
ied as potential tools in biomedical applications 
[13, 14], and only 5 years after its invention, the 
laser was used for precise tissue coagulation [15].

On the contrary, laser ablation of hard tissue 
was also investigated as early as other biomedical 
applications. The first studies were performed by 
hitting molar and incisor teeth using a ruby laser 
at the wavelength λ = 694.3 nm [16]. In 1964, the 
Nd:YAG and the CO2 lasers were developed at 
the Bell Telephone Laboratories [17, 18]. Those 
lasers have been mostly used in dentistry applica-
tions for ablating soft and hard tissue, especially 
the CO2 laser has been highly used since then. 
However, the ablation processes using the CO2 
laser showed that the tissues were getting carbon-
ized due to the action of the laser [19, 20], and 
these carbonization effects led to delayed bone 
healing in comparison with the effect of the con-
ventional mechanical tools. Even when chang-
ing the laser parameters, similar results were 
obtained [21, 22]. Studies of temperature rise and 
its effects while ablating the bone [23] showed 
that temperatures between 44 °C and 47 °C are 
critical and the consequences are the tissue pres-
ents thermal damage, which makes the healing 
process much more difficult, and, in some cases, 
the complete death of tissue in the surroundings 
of the ablated area.

The first studies in bone ablation using a 
pulsed Er:YAG laser were performed by Nuss 
[24] in 1988 and Hibst and Keller [25, 26] in 
1989, where the interaction of middle-infrared 
wavelength laser with hard tissue was starting to 

L. M. Beltrán Bernal et al.

https://t.me/RoyalDentistryLibrary/



101

be understood. Ten years after, deeper research 
in the interaction of the laser with the hard tis-
sues showed that the most efficient wavelengths 
for ablating bone were 2.9, 3.0, and 5.9–6.45 μm 
[27]. When additional and proper amount of 
water spray was used together with the erbium 
laser to ablate the bones, the thermal damage was 
dramatically reduced [28]. In general, erbium 
laser wavelengths like 2.94 μm from the Er:YAG 
laser and 2.78  μm from the Er,Cr:YSGG laser 
were used and proven to be very efficient for den-
tal hard tissue ablation [29, 30]. Nowadays, the 
lasers which are mainly used for hard tissue abla-
tion are the Nd:YAG, the CO2, and the erbium 
lasers.

9.3  The Physics Behind 
the Laser–Bone Interaction

The tissue properties involved in the interaction 
with the laser are absorption, scattering, anisot-
ropy, and refractive index. The properties of the 
laser irradiation which might affect the tissues 
are wavelength, exposure time, pulse frequency, 
pulse duration, spot size, power, and energy den-
sity. There are two main types of laser–tissue 
interaction: Once the laser impinges the tissue, 
the light can be affected by the tissue properties, 
or the tissue can be affected by the laser param-
eters. In both cases, the laser parameters affect 
the result as well as the tissue properties. The 
first type of interaction is related to the field of 
diagnosis, imaging, and spectroscopy. All those 
methods are used basically to understand what is 
happening inside the tissues, what are their com-
ponents, etc., by measuring the light properties 
after the interaction with the tissues. In the sec-
ond type, the light affects the tissues because it is 
changing their properties; the laser can be used 
for surgical and therapeutic ablation, coagulat-
ing, and welding. Here we are interested in the 
second type. When the tissues are affected by 
the laser light, three main phenomena can occur: 
photochemical, photothermal, or photomechani-
cal interactions [31]. Photodynamic therapy is a 
well-known procedure in which the photochemi-
cal interaction takes part. In this process, a photon 
interacts with a photosensitive dye and oxygen; 

from this reaction, a toxic material is produced, 
and therefore, the cancer cells are killed [31]. 
The photothermal interaction is the vaporization 
of tissue caused when the tissue absorbs the laser 
energy [32]. In the photomechanical interaction, 
the tissue is expelled, for instance, by explosions 
or the formation of plasma, in which the absorp-
tion properties of the tissues are not the main 
causes of tissue ablation [33]. In the following 
sections, we discuss the two main mechanisms 
used to ablate hard tissue: photothermal and pho-
tomechanical ablation.

Along the history of hard tissue laser ablation, 
the lasers which have been more used are the 
Nd:YAG, Ho:YAG, Er,Cr:YSGG, Er:YAG, CO2, 
and ultrashort pulsed lasers. In the following, we 
discuss the ablation process driven by the interac-
tion of those lasers and the hard tissues.

9.3.1  The Middle-Infrared Lasers

9.3.1.1  The Effect of Water Absorption
Water has the highest peaks of absorption at the 
middle-infrared wavelengths (2–10 μm) [33, 34]; 
this is the key point of working principle of the 
middle-infrared lasers to ablate the tissues bet-
ter compared to other wavelengths, but that is not 
the only reason. In the case of hard tissues like 
enamel, cementum, dentin, and bone, the ablation 
process is driven by a thermomechanical event, 
which involves photothermal and photomechani-
cal ablation [35, 36]. When the laser impinges 
the hard tissue surface, the energy is absorbed by 
the tissue and transferred into heat energy to the 
interstitial matrix inside the bone, the heat yields 
very high pressures in the water molecules of 
the tissue, and therefore, the ejection of the tis-
sue occurs by explosive vaporization [7, 36, 37]. 
Therefore, the higher the absorption of water, the 
faster the ablation is [27], and this is the reason 
why under proper water cooling conditions, the 
Er:YAG laser working at λ  =  2.94  μm (water 
has the highest absorption in the spectrum [33, 
34]) is up to now the best laser known which is 
able to ablate bone very  efficiently [36, 38–42]. 
Studies have shown that the Er:YAG working 
at the wavelength 2.94 μm is more efficient in 
ablating hard tissue at higher speeds compared to 
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Er,Cr:YSGG working at 2.78 μm [40, 43], and the 
main reason is that the absorption coefficient of 
Er:YAG is 1200 mm−1, three times more than the 
one for Er,Cr:YSGG (400 mm−1). The Ho:YAG 
laser has been also used to ablate bone; however, 
it has shown low ablation efficiency compared 
to Er:YAG lasers. The Ho:YAG laser works at 
the wavelength λ = 2.1 μm, in which water has 
ca. 120 times less absorption (10  mm−1); this 
explains why this laser is not sufficiently efficient 
for bone ablation [44]. The CO2 laser works at the 
wavelength 10.6 μm; the water absorption coeffi-
cient is 79 mm−1 [33, 45], approximately 15 times 
lower than the water absorption at Er:YAG wave-
length. This laser has also been used for ablating 
hard and soft tissue, and the results show that its 
ablation efficiency is also very low in comparison 
with Er:YAG laser [46, 47].

9.3.1.2  The Effect of Pulse Duration
Not only the water absorption of the laser energy 
should be considered in order to ablate hard tis-
sue more efficiently, but also it has been shown 
that, by shortening the pulse duration of CO2 and 
Er:YAG lasers, for instance, from μs to ns regime, 
the damage zone is reduced [46–49]. To predict 
the depth of damaged tissue by thermal effects, 
there are two models based on the threshold 
amount of energy deposited at the surface of the 
target tissue [48]; this model applies to both soft 
and hard tissue. When the energy deposited in the 
tissue is above the ablation threshold (specific for 
every kind of tissue), the tissue is ablated. When 
the energy rise in the surroundings exceeds a crit-
ical value, e.g., 65° for tissues which contain high 
amounts of collagen like the cornea or the skin 
and 44–47° for the bone, the tissue is thermally 
damaged. The first model is based on Beer’s law; 
it predicts the damage caused by the energy dis-
tribution at the end of the laser pulse; the width of 
damage Dd is given by:

 
D F T T

d th c c
= ( ) −( ) 1

0
/ ln / ,α α ρ

 

where α is the absorption coefficient of the mate-
rial at the specific wavelength of the laser used, 
Fth is the threshold fluence for ablation, Tc is the 

critical temperature for the denaturation of the 
tissue, T0 is the initial tissue temperature before 
irradiation, and ρc is the volumetric-specific heat 
of the tissue [46].

In the second model, it is assumed that all the 
energy left at the end of the pulse is distributed uni-
formly in the tissue; the width of damage is:
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The results reported in [48] using a Q-switched 
Er:YAG for ablating pig skin, aorta, and bone 
give damaged widths bigger than the predicted 
by the first model and smaller than the predicted 
by the second model. In that study, they show that 
the damage created by ns laser pulses is less than 
for the μs laser pulses. Similar results are shown 
when using a CO2 laser [46].

9.3.1.3  The Effect of Water Cooling
The thermal damage caused by the ablation 
with middle-infrared lasers is due to the excess 
of temperature rise in the surroundings of the 
ablated tissue. To rehydrate the tissues and pre-
vent damage like carbonization, water cooling 
is needed. As we have seen before, the higher 
the water absorbs the energy of the laser, the 
more efficient the ablation is. While using water 
during the ablation process, this water is also 
absorbing the energy of the laser; therefore, the 
ablation process becomes slower or completely 
stopped depending on the amount of water and 
the spray method used [50–53]. The Er:YAG and 
Er,Cr:YSGG lasers are commercially available as 
dental lasers, and they have their own continuous 
spray system. These lasers work very good for 
dentistry applications in which dentin, enamel, 
and cementum have to be superficially ablated 
[51]. For ablating deeper, the current irrigation 
system of the erbium lasers does not work as 
good as for superficial cuts because the water 
goes inside the ablated areas and it gets trapped 
preventing ablation to happen even when using 
pulsed water jet [53]. A different water cooling 
system should be used to be able to control pre-
cisely the amount of water on the tissue such that 
the ablation is optimal and no thermal damage 
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occurs. In Fig. 9.1, there are several holes made 
using an Er:YAG laser, and they have different 
water jet cooling conditions. The water cooling 
system used is an ESI Elveflow pulsed water 
jet which has a pneumatic pressure controller, a 
water reservoir of 80 mL capacity, and a Tygon 
tubing coil of 500 μm inner diameter. The pres-
sure was set at its maximum capacity of 2 bar, 
which provided a flow rate of 14 mL/min and a 
velocity of 1  m/s. The system was used at dif-
ferent time of water on and water off sequences 
[53]. The fine water jet of similar size as the cra-
ter created by the laser (ca. 500 μm) provided a 
very good distribution of water inside and in the 
surroundings of the ablated area. However, the 
maximum depth achieved was 1  cm. Still sev-
eral improvements should be implemented; for 
instance, having a suction system to avoid the 
excess of water inside the tissue, a finer water jet 
beam to direct more precisely the water inside the 
crater could be integrated as well.

In [53], it was confirmed, as in previous stud-
ies [50], that the ablation of hard tissue using 
middle-infrared lasers like erbium is very sen-
sitive to the water spray system and amount of 
water used.

9.3.1.4  The Effect of Beam Quality
As expected, other laser parameters also affect the 
result of ablation. When the beam is not an ideal 
Gaussian beam (quality factor for ideal beam 
M2 = 1), the Rayleigh length (ZR) which provides 
the depth of focus (DFocus = 2ZR) is smaller as it 
should be:

Z
MR

=
πω

λ
0

2

2

where ω
0

2  is the beam radius of 

the focused beam at the surface of the tissue. 
Many commercially available Er:YAG lasers 
have a quality factor which is much higher 
(15 < M2 < 30) than for an ideal Gaussian beam. 
Therefore, the depth of focus is dramatically 
reduced, reducing as well the depth of ablation.

9.3.2  Neodymium-Doped Lasers

As it has been mentioned before, in order to suc-
cessfully replace conventional mechanical oste-
otomy tools with lasers, two main difficulties 
should be overcome: speedy cut and inducing 
less thermal damage to the bone as compared 
to mechanical saws and burrs. The first one was 
achieved with the help of high absorption of 
Er:YAG and CO2 lasers in water and hydroxy-
apatite, which are the main component of the 
bone. The later one is also accessible, but it needs 
a proper cooling system. Otherwise it would 
lead to delayed healing process. Since the water 
is well absorbed in 3 and 10 μm, the amount of 
water that can be applied to the bone is very lim-
ited in both Er:YAG [54] and CO2 lasers [55]. It 
has been shown that the maximum thickness of 
the water which a typical Er:YAG laserosteotome 
can pass through it is in order of ca. 1 mm (fluc-
tuating depends on the laser parameters specially 
the peak power) [52]; otherwise the Er:YAG 
laser beam will be absorbed by the cooling water 
and cannot reach the tissue. Similar numbers are 

Fig. 9.1 Result of 
Er:YAG bone ablation 
holes with different 
water jet cooling 
conditions. A yellowish 
partial carbonization 
around the hole is 
observable (the darkness 
inside the hole in the 
picture is because of 
lack of light inside the 
hole). This figure was 
taken from [53] with 
permission
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reported for both Er,Cr:YSGG and CO2 lasers 
[56]. Therefore, when bleeding occurs and the 
target area needs to be flushed, the ablation pro-
cess will be dramatically prolonged. Also if the 
bone cut needs to be performed in the presence 
of bulk water, then a laser with less absorption 
in water is necessary. Neodymium-doped lasers, 
including Nd:YAG (neodymium-doped yttrium 
aluminum garnet) and Nd:YVO4 (neodymium- 
doped yttrium orthovanadate), which emit 
1064 nm as a primary harmonic and 532 nm as 
a second harmonic, with very low absorption in 
water are appropriate candidates to ablate the 
bone in the presence of water.

A damage-free bovine cortical bone abla-
tion submerged under 15  mm of water with a 
frequency- doubled Nd:YVO4 laser has been 
demonstrated [42, 57]. The reported ablation 
rate is around 0.2 mm3/s. Also, they reported the 
observation of 30% reduction in ablation rate 
when some bovine serum albumin was mixed 
with the water. There are also some studies about 
bone ablation with 1064 and 532 nm laser beams 
without cooling water [58, 59]. Without apply-
ing cooling water, full carbonization is reported 
during MHz bone ablation with mode-locked 
Nd:YVO4 laser oscillator [58] and carbonization- 
free kHz bone ablation using principal harmonic 
of picosecond Nd:YVO4 laser [59]. Repetition 
rate plays a key role in ultrashort laser ablation, 
which is discussed in the next section of this chap-
ter. The authors’ own unpublished results using 
a nanosecond Nd:YAG at 532  nm also support 
these findings. Figure 9.2 shows the hole made 
by a 5 ns laser beam with an energy of 200 mJ at 
20 Hz repetition rate without any irrigation.

In addition, it is reported that Nd:YVO4 laser 
can ablate and remove the carbonized bone as 
well [58]. Thus, the carbonization detection with 
the beam Nd:YAG laser through laser-induced 
breakdown spectroscopy (LIBS) was possible 
[60]. Another advantage of neodymium-doped 
lasers is that they are compact, turnkey, afford-
able, and allow for high powers. Also, its optical 
components are easily available in the market, 
and water-jet-guided delivery is possible within 
neodymium laser wavelengths [61, 62]. One dis-
advantage of neodymium laser as compared to the 
middle-infrared laser is that their safety goggles 

have a less visible light transmission which could 
make it a bit uncomfortable for the surgeon. To 
sum up, while neodymium-doped laser showed 
ablation without thermal damage, they still suf-
fer from low ablation rate which is one order of 
magnitude lower than reported ablation rate of 
Er:YAG or CO2 laserosteotomes. Further experi-
ments with neodymium-doped lasers with higher 
average power may lead to comparable ablation 
rate with erbium-doped lasers.

9.3.3  Ultrashort Pulsed Lasers

As it has been mentioned at the beginning of this 
chapter, the high power density of laser lights 
leads to photomechanical interactions of light 
with the tissue through plasma formation (so- 
called plasma-mediated ablation). Achieving 
high power density of laser light requires short 
(nanoseconds) and ultrashort (picoseconds and 
femtoseconds) pulse duration. Due to the nonlin-

Fig. 9.2 Result of nanosecond Nd:YAG bone ablation 
without any cooling. A yellowish partial carbonization 
around the hole is observable (the darkness inside the hole 
in the picture is because of lack of the light inside the 
hole)
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ear optical phenomena in ultrashort pulse regime, 
the absorption properties of the tissues are not the 
main causes of tissue ablation [33]. In this tim-
escale, a picosecond or femtosecond laser beam 
ablates a dielectric material through multiphoton 
absorption of light and avalanche ionization or 
hydrodynamic expansion of plasma induced by 
the very high electric field in the focal spot of the 
laser line [58].

One of the difficulties of working with short 
and ultrashort lasers is that it becomes more chal-
lenging to couple them into the fiber for minimally 
invasive surgeries due to plasma formation in the 
environment air and it needs a vacuum chamber 
or an optical homogenizer to prevent this break-
down [63]. The generated plasma in the air could 
become much bigger than the actual spot size of 
the laser beams over time, due to the expansion of 
the ionized area. It has been shown that the gener-
ated plasma in the air using a typical nanosecond 
Nd:YAG laser could be a bit smaller than gener-
ated plasma in the surface of the bone but still 
in millimeter scale [64]. The generated plasma 
expands in both lateral and axial directions [65]. 
Also, it has been demonstrated that the generated 
plasma could last up some hundreds of microsec-
onds (fluctuating depending on laser parameters) 
[64]. Therefore, such a laser with the repetition 
rate of more than 10 kHz could result in plasma 
shielding effects and as a result reducing the abla-

tion rate due to the absorption of the laser line by 
the plasma itself. However, the generated plasma 
in liquids [66–68] or with shorter laser pulse 
duration [33, 69, 70] could result in shorter ion-
ization lasting time and smaller plasma formation 
(very localized) in size which allow using higher 
repetition rates without suffering from shield-
ing effect and doing microsurgeries (fine cuts), 
respectively [33, 71, 72]. Also, accelerated bone 
healing after the femtosecond laser ablation of 
cranial bone has been reported [73]. Figure 9.3a, 
b shows the SEM image of a microhole gener-
ated with a femtoseconds laser. Figure 9.4 shows 
the SEM image of a trench made with the same 
laser in cross- sectional view (Fig. 9.4a) and side 
wall view (Fig. 9.4b). As shown in Figs. 9.3 and 
9.4, there is no visible cracks or thermal damage 
around the edges of the ablated part. Both figures 
are taken from [74] with permission.

One of the main advantage of ultrashort laser 
pulses to ablate the bone is that they transfer 
their energy to the tissue in a very short times-
cale, and as a result, thermal energy dissipation 
is faster than thermal energy accumulation which 
could prevent carbonization. The effect of laser 
repetition rate on femtosecond laser ablation of 
dry bone has been investigated [75]. They have 
found that heat accumulation exceeds heat dis-
sipation which results in carbonization of the 
sample. Therefore, in a nutshell, ultrashort laser 

a b

Fig. 9.3 The SEM image of a microhole generated with a femtosecond laser: (a) Overview and (b) top view, taken 
from [74] with permission
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ablation is temperature limited [76]. Their find-
ing is in line with other reports, where kHz oste-
otomy led to carbonization-free result [59] and 
MHz osteotomy led to full carbonization [58]. 
The other advantage of plasma-mediated ablation 
over photothermal one is that by monitoring the 
plasma- emitted light (breakdown light) and also 
plasma-produced sound (shock wave), detecting 
type of the ablating tissue is possible [74, 77–82].

It has been shown that in the photothermal 
osteotomy, the bone ablation rate is mainly deter-
mined by the average power of the laser and not 
the peak power [83]. Therefore, changing the 
pulse duration (changing the peak power), while 
the repetition rate and pulse energy (entirely as 
average power) are the same, has not any signifi-
cant effect on the ablation rate. However, if the 
pulse duration is changed too much, which could 
change ablation mechanism from photothermal 
to photomechanical ablation (plasma-mediated), 
then the ablation efficiency is dramatically 
reduced due to energy losses in the plasma for-
mation process. Thus, very low ablation rate in 
short and ultrashort laser osteotomy is yet the 
main disadvantage in the state-of-the-art nano-, 
pico-, and femtosecond laser system for cutting 
bones. Moreover, the effect of using the ioniz-
ing beam on the biological samples is not clear 
enough yet [58, 59, 84, 85].

To conclude, even short and ultrashort pulse 
laser bone ablation provide some advantages 
including information on the type and prop-
erties of the ablated tissue, finer cut, and also 
carbonization- free ablation even without apply-
ing cooling water (by using a suitable repetition 
rate); they cannot find a way to be used instead 
of long-pulse Er:YAG laser when their ablation 
rate is highly below them. However, in special 
kind of surgeries, like tissue-specific surgeries 
and microsurgeries, where having finer cut on a 
particular type of tissue is more important than 
speed of the cut, they can be used efficiently. 
Employing higher average power ultrashort 
lasers may lead to higher ablation rate in the 
future. Combination of laser bone cutting and 
providing a baseline for LIBS- or shockwave-
based sensors could result in a novel, fast, and 
safe osteotomy tool.
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Abstract

While presenting with numerous indications, the 
long-term effectiveness of lasers has been repeat-
edly questioned. As such, laser usage for peri-
odontal applications remains a topic of 
controversy. These devices can successfully 
replace and/or serve as an adjunct to conventional 
instruments in a variety of procedures providing 
also with certain advantages such as hemostatic 
and antibacterial effects. This chapter aimed at 
summarizing the characteristics and current 
available applications of lasers for periodontal 
surgical procedures.
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10.1  Introduction

As defined by the Glossary of Periodontal Terms, 
periodontal surgery encompasses any surgical pro-
cedures aimed at the treatment of periodontal dis-
ease or the modification of the morphology of the 
periodontium [1]. Included in this category are pro-
cedures for correction of both mucogingival defor-
mities and bone atrophies. This broad spectrum of 
operations grouped under the term “periodontal sur-
gery” can also be accomplished by a great variety of 
different approaches. From traditional instruments 
and classic surgical techniques to more advanced 
tools and regenerative methods, periodontal sur-
gery has significantly evolved with time. Similarly, 
materials and devices are constantly introduced 
in the periodontal arena aiming at facilitating and 
more predictably treating the complex scenarios 
that clinicians face routinely. Although not new 
to the periodontal field, laser therapy has recently 
gained major attention due to the promising results 
and broad range of clinical applications.

10.2  History of Lasers 
in the Periodontal Field

The use of lasers in the periodontal field has 
significantly evolved during the last decades. 
The development of new devices along with 
more applications and clearances from the Food 
and Drug Administration (FDA) have made the 
employment of lasers an integral part of today’s 
practice in periodontal surgery. Initially, the first 
laser prototype (ruby crystal laser) was developed 
by Maiman in 1960 [2]. However, it wasn’t until 
years later that lasers were first applied to dental 
tissues [3, 4]. Later on, in 1989, Myers suggested 
the use of lasers for oral soft tissue surgery, lead-
ing the way and establishing the foundation for 
the use of lasers in periodontics [5]. Today, lasers 
are used in multitude of different periodontal 
and peri-implant procedures including surgical 

and nonsurgical approaches [6, 7]. In spite of the 
increasing number of investigations in the peri-
odontal arena, the utilization of lasers for peri-
odontal surgery remains a topic of controversy.

10.3  Types of Lasers Used 
in Periodontics: 
Characteristics 
and Indications

The field of periodontology embraces multitude of 
different procedures with distinct objectives and 
methodologies. From classical nonsurgical thera-
pies for bacterial elimination to more advanced 
procedures involving periodontal regeneration, flap 
mobilization, and implant dentistry, the periodon-
tal arena gathers together a broad spectrum of pro-
cedures. Consequently, it is no surprise that these 
operations can be performed with great variety of 
instruments and devices. As such, lasers can be 
applied in multitude of different clinical scenarios. 
Depending on the lasers’ characteristics, mostly 
determined by the wavelength, these devices can be 
applied to both periodontal nonsurgical and surgical 
procedures. Today, some of the most commonly used 
lasers in the periodontal field include argon; carbon 
dioxide (CO2); diodes; erbium, chromium:yttrium- 
selenium- gallium-garnet (Er,Cr:YSGG); 
erbium:yttrium-aluminum-garnet (Er:YAG); 
neodymium:yttrium-aluminum-garnet (Nd:YAG); 
neodymium:yttrium-aluminum-perovskite 
(Nd:YAP); and holmium:yttrium-aluminum- garnet 
(Ho:YAG). Table 10.1 describes some of the most 
common applications of the lasers employed in 
the  periodontal field; however, it is not intended 
to be a complete description of all possible indica-
tions. The following section summarizes the most 
relevant lasers used to date in periodontal surgery:

• Carbon dioxide (CO2): 10,600  nm 
wavelength.
 – The CO2 has gated or continuous waveform. 

It exhibits a high absorption coefficient in 
water. With its low scatter and penetration, it 
absorbs at the tissue surface and produces 
thin layer of coagulation. CO2 laser is effec-
tive at ablating soft tissue but creates severe 
carbonization due to high heat production. 
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With the large amount of thermal change, 
this laser should be avoided in hard tissue 
procedures in order to prevent tissue 
damage.

 – FDA approved the use of CO2 laser in 
intraoral soft tissue surgery, aphthous ulcer 
treatment, sulcular debridement, coagula-
tion at extraction sites, and laser-assisted 
new attachment procedure (LANAP).

• Diode: 635–950 nm wavelength.
 – Diode lasers generated gated or continu-

ous waveform. They mainly absorb in pig-
mented tissues due to less water absorption 
coefficients than CO2 lasers. Their pene-
tration is deep and produces the most 
coagulation effect with moderate carbon-
ization. It has been shown to carbonize 
cementum only when blood is presented.

 – Diode lasers demonstrate good tissue cut 
ability. FDA approved the use of diode 
lasers in intraoral soft tissue surgery, aph-
thous ulcer treatment, sulcular debridement, 
coagulation of extraction sites, decontami-
nation, subgingival calculus detection, and 
removal of inflamed pocket epithelium.

• Neodymium:yttr ium-aluminum-garnet 
(Nd:YAG): 1064 nm wavelength.
 – Nd:YAG laser exhibits pulsed waveform. It 

also has less water absorption coefficients 
than CO2 laser but is able to deeply pene-
trate into tissue. It produces a thick coagu-
lation with moderate carbonization 
favoring hemostasis. Major thermal 

changes can occur when this laser is used 
on hard tissue and, thus, it  should be 
avoided for these procedures.

 – FDA approved this laser for intraoral soft 
tissue surgery, aphthous ulcer treatment, 
and laser-assisted new attachment proce-
dure (LANAP).

• Erbium:yttrium-aluminum-garnet (ER:YAG): 
2940 nm.
 – Er:YAG laser is free-running pulsed. It has 

high absorption ability in both water and 
hydroxyapatite. This helps thermal effect on 
surrounding tissue. Er:YAG laser can ablate 
soft tissue with minimal coagulation and 
without carbonization. In addition, with 
water coolant, this laser is able to ablate hard 
tissue effectively.

 – This is the only FDA-approved laser for 
hard tissue procedure including osteotomy, 
osseous crown lengthening, and osteo-
plasty. Other indications include intraoral 
soft tissue surgery, aphthous ulcer treat-
ment, sulcular debridement, and subgingi-
val calculus removal.

10.4  Applications of Lasers 
in Periodontal Therapy

The employment of lasers in periodontal surgery 
is sustained by multiple potential indications and 
advantages (Table 10.2) when compared to tradi-
tional instrumentation. Depending on the charac-

Table 10.1 Common clinical applications of lasers in periodontal field

Application Soft tissue 
incision, 
ablation 
and 
coagulation

Aphthous 
ulcers LANAP

Subgingival 
curettage

Bacterial 
elimination

Scaling of 
root surfaces 
(calculus 
removal)

Osteoplasty 
and 
ostectomy 

Peri- 
implantitisType of laser

Argon X
CO2 X X X X X
Diode X X X X X
Er,Cr:YSGG X X X X X X
Er:YAG X X X X X X
Nd:YAG X X X X X X
Nd:YAP X X X
Ho:YAG X X X

CO2 carbon dioxide, Er:YAG erbium:yttrium-aluminum-garnet, Er,Cr:YSGG erbium, chromium:yttrium-selenium- 
gallium- garnet, Nd:YAG neodymium:yttrium-aluminum-garnet, Ho:YAG holmium:yttrium-aluminum-garnet, Nd:YAP 
neodymium:yttrium-aluminum-perovskite
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teristics of the lasers, these devices can be used for 
multiple procedures including soft tissue incisions, 
ablation, and coagulation; treatment of aphthous 
ulcers; laser-assisted new attachment procedure 
(LANAP); subgingival curettage and sulcular 
debridement; disinfection of periodontal pockets; 
calculus removal; bone removal and recontouring; 
as well as a method for coagulation [6, 8, 9].

Lasers can provide additional benefits to con-
ventional treatment modalities in several aspects. 
First, Laser therapy was shown to increase patient 
acceptance according to patient-reported outcomes 
(PRO). Similarly, their  ability for  tissue ablation 
and/or vaporization makes lasers to be a  poten-
tial alternative to scalpel use. A laser can also pro-
vide with coagulation effect leading to hemostasis 
and better visualization during the procedure. Its 
photothermal effect results in microbial inhibition 
and destruction, thus creating a disinfected field 
during surgery, decreasing risk of infection, and 
promoting new tissue attachment. Most impor-
tantly, its photobiomodulation properties can pro-
vide biological effect to enhance wound healing 
[8, 9].

Although presenting with numerous advan-
tages, the use of lasers could also lead to poten-
tial  drawbacks and/or limitations, especially 
with high-energy-level lasers (Table  10.3). 
Irreversible thermal damage,  excessive abla-
tion and/or thermal coagulation, carbonization 
or necrosis of the root, the gingival tissue, the 
bone, and the pulp tissues  represent some of 
the potential side effects of laser usage [10]. 
Therefore, the  selection of proper laser type 
for the intented  procedure is of paramount 
importance.

10.4.1  Treatment of Periodontal 
Diseases

10.4.1.1  Introduction to Gingivitis 
and Periodontitis

Gingivitis and periodontitis are both inflamma-
tory conditions of the attachment apparatus sur-
rounding the teeth. Gingivitis always precedes 
periodontitis and is characterized by soft tis-
sue inflammation often including redness and 
swelling of the gingival tissues as well as ten-
dency to bleed. On the contrary, periodontitis 
is defined by an initial inflammatory status of 
the periodontium which progresses to destruc-
tion of the alveolar bone. Although different 
forms of periodontitis could be described, 
all types share similar characteristics mainly 
determined by the presence of inflamma-
tion, bacterial plaque, and bone resorption. If 
left untreated, the progression of this chronic 
inflammatory condition will ultimately com-
promise the stability of the dentition leading 
to tooth loss.

10.4.1.2  Nonsurgical Therapy
Nonsurgical periodontal treatment targets the 
removal of the main etiologic agent responsible 
for periodontal disease, bacterial plaque. This 
nonsurgical therapy is performed through the 
supra- and sub- gingival instrumentation of the 
dental surfaces aiming at the complete elimina-
tion of both plaque and calculus attached to the 
tooth (Fig. 10.1). Different tools and devices have 
been used for this purpose including but not lim-
ited to curettes, files, hoes, sickles, chisels, burr, 
and lasers. While the removal of the etiologic 

Table 10.2 Advantages of using lasers in periodontal 
therapy 

• Tissue ablation or vaporization
• Hemostasis
• Microbial inhibition and destruction
•  Biological effect from biostimulation 

(photobiomodulation)
• Enhance wound healing
•  Better access to narrow furcations and/or deep 

infrabony defects
•  Alleviate patients’ physical and mental stress and 

pain

Table 10.3  Limitations associated with the use of lasers 
for different periodontal therapies

•  Treatment outcomes comparable to conventional 
therapies

• Lack of tactile sensitivity
• Limited visualization (nonsurgical therapy)
• More time-consuming 
• Thermal damage
• Excessive ablation/thermal coagulation
•  Carbonization/necrosis of the root, connective tissue, 

bone, pulp
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Fig. 10.1 Er:YAG laser in combination with scaling and 
root planing for treatment of chronic periodontitis on left 
posterior mandibular sextant. (a) Baseline radiograph. (b) 
Baseline clinical appearance. (c) Initial presentation dem-

onstrating 6 mm PD and BOP. (d) Adjunctive use of laser 
therapy. (e) Radiograph at 9 months. (f) Final presentation 
at 9 months demonstrating reduced PD and no BOP. (g) 
18 months follow-up
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agents is of paramount importance for disease 
resolution, the method of bacterial decontamina-
tion seems not to play a significant role. As such, 
laser therapy has failed to demonstrate any signif-
icant benefit compared to conventional mechani-
cal instrumentation.

 During initial periodontal treatment, the laser 
can facilitate bacterial elimination and removal 
of inflamed  tissues [11]. Nd:YAG laser was 
proposed to be used for removal of  pocket epi-
thelium during  laser-assisted new attachment 
procedure (LANAP) [12]. Steps included in this 
procedure  are measurement of pockets, removal 
of the inner pocket epithelial lining with laser, 
scaling and root planing, laser application again 
to allow for a stable fibrin clot formation, tissue 
readaptation, and  finally occlusal adjustment. It 
has been demonstrated that the LANAP-treated 
teeth had greater mean probing pocket depth 
(PPD) reduction (4.7 mm vs. 3.7 mm) and greater 
clinical probing attachment level gain (4.2  mm 
vs. 2.4 mm) compared to the control teeth. All six 
LANAP-treated teeth showed new cementum and 
connective tissue attachment at 3 months postop-
eratively. These results were also  in agreement 
with a recent study [13]. Although LANAP seems 
to provide favorable results, due to the small sam-
ple size investigated, no clinical significant differ-
ence was found.

Systematic reviews and meta-analysis demon-
strated similar clinical attachment gain with the 
use of Er:YAG laser in combination with scaling 
and root planing, compated with scaling and root 
planing alone for treatment of chronic periodon-
titis. Similarly, When comparing the use of laser 
alone with scaling and root planing, inconclusive 
results were found at 6- and 12-month follow- 
ups [14]. Even though Er:YAG laser shows 
great  potential for root debridement, there is 
insufficient evidence supporting the superior out-
comes of lasers in nonsurgical periodontal treat-
ment when compared to scaling and root planing 
alone [6, 15], p. 200 [16].

Another technique that can be used for anti-
microbial purposes is photodynamic therapy. It 
is mainly composed of visible harmless light or 
lower-level laser and photosensitizer that aim 
to target specific bacteria without damaging the 

host tissue. Once the photosensitizer is activated, 
it produces high reactive state of oxygen that 
damages bacterial cell wall and cell membrane 
[8, 9, 11, 17]. This approach helps avoiding bac-
terial resistance compared to the use of chemo-
therapeutic agents. It is also shown to reduce 
periodontal pathogen by more than 95% in vitro, 
yet clinical outcomes are comparable to conven-
tional treatment [17].

10.4.1.3  Surgical Therapy 
Lasers can also  be used as an adjunct to peri-
odontal surgical therapy. Their small and vari-
ous tip designs allow lasers to gain better access 
to narrow and/or deep infrabony defects as 
well as furcations with minimal tissue damage 
(Fig.  10.2). Additionally, the  photobiomodula-
tion effect may help promote wound healing and 
tissue regeneration [8, 9].

In deep pockets (>7 mm), the use of CO2 laser 
with a coronally advanced flap showed more 
probing depth reduction and clinical attachment 
gain in comparison with a Modified Widman flap 
procedure. This result was stable over 15-year 
follow-up [18]. Currently, Er:YAG laser has been 
shown to be most effective for periodontal flap 
surgery as an alternative or adjunct to conven-
tional therapy [8, 9]. However, there is still lim-
ited evidence showing significant advantages of 
this laser over conventional surgical approaches.

10.4.1.4  Regenerative Therapy 
The field of periodontology could not be described 
today without mentioning the use of regenerative 
procedures. By means of grafting materials and 
barrier membranes, the reconstruction of the lost 
structures of the periodontium can be achieved. 
These regenerative procedures share the same 
principles that apply to nonsurgical periodontal 
therapy in which removal of the etiologic agent/
agents is imperative for successful outcomes.

The use of lasers in regenerative procedures  is 
mainly performed  for root biomodification pur-
poses. As mentioned previously, the antibacterial 
property of laser is beneficial in disinfecting the 
area. Moreover, the ability to remove the smear 
layer may also help promoting new tissue attach-
ment on the root surface.
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Fig. 10.2 (a) Baseline radiograph. (b) Baseline clinical 
appearance. (c) Baseline clinical appearance. (d) Bony 
architecture. (e) Flap closure. (f) Two weeks follow-up. 

(g) Six weeks follow-up. (h) Four months follow-up. (i) 
Twelve months follow-up
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Yukna et al. were among the first to describe 
the benefit of LANAP for periodontal regenera-
tion histologically. Two out of six LANAP-treated 
teeth exhibited new connective tissue attachment 
and new cementum within the intrabony defects  
next to new alveolar bone [12]. Later, Nd:YAG 
laser was evaluated in conjunction with enamel 
matrix proteins (EMP) and compared with EMP 
and EDTA alone (control) for the treatment of 42 
intrabony defects. The results revealed improve-
ment in clinical outcomes for both therapies with-
out addition benefit of Nd:YAG over EDTA [19]. 
To date, there is still insufficient evidence to sup-
port the effectiveness of lasers as an adjunct  to 
either resective or regenerative surgical periodon-
tal therapy [20, 21].

10.4.2  Soft Tissue Applications

The correction of mucogingival deformities rep-
resents an integral part of periodontal therapy. 
Through the employment of different surgical 
techniques, soft tissue irregularities such as reces-

sion defects or excessive gingival display can be 
corrected improving function and esthetics while 
ultimately providing the dentition with a more 
favorable long-term prognosis. In this sense, 
lasers can be applied in different soft tissue appli-
cations such as crown lengthening (Fig.  10.3), 
frenectomy, biopsies (Fig.  10.4), removal of 
tumors, and soft tissue grafting procedures. 
When compared to conventional instrumenta-
tion, some of the major advantages of lasers for 
soft tissue surgeries are relatively easier ablation, 
hemostatic, and bactericidal effects, among oth-
ers. In addition, lasers can often reduce bleeding, 
pain, and the need for suturing.

CO2, Nd:YAG, and Er:YAG lasers have 
been approved by FDA for intraoral soft tis-
sue procedures. Nd:YAG lasers have demon-
strated good outcomes with depigmentation 
procedures as they have high ability to target 
melanin and dark pigments [8, 9]. However, it 
should be used carefully due to the high tissue 
ablation and thermal effects that may increase 
the risk of gingival recession and ulcerations in 
the thin gingiva area [22].

a
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b

Fig. 10.3 (a) Preoperative view. (b) Laser therapy for tissue removal. (c) Postoperative view. (d) Early healing. (e) 
Final outcome 
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Clinical studies have been conducted in 
order  to evaluate the effects of lasers in root 
coverage procedures. The comparisons between 
subepithelial connective tissue graft  and coro-
nally advanced flap with or without  Er:YAG 
or Nd:YAG were carried out. Results from 
these studies showed that Er:YAG laser did not 
enhance the outcomes of  root coverage proce-
dures [23]. Interestingly, Nd:YAG laser signifi-
cantly decreased the percentage of root coverage 
from 77% to 33%. Percentage of complete root 
coverage also decreased from 65% to 18% [24]. 
On the other hand, a recent study demonstrated 
an increase in percentage of root coverage when 
using diode laser (660  nm)  in combination to 
subepithelial connective tissue graft with coro-
nally advanced flap after 6  months [25]. Thus, 
the use of lasers in soft tissue procedures for 
the treatment of gingival recessions may  pro-
vide additional benefits related to root coverage. 
Nonetheless, less favorable outcomes appeared 
with the use of Nd:YAG laser [26].

10.4.3  Hard Tissue Indications

The removal of calculus and the reshap-
ing of the alveolar bone represent the two 
of the  main applications  for laser therapy in 
the periodontal field. In addition, lasers have 
also been used for the treatment of dentinal 
hypersensitivity.

10.4.3.1  Calculus Removal
A suitable wavelength laser should be selected 
in order to remove calculus without damag-
ing tooth surfaces. Typically, erbium lasers 
(Er:YAG and Er,Cr:YSGG) are capable of this 
purpose due to their high water and hydroxy-
apatite absorption [6]. They react to water 
within micropores and intrinsic component in 
calculus. This has been shown to be able to 
remove the smear layer and endotoxins result-
ing in root surface modification which pro-
motes fibroblast attachment [8, 9]. Currently, 
Er:YAG laser can be used as an adunct  to 
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Fig. 10.4 (a) Initial clinical appearance. (b) Lesion after removal from palate. (c) Final postoperative view of the 
palate
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mechanical instrumentation for pocket reduc-
tion. However, there is no major additional 
benefits  when compared to the conventional 
therapy. In addition, there are  several limita-
tions such as accessibility and lack of tactile 
sensation with the use of lasers.

10.4.3.2  Osseous Surgery
Er:YAG is the only type of laser that can be used 
in osseous tissue, according to the  FDA.  It has 
been shown to safely and effectively remove 
granulation tissue in osseous defects during peri-
odontal surgery, unlike CO2 and Nd:YAG lasers 
which produced carbonized surface that is toxic 
to cell proliferation and attachment. The use of 
Er:YAG laser demonstrated a significant improve-
ment in  clinical parameters after 6  months fol-
lowing treatment of intrabony defects [27]. It is 
also believed that the photobiomodulation effect 
of lasers such as bactericidal and detoxification 
can enhance wound healing and promote tissue 
regeneration. However, clinical evidence with 
this regard is still lacking.

Several drawbacks are  found with laser- 
assisted osseous surgery. Weak bone remod-
eling between lased bone and new bone was 
noted in a histological study demonstrat-
ing  that it  may compromise the longevity of 
bone integration [28]. Delayed healing can 
also occur with thermal damage. Thus, profuse 
irrigation  is important along with the use of 
lasers [29].

10.4.3.3   Dentinal Hypersensitivity
Dentinal hypersensitivity is a common phenom-
enon  caused by exposure of the  dentin. Lasers 
can be considered as an alternative treatment 
for this condition. One of the possible mecha-
nisms for the favorable outcomes observed after 
laser application is the  hyperactivation of cel-
lular metabolism in odontoblasts leading to ter-
tiary dentine production which ultimately blocks 
dentinal tubules. Another reason may be 
that  the  laser creates neural analgesia block-
ing pain transmission by depolarized C afferent 
fibers and reducing cell membrane action poten-
tial. Lastly, it can also be used as a placebo [7]. 
A recent study demonstrated the effectiveness of 

low-level laser therapy in reducing postoperative 
pain and hypersensitivity 7 days after periodontal 
surgery [30]. A novel low-level laser toothbrush 
was  also investigated  and  showed to reduced 
dentinal hypersensitivity compared to Sensodyne 
toothbrush [31]. Yet, the effectiveness of lasers in 
reducing dentin hypersensitivity remains contro-
versial [7].

10.5  Current Status

Today, laser therapy can be safely applied for 
nonsurgical periodontal treatment, hard and soft 
tissue procedures, and dentinal hypersensitivity. 
However, the long-term effectiveness of lasers 
when used in combintation to conventional treat-
ment approaches remains controversial. There 
is limited evidence showing clinical benefits of 
Nd:YAG and Er:YAG lasers as an adjunct to 
scaling and root planing [6, 14] as well as peri-
odontal surgery [20]. It may be recommended 
in the areas that do not respond to conventional 
therapy or medically compromised patients 
who are not candidates for periodontal surgery. 
Additionally, it can be proposed as an alternative 

Table 10.4 Summary of laser evidence for periodontal 
therapies

Procedures Evidence
Nonsurgical periodontal 
treatment

Limited evidence to 
support the superiority of 
lasers alone or in 
combination to scaling and 
root planing

Surgical periodontal 
treatment

Limited evidence 
supporting the clinical 
benefit of lasers as an 
adjunct to resective or 
regenerative procedures 

Soft tissue surgery
• Depigmentation lasers can provide 

satisfactory outcomes 
• Root coverage Lack of evidence showing 

additional benefit to 
conventional root coverage 
outcomes 
Nd:YAG may impair root 
coverage outcomes

Desensitizer The effectiveness of laser 
is still controversial
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treatment option for higher patient acceptance. 
Table 10.4 summarizes the current understand-
ing for the application of lasers in periodontal 
therapy. New randomized controlled studies with 
larger population and longer follow-up would be 
necessary to confirm the potential superior ben-
efits of lasers.

10.6  Conclusions

Laser therapy has multitude of clinical appli-
cations for the different aspects of periodontal 
therapy. As such, these devices can successfully 
replace and/or serve as an adjunct to conven-
tional instruments in a great variety of procedures 
including but not limited to soft tissue grafting, 
crown lengthening, tumor removal, and osseous 
surgery. However,  no  significant benefits could 
be expected with regard to long-term outcomes 
after the utilization of lasers when compared to 
traditional instrumentation  [32]. On the other 
hand,  Laser therapy for periodontal surgery 
can provide with clinical advantages including 
 hemostatic effect and reduced bleeding, reduced 
need for suturing, shorter operative time, and 
bacterial decontamination. The comprehensive 
understanding of the characteristics and indica-
tions of each particular laser is of paramount 
importance since their effect will significantly 
vary depending on their properties.
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Abstract

Peri-implant disease is a new prevalent bio-
logical complication emerged from the popu-
larity of implant therapy. Currently, there is no 
predictable treatment to manage advanced 
peri-implantitis lesions. Dental laser has a 
huge potential for the treatment of peri- 
implant disease, given that it provides a 
method to decontaminate implant surface 
without damaging its microstructures for re- 
osseointegration. In addition, biosimulation 
from low-energy laser attenuates the inflam-
matory status of the peri-implant defect to 

facilitate re-establishment of homeostasis. 
There are several wavelengths of dental laser 
available. Both Nd:YAG and Er:YAG lasers 
have shown promising results in  vitro, and 
erbium lasers seem to be the most promising 
one due to its application on hard tissues. 
Although a few pilot randomized clinical tri-
als did not show conclusive results, more well- 
designed controlled trials are warranted to 
optimize the application of laser-assisted ther-
apy in identifying ideal indications and devel-
oping evidence-based protocol.
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11.1  Introduction

The use of laser technology in dentistry has 
gained popularity since its first introduction half 
century ago. The indications and applications for 
laser therapy have also expanded, including 
stand-alone monotherapy or as an adjunctive aid. 
There are various laser devices with specific 
wavelengths and advantages that target different 
tissue types. Practitioners must learn the basic 
principles and characteristics of laser therapy in 
order to select the ideal laser device and settings 
for their practice or treatment procedures. For 
instance, peri-implant diseases are emerging 
serious complications and a major concern in 
modern dentistry that leads to tissue destruction, 
inflammation with pocketing, and disintegration 
of dental implants. Given that the traditional 
mechanical debridement did not provide predict-
able results, the utilization of laser therapy for 
the treatment of peri-implant diseases has there-
fore become the focus of recent clinical applica-
tions and researches. Although several in vitro 
and in vivo studies have shown favorable results 
with the use of laser therapy, preliminary clinical 
studies showed inconclusive results. Despite fur-
ther well-controlled clinical studies are war-
ranted to fully evaluate the efficacy of laser 
therapy, the benefits of hemostasis, enhanced 
healing, patient comfort, and possible positive 
outcomes have already been recognized by the 
clinicians. This chapter reviews the characteris-
tics of laser therapy, especially for the treatment 
of peri-implant diseases. Existing nonsurgical 
and surgical treatment protocols are also com-
pared together with their expected outcome for 
clinical implications.

11.2  Physics of Laser

Laser, which stands for light amplification by 
stimulated emission of radiation, is a medical 
device that delivers energy to a target. There are 
different media inside the laser that exert the 
energy, which can be gas, solid, or semiconduc-
tor. There are different mechanisms to excite the 
active medium to go through optical resonator for 

amplification, but it is the medium that deter-
mines the type of laser, which includes:

Gas: Carbon dioxide (CO2) and argon
Solid: Neodymium-doped yttrium-aluminum- 

garnet (Nd:YAG)

• Erbium-doped yttrium aluminum garnet laser 
(Er:YAG)

• Erbium chromium-doped yttrium-scandium- 
gallium-garnet

• (Er, Cr:YSGG)

Semiconductor: Diodes
Generally, laser wavelengths are medium spe-

cific and cannot be changed. The most common 
range of wavelengths used in periodontics and 
implantology spans from 400 to 10,600 nm. This 
range includes both the invisible and visible elec-
tromagnetic spectra. The wavelength of a specific 
laser determines its unique characteristic and 
application. Studies have used different lasers for 
the treatment of peri-implant diseases, and thus 
the results should not be compared directly and 
data interpreted with caution.

11.2.1  Characteristics of Laser 
Therapy

The most common types of laser currently on the 
marker are listed in Table 11.1 describing some 
basic characteristics. Diode laser exerts the short-
est wavelength (810–980 nm), and CO2 has the 
longest ones (9600/10,600). Only CO2 laser is a 
noncontact type of laser; the others are all contact 
type. When laser energy reached the tissue sur-
face, the energy can be absorbed, or it can be 
reflected, scattered, or passed through the tissue 
without any effect (transmission).

Different substances or tissues have their effi-
ciency in terms of resorption for various lasers 
(absorption of coefficient), and therefore thera-
peutic laser usually would target certain tissue; 
these include epithelium, water, bacteria, blood, 
pigmentation, bone, dentin, and enamel. The per-
formance of a laser is determined by the degree 
of absorption from these chromophores. In these 
living tissues, the main components that influ-
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ence the absorption are the presence of free water, 
proteins, pigments, and inorganic components 
(such as apatite). Simplified absorption spectra 
for each laser can be categorized into two groups: 
CO2 and erbium (mainly water and hydroxyapa-
tite) and Nd:YAG and CO2 (pigmentation, hemo-
globin, and melanin) (for full absorption 
coefficient curve, see [1]).

The penetration depth is an important charac-
teristic for laser. It indicates the laser energy scat-
tering deep into the tissue after penetration. 
Interestingly, the depth of the absorption is 
strongly associated with the absorption coeffi-
cient in water [2, 3]. The lower the absorption 
coefficient rate in water, the laser exerts deeper 
penetration. Therefore, the deep penetrating 
types of lasers are diode and Nd:YAG lasers, 
whereas the superficially absorbed types of lasers 
are CO2 and erbium laser (high absorption in 
water). The absorption of energy by the water 
may also minimize collateral thermal effect to the 
adjacent tissues during irradiation.

When the laser energy reaches human tissue, 
there will be three main interactions occurring at 
the same time (see Table  11.2). It selectively 
vaporizes components of human tissue through 
photothermal effects. The energy of the laser is 
converted to heat absorbed by the tissue and 
directly evaporates itself ablating the soft tissue 
for cutting. There is also secondary thermal effect 

from the heated laser tip that can incise soft tissue, 
but it is a result of contact with the overheated tip 
rather than by the laser energy itself [4].

As for hard tissue ablation, it is thought to occur 
as a result of thermal-mechanical effects following 
photothermal interactions [5, 6]. The erbium laser 
seems to be the only laser that can effectively apply 
to hard tissue. During the hard tissue ablation pro-
cess, water molecules within the hard tissue are 
vaporized after absorbing the energy and increasing 
pressure that provokes “micro-explosions.” These 
water micro- explosions can cause mechanical 
breakdown of the hard tissues leaving a microstruc-
tured appearance with minimal thermal alteration 
[7–9]. The water micro-explosion is believed to 
play a major role in dental implant surface decon-
tamination, especially over exposed implant surface 
within infrabony defects where undercut surface is 
expected under the threads. However, it is also 
important to preserve the microstructure of the den-
tal implant after surface decontamination to allow 
re-osseointegration. Both Nd:YAG and Er:YAG 
lasers have shown promising results in  vitro for 
implant surface decontamination [10, 11].

The most intriguing part of the laser–tissue 
interaction is the biostimulation or the photobio-
modulation of the adjacent tissues. When high- 
level energy scatters into low-level energy, it may 
stimulate photochemical reactions within the cell 
and tissue without irreversible changes. It is also 

Table 11.1 Characteristics of different laser types

Laser Wavelength (nm) Contact type Penetration Tissue-type ablation
CO2 9600/10,600 Noncontact Superficial Soft only
Er:YAG 2940 Contact Superficial Hard + soft
Er, Cr:YSGG 2780 Contact Superficial Hard + soft
Nd:YAG 1064 Contact Deep Soft only
Diodes 810/940/980 Contact Deep Soft only

Table 11.2 Different effects of laser–tissue interactions

Photothermal effect Thermomechanical effects Biostimulation (photobiomodulation)
Light energy is converted into 
heat

Water molecules vaporized 
provoking “micro-explosions” that 
break the tissue

Low-level laser energy scattered from 
high-level energy that 
stimulatesphotochemical reactions

Evaporate soft tissues
Kill bacteria
Inactivate toxins
Thermal denaturation
Hemostasis

Hard tissue ablation Reduce inflammation
Promote wound healing
Stimulate cells/tissues
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a concurrent and desired effect [12]. Although 
the detailed mechanism is still not clear, several 
clinical benefits are believed to be a result of bio-
stimulation, including promoting wound healing 
[13–15], reduction of inflammation [16], and 
pain relief [13, 17]. Using laser to debride defect 
around the periodontal or peri-implant defect 
may also exert positive effect on regenerative 
therapy, which will be discussed in later 
sections.

Taken together, the effects of laser energy are 
diverse and synergized if used correctly. Laser 
therapy shows promising aid in wound healing, 
tissue ablation, bacterial reduction, epithelial 
ablation, connective tissue remodeling, bone 
metabolism, hemorrhage, and pain control.

11.2.2  Definition and Prevalence 
of Peri-implant Diseases

Peri-implant diseases constitute both peri- 
mucositis and peri-implantitis. The term peri- 
implantitis was first introduced almost 30 years 
ago [18] and then had the first definition in the 
1990s [19] to describe an inflammatory progress 
that results in progressive bone loss around a den-
tal implant. Contrary to peri-implantitis, peri- 
mucositis is a reversible inflammatory disease 
that does not cause bone loss beyond initial bone 
remodeling around the implant. It is similar to the 
definition of gingivitis and periodontitis around 
natural dentition. While the definition of peri- 
mucositis maintains the same, the definition of 
peri-implantitis kept evolving. Most recent con-
sensus report from the American Academy of 
Periodontology [20] emphasizes that bone loss 
should be beyond the biological bone remodel-
ing. However, the biological bone remodeling 
has yet to be determined and most likely varies 
among individuals, especially when peri-implant 
soft tissue thickness may play an important role 
in the initial bone remodeling process to deter-
mine the biological width around the dental 
implant [21]. Despite how much bone loss defines 
peri-implantitis, its rapid progressive bone loss 
associated with inflammation is well recognized 

as a serious concern following the popularity of 
dental implant therapy.

Peri-implantitis is an emerging new disease 
with a prevalence ranging from 7.1% up to 58% 
[22, 23] averaging 22% in a recent systematic 
review [24]. Although early stage mucositis may 
be controlled nonsurgically, established peri- 
implantitis lesions are still a challenge to manage 
due to the unpredictable results [25]. Before dis-
cussing about the treatment for peri-implant dis-
eases and the role of laser therapy, it is prudent to 
understand the etiology of peri-implant diseases 
and recognize each contributing factor that needs 
to be addressed all together.

11.2.3  Main Etiologic Factors 
Associated with Peri-implant 
Diseases

The etiology of peri-implantitis is still an active 
quest for investigation. Although it was demon-
strated that the main etiology to initiate peri- 
mucositis is the bacterial plaque [26–28], it is 
still unknown which individual will continue to 
develop bone loss around implants and consti-
tutes peri-implantitis. Several other local and sys-
temic host-related factors are emerging as 
important drivers and pathogenesis of the disease 
[20, 29, 30] (Table 11.3). Especially, the inflam-
matory response from the host immune system 
should also be considered as part of the main 
etiologic factor that determines the level of tissue 
destruction accumulated from various local stim-
uli. Each individual has their unique immune 
response that reacts differently to various local 

Table 11.3 Potential local and systemic factors for 
peri-implantitis

Local factors Systemic factors
1. Bacterial plaque
2. Malpositioned implant
3. Residual cement
4. Poor prosthetic design
5.  Peri-implant tissue 

quality
6. Trauma from occlusion
7. Titanium particles?

1. Genetic predisposition
2.  Past/active periodontal 

disease
3. Smoking
4. Uncontrolled diabetes
5. Osteoporosis?
6. Alcohol consumption?
7. Compromised conditions
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factors. It is the same as the periodontal disease, 
as the response to the bacteria is a spectrum simi-
lar to normal distribution; there is about 10% of 
the population immune to bacterial plaque with-
out developing periodontal disease [31]. 
Therefore, it is naive to believe that bacteria are 
the only cause of the peri-implant diseases. It is 
crucial to appreciate that peri-implant diseases 
are multifactorial and that all the contributing 
factors should be examined carefully as part of 
the diagnosis for treatment. Some critical iatro-
genic factors, including malpositioning of the 
dental implants [32], residual cement [33, 34], 
poor prosthetic design, and occlusal trauma [35], 
should all be addressed as part of the treatment. 
Laser therapy cannot treat those factors, and 
sometimes implant will need to be removed if 
certain critical factor cannot be managed (e.g., 
malpositioned implant).

Therefore, before using the laser, the clinician 
must recognize if there are other factors that need 
to be addressed, including active periodontal dis-
ease, smoking, diabetes, or any systemic condi-
tions that compromise the immune system [36, 37]. 
A prognosis system was developed considering 
whether all the other factors can be addressed or 
not. If all the factors can be addressed, the progno-
sis of the implant can be considered favorable; 
should there be some uncertainty, it will give ques-
tionable or unfavorable prognosis [38]. For the 
laser therapy, it can potentially both target bacteria 
decontamination over implant surface and biomod-
ulate the host inflammatory response around the 
defect. The following paragraph will discuss the 
rationale and benefits of using laser as an adjunc-
tive tool for treating the peri-implant diseases.

11.2.4  Why Can Laser Assist 
in the Treatment of Peri- 
implant Diseases

11.2.4.1  Implant Surface 
Detoxification with Laser 
Therapy

It was hypothesized that the main challenges in 
treating peri-implant diseases are from detoxifi-
cation of the exposed contaminated dental 

implant surface. The conventional mechanical 
debridement with hand instrument may not be 
able to thoroughly scale the microstructure of the 
surface, whereas using rotary instruments may 
result in damaging the surface texture and com-
promising the re-osseointegration. Studies have 
evaluated the effectiveness of different methods 
for implant surface decontamination [39]. Among 
the available approaches for decontamination, 
laser therapy has been proven to reduce bacterial 
load [40–42] without damaging the implant sur-
face (Nd:YAG and Er:YAG laser) [10, 11]. The 
notion that Nd:YAG can target pigmented patho-
gen (e.g., Porphyromonas gingivalis) may war-
rant further investigation as it may still present 
with relative abundance in peri-implantitis 
lesions [43]; however, its potential tendency in 
damaging implant surface even with lower energy 
power may require precaution [44]. Laser ther-
apy not only can kill or devitalize the bacteria but 
also ablate or inactivate toxic substances, such as 
endotoxins [45, 46]. Therefore, together with the 
abovementioned micro-explosions, those charac-
teristics of laser therapy make it a promising and 
effective way to detoxify implant surface.

However, given the limited clinical studies so 
far, it was difficult to assess if the goal of “surface 
decontamination” is achieved or not clinically 
and if it has an impact over the clinical outcome 
[47]. In animal models, there are several studies 
showing that with the Er:YAG laser treatment in 
preparation for bone grafting procedure, there is 
an increased regenerated bone-to-implant contact 
for a better regenerative outcome [48, 49]. 
Therefore, it may be more reasonable to assess 
the clinical attachment gain or radiographic bone 
fill over the specific defect site to indirectly assess 
the benefit of implant surface decontamination.

It is also important to note that proper laser 
therapy protocol is required to reach the bacteri-
cidal energy threshold for surface decontamina-
tion [42]. As most studies did not specify the 
setting of the laser and the detailed application 
time and methods, it may not have a strict proto-
col. Before more studies develop evidence-based 
application, it is prudent to recognize that a thor-
ough implant surface decontamination takes time 
and should not be rushed.
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11.2.4.2  Soft and Hard Tissue Wound 
Healing Following Laser 
Therapy

In addition to bactericidal effects, laser therapy 
has a distinct wound healing pattern following 
the treatment. The biostimulation effect from 
low-level energy laser is also an emerging area of 
interest, which may be an important characteris-
tic of laser therapy to promote healing and tissue 
regeneration. Many earlier in vitro, in vivo, and 
clinical studies also have shown the benefits of 
laser to promote wound healing [13–15, 50] 
reduction of inflammation [16, 51, 52], as well as 
pain relief [13, 17, 53], which are all desirable 
biostimulatory effects [54].

At the cellular level, in vitro studies showed 
that low-level laser irradiation could attenuate the 
production of pro-inflammatory mediators (IL- 
1β and PGE2) from both stimulated human gingi-
val fibroblast and PDL cells [51, 52] as well as 
macrophages [55]. Diode laser at low dose can 
also activate human fibroblast transforming fac-
tor β1 signaling pathway and induce the expres-
sion human β-defensin 2 (HBD-2), both of which 
are potent factors to promote wound healing [56]. 
Additionally, low-level laser stimulates osteo-
blast proliferation, differentiation, release of sev-
eral growth factors [57–59], and the formation of 
bone nodules in vitro [60]. Therefore, these cel-
lular responses following laser biostimulation 
can attenuate inflammation and enhance both soft 
and hard tissue healing.

In the animal models, in vivo studies demon-
strated that low-level laser therapy could induce 
dose-dependent reduction of tumor necrosis 
factor- alpha in acute inflammation [61]. Yamazaki 
et  al. showed that low-level CO2 laser induces 
expression of heat shock proteins in the collateral 
tissue exhibiting partial coagulation necrosis, but 
it promotes the repair process and tissue remod-
eling [62, 63]. Low-level laser therapy enhances 
fractured long bone healing in the animal model 
[64]. LED light irradiation promotes osteogene-
sis in periodontal intrabony defect with open flap 
debridement [65].

There are several interesting studies on laser 
enhancing implant osseointegration and healing 
of peri-implant tissues. Low-level laser therapy 

can stimulate faster osseointegration in the ani-
mal model [66] or even irradiate the recipient 
alveolar bone before implant placement to 
enhance the vitality of the osteocyte and promote 
faster bone formation around the dental implant 
for quick osseointegration [67, 68]. Omasa et al. 
utilized low-level laser to increase the stability of 
the mini implants placed in rat tibiae and found 
higher expression of the bone morphogenetic 
protein 2 from the surrounding cells as well [69]. 
Direct application of Er:YAG laser over contami-
nated implant surface can also induce more bone- 
to- implant contact with regenerative therapy 
[49], although such finding is not known to be a 
direct result of surface decontamination or 
biostimulation.

In a human split-mouth design study, using 
low-level laser therapy after gingivectomy inci-
sions promotes better healing [70]; another 
human split-mouth study used diode laser to 
modulate modified Widman flap and found less 
edema of pain postoperatively [71]. More 
recently, Er:YAG laser has been used to con-
duct second-stage procedure to expose dental 
implant that resulted in significantly less post-
operative pain score [53]. Another obvious clin-
ical benefit for tissue management is hemostasis 
that is well recognized by the clinicians. 
However, strong hemostatic effect may com-
promise the wound healing, especially when 
hemostasis was generally achieved with car-
bonization, coagulation, and thermal denatur-
ation of the adjacent tissue that clots the small 
blood vessels. Therefore, incision of the soft 
tissue with laser may not be the right applica-
tion if severe bleeding is not expected. The car-
bonization of the incisional tissue would impair 
primary closure and delay wound healing [72–
74]. Erbium lasers may not be the first choice in 
terms of hemostasis because it creates minimal 
thermal degeneration of the collateral tissue 
owing to its superficially penetrating character-
istic [75]. However, given such characteristic, 
wound healing following erbium laser therapy 
may be more favorable. Sawabe et al. demon-
strated faster and better gingival wound healing 
with Er:YAG laser compared with electrosur-
gery in rat animal models [74].
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In summary, the effect of implant therapy is 
not only limited to implant surface decontamina-
tion but also enhances the soft and hard tissue 
healing around the inflamed peri-implant defect 
(Fig. 11.1).

11.2.5  How Can Laser Be Used 
in the Treatment of Peri- 
implant Diseases?

In general, nonsurgical treatment of peri- 
implantitis has shown limited clinical benefits 
[25, 76, 77], whereas surgical management of 
peri-implantitis may have more promising yet 
unpredictable outcomes [29, 78]. It was gener-
ally accepted that nonsurgical treatment should 
be able to manage peri-implant mucositis [28]. 
Laser can be used both nonsurgically and surgi-
cally. Most studies listed have combined laser as 
an adjunctive therapy with conventional 
debridement or anti-infective therapy. The types 
of lasers approved and reported for the treat-
ment of peri- implantitis include CO2, diodes, 
Er:YAG, and Er, Cr:YSGG.  Two systemic 

reviews [79, 80] had evaluated the efficacy of 
various laser wavelengths in the treatment of 
peri-implantitis; however, very few RCTs with 
significant heterogeneity were identified, and 
meta-analysis of the pooled results revealed 
inconclusive benefits of laser usage. Here, we 
added recent studies and separated nonsurgical 
and surgical approaches into two groups to criti-
cally assess variables that may affect the results 
for clinical implications.

11.2.5.1  Nonsurgical Laser Therapy 
for Peri-implant Diseases

It is still an area of controversy that some investi-
gators question whether nonsurgical application 
of laser is reliable or not due to the inconsistency 
where the laser actually applies and thus the study 
protocol may be heterogenous. However, some 
recent clinical trials demonstrate its efficacy and 
may stimulate more investigation considering it is 
a practical approach.

Regarding nonsurgical peri-implant laser ther-
apy, attention must be paid to the inclusion crite-
ria of peri-implant pocket depth. According to the 
classification proposed by Forum and Rosen [81], 
studies that included early peri-implantitis with 
probing depth (PD) of 4–6 mm had very limited 
clinical improvements [82, 83]. Other studies, 
which appear to have deeper PD, demonstrated a 
more significant additional peri-implant pocket 
reduction compared to the control group that 
favors the adjunctive use of laser [84–86] 
(Table  11.4). Therefore, the use of adjunctive 
laser on moderate to advanced peri-implantitis 
with deeper PD may expect to have a more favor-
able response if pocket reduction is the primary 
goal. In addition, reduction in bleed on probing 
(BOP) is also an important clinical outcome as all 
the peri-implantitis cases are defined with a 
requirement of bleeding and/or suppuration on 
probing as a sign of inflammation. Among the 
studies listed, there may be a clear trend that 
adjunctive laser application for nonsurgical appli-
cation would have additional benefits in BOP 
reduction compared to control groups (~30–95% 
vs. ~15–40%; test vs. control), especially during 
short-term follow-up visits [87]. Another variable 
is the inclusion criteria for  peri- implantitis bone 

��Granulation removal
��Defect detoxification
��Hemostasis
��Bio-stimulation
��Enhanced healing
��Stimulated regeneration

��Surface Decontamination
��Maintain surface
 microstructure
��Enhance bone-to-implant
 re-osseointegration

a

b

Fig. 11.1 The effect of laser therapy. (a) On peri-implant 
defect and (b) on implant surface
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loss. To the best of our knowledge, there is still no 
universally accepted threshold as individual phys-
iologic marginal bone loss may vary [88]. 
Nonsurgical laser therapy may not work in case of 
severe peri-implant defect. Renvert et al. reported 
using laser as a monotherapy and found similar 
outcome with glycine powder polishing [89, 90]. 
Arisan et al. reported that adjunctive diode laser 
therapy may yield slightly more marginal bone 
loss compared to conventional scaling. However, 
the study primarily includes shallower pockets 
(4–5 mm), and the laser was applied for a longer 
period of time (1 min) compared to other studies, 
which may have a negative impact on peri-implant 
marginal bone [83]. Therefore, case selection 
remains critical.

In conclusion, nonsurgical laser therapy for 
peri-implantitis may not be predictable in complete 
resolution of the disease but has a tendency to give 
improvements, especially on bleeding on probing. 
Case selection may be the key factor to implement 
nonsurgical application. More studies are needed 
to optimize nonsurgical protocols. Repeated appli-
cation for previously treated sites may also be a 
reinforcement approach for maintenance.

11.2.5.2  Surgical Laser Therapy 
for Peri-implantitis

In terms of surgical approaches (Table 11.5), to 
the best of our knowledge, there are only two ran-
domized clinical trials published so far with two 
laser types (diode and Er:YAG). Papadopoulos 
et al. reported that adjunctive use of diode laser 
resulted in similar PD reduction compared with 
control group (~1.5 vs. 1.2 mm) at 6 months but 
achieved more CAL gain (~0.8 mm) compared to 
control group (~0.2 mm), which should also be a 
main clinical outcome to assess the efficacy of 
laser. On the contrary, Schwarz et al. [91] have 
reported the use of Er:YAG laser compared with 
“conventional therapy” (plastic curettes with cot-
ton pellets and sterile saline) in preparation for 
regenerative therapy. It must be noted that 
implantoplasty over suprabony defect was part of 
the study protocol and thus the mean pocket 
depth reduction over all the implant surfaces may 
not be a good clinical outcome measurement. It 
was concluded that the control group seems to 

have better trends in pocket reduction and attach-
ment gain after 6 months and remained similar 
results after 4 years [91, 92]. It was speculated 
that the titanium particles left in experimental 
group negatively impaired the clinical outcome 
and the degree of implantoplasty masked the ben-
eficial effect from laser therapy by reporting the 
“mean” difference from all implant sites. Implant 
position may also be a contributing factor. 
Although complete resolution of the disease or 
defect was not always predictable, an improve-
ment in resolving the defect is expected, and once 
established regenerated bone and peri-implant 
tissue can be maintained stable up to 7 years or 
longer [93]. Additionally, given the emerging evi-
dence that titanium particles may have negative 
effect on peri-implant tissue [94], it may be pru-
dent to use copious saline irrigation and cotton 
pellets swapping as a standard procedure follow-
ing implantoplasty as it is still the most predict-
able procedure in managing peri-implant 
suprabony defects. Here we present a peri-
implantitis case treated with laser-assisted surgi-
cal regenearitve therapy (Fig. 11.2).

Parma-Benfenati et al. published a case series 
utilizing a combined surface decontamination and 
detoxification approach and achieved complete 
radiographic bone fill in seven out of nine cases 
[95]. Most successful case reports published [11, 
96–98] presented with moderate to advanced peri-
implantitis with more prominent bony defect 
(mostly intrabony) and deeper initial periodontal 
pocket depth compared to RCTs. Complete reso-
lution of the inflammation and regeneration of the 
bony defect seem more favorably achievable in 
these reports. However, more well-designed 
RCTs are needed to assess the predictability of 
laser-assisted surgical procedures and identify 
factors that determine the long-term prognosis 
and stability. In addition, human histology analyz-
ing the re-established peri-implant support after 
laser therapy is also warranted. Given the histo-
logical study in rat and canine model from two 
different groups that demonstrated the adjunctive 
benefit of laser for surface decontamination to 
induce more bone-to-implant re-osseointegrated 
contact [49, 99], the positive histological outcome 
in human is likely to be promising.

11 Laser-Assisted Therapy for Peri-implant Diseases
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Of note, there is no standard treatment for peri-
implantitis serving as a proper control group, varia-
tion in treatment outcome was present, and thus 
very few statistically significant results were 
reported. However, analyzing variables in each 
study revealed potential benefits from adjunctive 
use of laser and its promising role. Future studies 
should further examine the effect of laser implant 
surface decontamination and biostimulation 
through analyzing the microbial profile and inflam-
matory mediators in the peri-implant crevicular 
fluid. Clinical outcome should beware of other 
local factors, including titanium particles from 
implantoplasty, and evaluate the measurements 
only above the defect site where laser is applied. 
Future well-controlled RCTs are needed to estab-
lish evidence-based indications and protocol for 
the use of laser in the treatment of peri-implantitis.

11.3  Summary

Laser-assisted therapy for peri-implant diseases 
is a promising approach. In vitro and in vivo stud-
ies demonstrated that laser not only assists in 
implant surface detoxification but also promotes 
healing through biostimulation. Although a few 
pilot randomized clinical trials did not show con-
clusive results, more well-designed controlled 
trials are warranted to optimize the application of 
laser therapy to develop evidence-based protocol 
and ideal indications.
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Fig. 11.2 Surgical laser therapy with bone grafting pro-
cedure for peri-implantitis. (a) Er:YAG laser application 
for infrabony defect region; (b) implantoplasty was per-

formed for suprabony defect and bone grafting was placed 
within infrabony defect; (c) preoperative radiograph; (d) 
radiograph taken after the surgery
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Abstract

The diagnostic pathway for oral suspicious 
lesions usually starts with the clinical exami-
nation based on inspection and palpation of 
the oral mucosa. Such a phase is strongly 

related to the experience of the operator. 
Moreover, oral epithelial dysplasia and early 
oral carcinomas may already be present within 
areas of macroscopically intact oral mucosa. 
A great interest for techniques potentially 
improving the diagnostic accuracy has devel-
oped in several fields of surgical oncology in 
order to increase the specificity and sensitivity 
of the conventional diagnostic pathway. The 
development of noninvasive methods for real- 
time screening of neoplastic changes in oral 
cavity may be associated with the improve-
ment of patients’ quality of life and survival 
rate. The analysis of tissue autofluorescence 
(AF) for improving sensitivity and specificity 
in cancer diagnosis has been proposed for dif-
ferent organs, including colon, lung, cervix, 
and esophagus. Particularly, there are several 
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evidences supporting the effectiveness of this 
technique in head and neck cancer diagnosis. 
Autofluorescence shows high specificity and 
sensitivity for oral cancer and precancerous 
lesions: 72.4% and 63.79%, respectively. It 
can also provide valuable information for 
diagnosis, for planning of margin resection in 
surgical excision, and for monitoring the ther-
apeutic response during follow-up. Direct 
visual fluorescence examination (DVFE) is 
based on the action of irradiation of specific 
wavelengths, between 375 and 440 nm, which 
excites some natural fluorochromes which 
show fluorescence in the range of the green 
color. The analysis of the lesions with AF 
tools must be performed in a dark environ-
ment to avoid the interference of white light 
wavelengths and to improve the quality of 
recorded images. Healthy oral mucosa emits 
fluorescence, detectable as green light. Cell 
and tissues within dysplastic and malignant 
lesions display modifications of the amount, 
distribution, and chemical–physical properties 
of the endogenous fluorophores. This results 
in an autofluorescence pattern variation that 
can be potentially used at diagnostic level. 
Loss of autofluorescence (LAF) seems to 
increase in correspondence to the progression 
of dysplasia, and altered tissue appears dark 
(brown to black). LAF in dysplasia and carci-
noma seems to be connected to different 
mechanisms, such as altered metabolic activ-
ity of dysplastic keratinocytes, altered struc-
ture of subepithelial collagen, and absorbance 
of light by increased blood circulation due to 
inflammatory phenomena in dysplastic tissue 
and cancer. AF can be used for guiding inci-
sional biopsy and in the excision to identify 
the resection margins.

Keywords

Autofluorescence (AF) · Fluorophores · Oral 
cancer diagnosis · Noninvasive tools for 
cancer diagnosis · Potentially malignant oral 
disorder surgical treatment · Biopsy of oral 
precancerous lesions

12.1  Noninvasive Methods 
in Diagnostics and Surgical 
Oncology

Oral cancer is a common malignant tumor. The 
5-year survival rate of this neoplasm is low 
(approximately 50%), the delayed diagnosis 
being among the most important reasons. It is 
therefore important to emphasize the role of early 
diagnosis and treatment [1].

The diagnostic pathway for oral suspicious 
lesions usually starts with the clinical examina-
tion based on inspection and palpation of the oral 
mucosa. Such a phase is strongly related to the 
experience of the operator. Moreover, oral epi-
thelial dysplasia and early oral carcinomas may 
already be present within areas of macroscopi-
cally intact oral mucosa.

A great interest for techniques potentially 
improving the diagnostic accuracy has developed 
in several fields of surgical oncology in order to 
increase the specificity and sensitivity of the con-
ventional diagnostic pathway. The development 
of noninvasive methods for real-time screening 
of neoplastic changes in oral cavity may be asso-
ciated with the improvement of patients’ quality 
of life and survival rate.

Principles underlying the functioning of non-
invasive visual diagnostic tools for oral cancer 
and dysplastic lesions are very different, being 
based on diverse specific cellular and tissue 
characteristics. Most common tools within such 
a context are chemiluminescence (CL), tolu-
idine blue (TL), and chemiluminescence associ-
ated with toluidine blue (CLTB). Among these, 
the use of autofluorescence (AF) has recently 
attracted the interest of researchers.

The analysis of tissue autofluorescence for 
improving sensitivity and specificity in cancer 
diagnosis has been proposed for different organs, 
including colon, lung, cervix, and esophagus. 
Particularly, there are several evidences support-
ing the effectiveness of this technique in head and 
neck cancer diagnosis. Autofluorescence shows 
high specificity and sensitivity for oral cancer 
and precancerous lesions: 72.4% and 63.79%, 
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respectively. It can also provide valuable infor-
mation for diagnosis, for planning of margin 
resection in surgical excision, and for monitoring 
the therapeutic response during follow-up [2].

12.2  Autofluorescence: 
Background

The extent and nature of structural and biochemi-
cal changes taking place during the transforma-
tion from normal to precancerous state to oral 
cancer are poorly understood.

The native cellular fluorescence is the innate 
capacities of tissues to absorb and transmit light. 
It has been well recognized since many years that 
several subcellular components, called fluoro-
phores, are capable of emitting light of specific 
wavelengths different from that of an exciting 
radiation.

Fluorophores can be classified into endog-
enous and exogenous. Endogenous fluorophores, 
either intracellular or extracellular, are present 
in several biologic tissues, being responsible 
for the phenomenon of autofluorescence (AF). 
Autofluorescence is a peculiar visual property of 
some tissues depending on the concentration and 
distribution of specific fluorophores.

In the literature, the use of this property in dif-
ferentiating normal from neoplastic oral mucosa 
is widely reported [3].

The technique of AF detection is based on 
illumination of suspicious lesions with mono-
chromatic light, followed by the recording of 
fluorescent spectra emitted by endogenous tissue 
fluorophores. The presence of disease results in 
alteration in concentration of fluorophores as well 
as in alteration of light scattering and absorption 
properties of tissue, nuclear size changes and dis-
tribution, collagen content, and epithelial thick-
ness, which leads to spectral variations [4].

It has been hypothesized that fluorophores of 
oral human tissues are some proteins (e.g., struc-
tural proteins, collagen, elastin; coat proteins, 
keratin) and several coenzymes involved in cel-
lular metabolism, including nicotinamide ade-
nine dinucleotide (NADH) and flavin adenine 

dinucleotide (FAD). Such molecules are stimu-
lated by wavelengths between blue and violet/
ultraviolet light.

The reduced form of NADH and the oxidized 
form of FAD are important fluorophores that 
are good indicators of cellular metabolism. It 
has been shown that fluorescence intensity due 
to NADH increases with dysplastic progression, 
while that of FAD decreases. Maximum NADH 
fluorescence occurs at 340-nm excitation and 
45-nm emission, and FAD occurs at 450-nm 
excitation and 515-nm emission [5].

Another source of AF originates in the submu-
cosal collagen cross-links which have been dem-
onstrated to decrease in the immediate vicinity of 
malignant or premalignant lesions.

Loss of collagen fluorescence is generally 
attributed to changes in its biochemistry, possibly 
due to the breakdown of the extracellular matrix 
by dysplastic cells.

Collagen cross-links and basal lamina of tis-
sue affected by cancer or epithelial dysplasia 
are destroyed, and glucose is highly consumed 
in malignant tissue even in an aerobic environ-
ment. On the contrary, the concentration of FAD 
decreases in epithelial dysplastic tissues [6].

One hypothesis is that matrix metallopro-
teinase (MMP) expression in stromal cells and 
the consequent remodeling of the extracellular 
matrix are induced by altered signaling from dys-
plastic epithelial cells. Collagen yields maximum 
fluorescence at 340-nm excitation and 420-nm 
emission and has significant fluorescence when 
excited between 410 and 470 nm [5].

12.3  Autofluorescence: 
A Diagnostic Support in Oral 
Cancer and Precancerous 
Lesions

Oral squamous cell carcinoma (OSCC) has an 
incidence of more than 500,000 cases per year 
worldwide.

The most important prognostic factor in influ-
encing the disease-specific survival rate is the 
tumor stage at diagnosis.
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The 5-year relative survival rate is 64.3%. 
However, survival rates for OSCC are highly 
stage-dependent, with 83.7% of people alive 
5 years after diagnosis when a localized cancer 
is diagnosed and 64.2% and 38.5% of people 
alive 5 years after diagnosis when regional and 
distant metastases are diagnosed, respectively. 
Approximately 70% of all new cases are diag-
nosed at a late stage, underscoring the impor-
tance of early detection and prevention [7].

The diagnostic pathway for oral suspicious 
lesions usually starts with the conventional 
objective examination (COE) based on inspec-
tion and palpation of the oral mucosa with the 
support of an incandescent light available on 
the dental chair. It is well known that COE 
mainly depends on a subjective interpretation, 
which is a consequence of the experience of 
the operator.

Oral epithelial dysplasia (OED) is often 
observed in the tissue surrounding oral squamous 
cell carcinoma (OSCC), and it is reportedly asso-
ciated with a malignant transformation rate of 
2.2–38.1% [8].

Moreover, epithelial dysplasia and early oral 
cancer can be located within the context of oral 
potentially malignant disorders such as leuko-
plakia, erythroplakia, submucous fibrosis, and 
oral lichen planus as well in areas of apparently 
healthy mucosa.

The gold standard for the diagnosis of oral 
dysplastic and neoplastic malignant lesions is 
the histological examination. Incisional or exci-
sional biopsy techniques are the most reliable 
methods to collect a surgical specimen suitable 
for microscopic evaluation. However, despite 
the little invasivity of such techniques, they still 
have some disadvantages in terms of morbidity 
and possible artifacts induced by the method of 
collection.

Direct visual fluorescence examination 
(DVFE) is based on the action of irradiation of 
specific wavelengths, between 375 and 440 nm, 
which excites some natural fluorochromes which 
show fluorescence in the range of the green 
color. The analysis of the lesions with AF tools 
must be performed in a dark environment to 

avoid the interference of white light wavelengths 
and to improve the quality of recorded images 
(Fig.  12.1). Healthy oral mucosa emits fluores-
cence, detectable as green light (Figs. 12.2, 12.3, 
12.4, and 12.5). Cell and tissues within dysplastic 
and malignant lesions display modifications of 
the amount and distribution and chemical–physi-
cal properties of the endogenous fluorophores.

This results in an autofluorescence pattern 
variation that can be potentially used at diagnos-
tic level. Loss of autofluorescence (LAF) seems 
to increase in correspondence to the progres-
sion of dysplasia, and altered tissue appears dark 
(brown to black) (Figs. 12.6 and 12.7). LAF in 
dysplasia and carcinoma seems to be connected 
to different mechanisms, such as altered meta-
bolic activity of dysplastic keratinocytes, altered 
structure of subepithelial collagen, and absor-
bance of light by increased blood circulation due 
to inflammatory phenomena in dysplastic tissue 
and cancer [2].

According to some clinical experiences 
reported in the literature, red lesions are related 
to hypofluorescence, whereas white lesions are 
mostly related to hyperfluorescence, most prob-
ably because of keratin increase. There is a sig-
nificant association of OED and carcinoma and 
autofluorescence alteration considering both 
hypo- and hyperfluorescence.

OED and carcinoma are particularly associated 
with hypofluorescence, excluding verrucous car-

Fig. 12.1 The analysis of the lesions with AF tools must 
be performed in a dark environment to avoid the interfer-
ence of white light wavelengths
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cinomas, which appear hyperfluorescent because 
of intense keratinization.

AF analysis could be a valid adjunctive tech-
nique if associated with the clinician experience 

and knowledge. It may be used to spot lesions 
at risk, to identify suitable sites for incisional 
biopsies, and to define excision margins of the 
lesions.

Figs. 12.2 and 12.3 Dorsum of the tongue under visible light and in AF: healthy oral mucosa, under 410–460-nm 
excitation, emits fluorescence detectable as a green light

Figs. 12.4 and 12.5 Soft palate under visible light and in AF: healthy oral mucosa, under 410–460-nm excitation, 
emits fluorescence detectable as a green light

12 Laser Applications and Autofluorescence



144

12.4  Clinical Applications 
of Autofluorescence in Oral 
Surgery

AF can be used for guiding incisional biopsy and 
in the excision to identify the resection margins.

12.4.1  Autofluorescence-Guided 
Biopsy

For patients seeking care for suspicious lesions, 
immediate performance of a biopsy or referral to 
a specialist is an important recommendation in 
clinical practice.

Potentially malignant oral disorders are a 
group of clinically suspicious conditions, a 
small percentage of which will undergo malig-
nant transformation. Dysplasia is the most 
well- established marker to distinguish high-risk 
lesions from low-risk lesions, and perform-
ing a biopsy to establish dysplasia is the diag-
nostic gold standard. Dysplasia is defined as 
the presence of specific epithelial architectural 
and cytologic changes, and it can be graded as 
mild, moderate, or severe based on the depth and 
severity of the cellular changes. It is frequently 
assumed that oral carcinogenesis involves oral 
premalignant disorders that undergo a gradual 

progression evolving through stages of mild 
dysplasia, moderate dysplasia, severe dysplasia, 
carcinoma in situ, and finally carcinoma after cel-
lular invasion through the basement membrane 
[9]. However, oral premalignant disorders with 
dysplasia are considered non-obligate precur-
sors of OSCC, indicating that not all dysplastic 
lesions will progress to invasive cancer [10].

COE is generally effective for lesion identi-
fication, but not always for the biopsy planning. 
Once the decision has been made to perform 
a biopsy lesion, clinicians must select a biop-
tic site, which should represent the area of the 
lesion most likely to contain dysplasia or carci-
noma [11].

AF can be useful for simple incisional biopsies 
for homogeneous lesions or multiple biopsies for 
multifocal, large, or nonhomogeneous lesions. In 
particular, for the last type of lesions, it is diffi-
cult to indicate representative biopsy area.

In a surface with a diffuse and homogeneous 
green light aspect, some area of hypofluorescence 
(or in certain cases of hyperfluorescence) can be 
suspected, and the biopsy can be performed at 
these sites [12] (Figs.  12.8, 12.9, 12.10, 12.11, 
12.12, and 12.13).

According to the literature, tissue AF imag-
ing revealed a heterogeneous pattern of loss and 
increase of fluorescence in patients with actinic 

Figs. 12.6 and 12.7 Border of the tongue under visible light and in AF: oral squamous cell carcinoma exhibits a dark 
area of loss of autofluorescence (LAF)

P. Vescovi et al.



145

cheilitis (AC). Epithelial dysplasia was found in 
93% of the cases, and most of the areas graded 
as moderate or severe were chosen for incisional 
biopsy with the aid of AF.

The advantages of AF in incisional biopsies 
include high sensitivity for dysplasia and cancer, 
capability to assess large areas of the oral mucosa 
at the point of care, nonrequirement of consum-
ables, and noninvasiveness (Figs.  12.14, 12.15, 
12.16, 12.17, and 12.18).

Unfortunately, the application of AF can be 
limited by false-positive results: inflammatory 

benign lesions, infectious stomatitis, and vascu-
lar diseases often exhibit a loss of fluorescence 
(Figs. 12.19 and 12.20). Keratin is autofluores-
cent, and hyperkeratinized high-risk diseases 
such as proliferative verrucous leukoplakia may 
not show LOF even in the presence of dyspla-
sia or cancer (Figs. 12.21 and 12.22). AF may 
have clinical utility for risk assessment during 
longitudinal monitoring of patients with known 
high- risk potentially malignant oral disorders 
(such as proliferative verrucous leukoplakia, 
oral lichenoid lesions, and oral lichen planus) or 

Figs. 12.8 and 12.9 Border of the tongue under visible light and in AF: erythroplasic nonhomogeneous lesion with 
area of loss of autofluorescence (LAF)

Figs. 12.10 and 12.11 Two biopsies performed in the hypofluorescent areas

12 Laser Applications and Autofluorescence
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previous history of cancer of the upper aerodi-
gestive tract [13].

12.4.2  Autofluorescence-Guided 
Excision

Excisional biopsy can be performed for smaller 
lesions and could prevent sampling bias, but the 
risk of incomplete excision of malignant lesions 

exists, and the procedure may be not indicated in 
case of benign lesions.

Because the statistically significant reported 
risk factors for malignant transformation of 
leukoplakia include the presence of epithelial 
 dysplasia, we support the opinion that surgi-
cal resection with adequately radical mar-
gins including the area of epithelial dysplasia 
would be effective in preventing malignant 
transformation.

Figs. 12.12 and 
12.13 Histopathological 
results: invasive 
(Fig. 12.12) and 
microinvasive (Fig. 12.13) 
oral squamous cell 
carcinoma (OSCC)
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Residual epithelial dysplasia after surgical 
treatment of oral cancer is an important risk fac-
tor for poor prognosis, and precise detection of 
affected areas with epithelial dysplasia prior to 
surgical resection of malignant lesions is impor-
tant to prevent local recurrence [14].

AF can be used to delineate margins during 
surgical resection of OSCC to reduce recur-

rence rates. LOF frequently extends beyond the 
visible borders of a lesion, and such extension 
often shows dysplasia and loss of heterozygosity 
(Figs. 12.23, 12.24, 12.25, and 12.26).

Recent experiences reported in the literature 
indicate that the molecular profile of oral poten-
tially malignant disorders changes with diver-
gence away from the center of the lesion and that 

Figs. 12.14 and 12.15 Gingiva under visible light and in AF: hyperfluorescent surface surrounded by hypofluo-
rescent area

Fig. 12.16 Biopsy performed in two different areas
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Fig. 12.17 Hyperfluorescent tissue revealed verrucous 
carcinoma

Fig. 12.18 Hypofluorescent area showed mild dysplasia

Figs. 12.19 and 12.20 False positive: vascular benign lesion of the lip shows area of a loss of autofluorescence (LAF) 
for the presence of blood and hemoglobin

Figs. 12.21 and 12.22 False negative: squamous cell carcinoma of the lip shows intense hyperfluorescence for the 
presence of intense keratinization

P. Vescovi et al.
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autofluorescence determined margins are supe-
rior to the white light margin in achieving a clear 
molecular margin when excising an OPMD [15].

Some leukoplakias show clinically invisible 
extensions during histopathological examination 
and AF. Most of leukoplakias are not surrounded 
by green light but by dark areas, indicating LOF 
with a mean size of 66%, exceeding the clini-
cally visible margins of the disease. This tech-

nique enables clinicians to measure the extent of 
lesions beyond their visible margins [16].

Surgical operations for advanced stages of oral 
cancer are invasive with poor prognosis. On the 
contrary, a minimal and faster intervention under 
local anesthesia is useful both for compliance of 
the patients and for the success of the treatment. 
Early detection of suspicious lesions through AF 
and less invasive surgery performed with dif-
ferent lasers (Er:YAG, CO2, diode, Nd:YAG) 
guided by AF for healthy margin detection may 
determine a complete mucosal healing contain-
ing the risk of spread of the disease and reduce 
the risk of cancerization [17–20].

Figs. 12.23 and 12.24 Dishomogeneous oral lichenoid lesion of the cheek under visible light and in AF: intense dark 
area (loss of autofluorescence, LAF) much wider than the visible lesion in conventional objective examination (COE)

Fig. 12.25 Surgical excision extended to margins of 
hypofluorescent area

Fig. 12.26 Histopathological examination revealed micro-
invasive oral squamous cell carcinoma (OSCC)

12 Laser Applications and Autofluorescence



150

12.5  Conclusions

The usefulness of autofluorescence for oral tis-
sue examination, especially within an oral medi-
cine secondary care facility, before performing 
a biopsy and in monitoring oral lesions is con-
firmed by several studies [21]. In patients with 
clinically evident, potentially malignant, or 
seemingly malignant lesions, clinicians should 
perform a biopsy of the lesion. Autofluorescence 
represents an important support to conventional 
objective examination and palpation. For general 
dental practitioners, devices using AF are poten-
tially useful for screening purposes. Furthermore, 
referral to a specialist for a biopsy (clinicians 
with training in oral and maxillofacial surgery, 
oral and maxillofacial pathology, oral medicine, 
and otolaryngology–head and neck surgery) is 
indicated when clinicians are not trained ade-
quately to perform a biopsy of precancerous or 
cancerous lesions.
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Abstract

In this chapter, we introduce the working the-
ory of cartilage reshaping and highlight land-
mark papers in the development and refinement 
of this technique. We discuss the tissue and 
mechanical properties of cartilage and define 
how optical techniques may be utilized to 
manipulate these properties. The goal of carti-
lage reshaping is to ultimately reduce the need 
for more invasive traditional approaches with 

scalpel and suture, in favor of much less inva-
sive techniques. Therefore, we discuss the 
challenges associated with its development 
and delineate its translation toward clinical 
applications.
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13.1  Introduction

Classical approaches to altering the shape of car-
tilage in the head, neck, and upper airway have 
focused on creating incisions in the cartilage 
to weaken it focally or using sutures to balance 
the forces which resist sustained deformation. 
Surgery as a whole is steeped in the use of these 
conventional approaches which require gaining 
access to individual cartilage specimens through 
incisions within the nose or neck.

Cartilage itself is a complex tissue which is 
triphasic in structure, having its mechanical 
state determined by the interplay of viscoelastic, 
hydrodynamic, and electrostatic forces. This spe-
cific behavior is well beyond the scope of this dis-
cussion here but has been examined in detail by 
Mow and Lai, among others [1–4]. Importantly, 
cartilage may be thought of as a charged polymer 
hydrogel, and if one examines cartilage from the 
vantage of a materials scientist, one can think of 
alternate ways of creating shape change, without 
the need potentially for either destructive tech-
niques involving scalpels or techniques involving 
sutures. Early in the 1950s, Lewis Thomas, in 
fact, had examined the potential use of enzymes 
to locally disrupt the bonds between the glycos-
aminoglycans in the cartilage of rabbit ears and 
was able to demonstrate transient changes in tis-
sue geometry [5–9]. While promising, the effect 
was noted to be completely reversible, which 
negated any further exploration of this approach 
toward clinical implementation.

In contemporary times, Emil Sobol of the 
Russian Academy of Sciences in Troitsk, while 
on sabbatical in Crete, had the opportunity to 
work with Emmanuel Helidonis, who is an oto-
laryngologist. Helidonis had an extensive medical 
laser facility, and Sobol spent his time identify-
ing areas where advanced laser technology might 
optimize surgery. As an alternative to morseliza-
tion, Sobol proposed that cartilage could be 
heated and then undergo a phase transformation 
that would lead to an alteration of shape. In this 
implementation, cartilage which is itself curved 
or misshapen is first mechanically deformed, and 
then laser energy is directed at areas where inter-
nal stress is concentrated. Focally within these 

regions of interest, temperature elevation leads to 
a local alteration in tissue mechanical properties 
and an acceleration of stress relaxation.

The net effect is shape change, which in 
this case early on was focused on changing the 
shape of the nasal septal cartilage. Regardless, 
the use of photothermal techniques to reshape 
cartilage is still investigational, though much 
basic research has focused on this application. 
The use of lasers to reshape cartilage has been 
studied in great detail, though the precise mecha-
nism still remains elusive. The hope and goal of 
this technique is that traditional cut-and-suture 
approaches to altering cartilage shape could be 
replaced by methods which are minimally inva-
sive, potentially transcutaneous, or delivered via 
fiber optics and small-bore needles.

Likewise, in parallel with research performed 
in laser reshaping, other techniques that alter the 
shape of facial cartilages have been developed. 
These include the application of radiofrequency 
energy as well as the creation of in situ redox 
reactions in the tissue. All of these approaches do 
share in common a fundamental difference from 
classic surgical technique in that these view carti-
lage as a plastic material.

The remainder of this chapter reviews the 
basic science behind facial cartilage reshaping 
using laser and related technologies and provides 
a comprehensive review of the literature.

13.2  Basic Science of Cartilage 
Reshaping

13.2.1  Laser Shaping of Cartilage

In living organisms, cartilage serves to support 
and fasten soft tissues and to absorb shock for 
skeletal bones. Cartilage is a dense connective 
tissue composed of 65–80% of water contain-
ing a small proportion of chondrocytes within 
an extracellular matrix (ECM). The ECM is a 
hydrated gel containing proteoglycans (5–15%) 
and collagen fibers (20–25%). The proteoglycan 
matrix possesses negatively charged ion groups 
(SO3− and COO− moieties). Therefore, cartilage 
can be thought of as a charged hydrogel where 
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free space is filled with water in either partially 
bound or free states. Polarized water molecules 
bind weakly to the negatively charged groups 
attached to both proteoglycan and collagen mol-
ecules. Free water within the cartilage matrix 
contains dissolved minerals such as Na+ and 
Ca2+ ions, which are attracted to the negatively 
charged components of proteoglycan molecules 
(Fig.  13.1). These ions are therefore trapped in 
the matrix when free water is forced out of it dur-
ing deformation or evaporation. A gradient in 
distribution of negatively charged groups in the 
tissue accounts for the intramolecular internal 
stresses of the tissue. Since the ECM is nonvascu-
lar, maintenance of its mechanical structure and 
nutrition for chondrocytes depends on the dif-
fusion of fluids [11]. The mechanical properties 
of cartilage shape retention are accounted for by 
the development of areas of high internal stress 
upon mechanical deformation and the property of 

shape memorization whereby shape recovery is 
possible after deformation.

In 1993, Emil Sobol et  al. were the first to 
describe the use of lasers in altering cartilage 
shape [11]. Sobol hypothesized that local laser 
heating may lead to increased plasticity by 
relaxing the internal stresses, thereby leading to 
shape change with fluence rate profiles below the 
ablation threshold. Under ordinary conditions, 
mechanical resistance to sustained cartilage defor-
mation is largely due to the intermolecular forces 
between water and proteoglycan models. Under 
moderate laser heating, Sobol hypothesized that 
there is a momentary relaxation in internal stress 
when water transitions from a state in which it is 
bound to proteoglycans to a liberated free state. If 
this bound-to-free phase transition of water can 
occur without damaging surrounding protein or 
carbohydrate molecules, then a stable modified 
cartilage configuration may be achieved.

Fig. 13.1 Mechanisms of stress relaxation in cartilage (After Sobol et al. Laser Reshaping of Cartilage. Biotechnology 
and Genetic Engineering Reviews 2000 [10])
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Sobol et al. demonstrated laser shape change 
on samples of cartilage from 0.2 to 1.5  mm in 
thickness using a CO2 laser with 1–10  W in 
average power output. Cartilage samples were 
mechanically fixed in a new shape and exposed to 
either repetitively pulsed (pulse duration of 0.2 s, 
pulse repetition rate of 1 Hz) or continuous wave 
treatment regimens. Cartilage samples treated 
in this manner retained their shape for several 
months and could be implanted into animal 
models or kept in storage for later use, though 
banking of autologous cartilage is by no means 
common practice in North America.

13.2.2  Ex Vivo Cartilage Reshaping

After Sobol’s initial studies on the use of lasers 
for reshaping cartilage, more detailed studies 
followed to characterize the effects of laser irra-
diation on tissue structure and viability and to 
attempt to identify optimal dosimetry. In subse-
quent studies, a holmium:YAG (Ho:YAG) laser 
(2.12-μm wavelength) was used to reshape a 
1-mm-thick cartilage specimen without over-
heating or gross destruction of tissue near the 
surface [10]. Confocal microscopy and histol-
ogy determined that thermal injury was deeper 
using Ho:YAG (up to more than 1800 μm) than 
with an Er:YAG laser (2.94 μm) (up to 70 μm) as 
expected, suggesting that Ho:YAG lasers should 
be used judiciously with pulse energies as low as 
possible to reduce collateral tissue damage [12].

Atomic force microscopy images of the fine 
structure of cartilage following CO2 laser irradia-
tion showed the formation of micro-channels of 
100–400 nm in cross section, lending some cre-
dence to a proposed mechanism for laser-induced 
stress relaxation of cartilage being based on short-
time polymerization and subsequent reformation 
of proteoglycan units. These micro- channels may 
facilitate transport of traces of proteoglycan units 
possessing a length of ~300–400 nm and a width 
of ~80 nm. These results were also consistent with 
changes in light- scattering behavior in cartilage 
after laser- induced stress relaxation, whereby it 
is thought that the number of scattering centers 
first increases due to the short-time liberation of 

proteoglycan units and then decreases after the 
new proteoglycan configuration has been formed. 
Furthermore, sodium carbonate crystals were 
observed, suggesting that prolonged laser heat-
ing of cartilage induces denaturation of proteo-
glycans and can lead to local mineralization of 
the cartilaginous matrix [13].

13.2.2.1  Dosimetry Studies
In 2000, Helidonis et al. performed histologic and 
morphological analysis on CO2 laser- irradiated 
rabbit auricular cartilage to assess shape reten-
tion and viability [14]. Straight cartilage samples 
were removed from the ears of 21 rabbits, and 
the cartilage was reshaped using CO2 laser at an 
output power of 3 W, a spot diameter of 2 mm, 
and exposure time of 0.5 s. Remodeled cartilage, 
along with control cartilage, was then implanted 
into the rabbits’ backs and retrieved 6–12 months 
later, after which histology and morphological 
analyses revealed shape retention and viability of 
chondrocytes.

Subsequently, investigations were conducted 
to optimize parameters for cartilage reshaping 
and to define the therapeutic window within 
which cartilage is reshaped but not thermally 
damaged (Fig.  13.2). To this end, Wong et  al. 
designed a computer-controlled instrument to 
evaluate the effect of laser dosimetry on shape 
change during laser-mediated cartilage reshap-

Fig. 13.2 Optimal therapeutic window, region of tissue 
denaturation, and ineffective reshaping as a function of 
exposure time and laser fluence (After Johansen, 
E.  Determination of Optimum Laser Parameters for 
Cartilage Reshaping in Porcine Septum Using Nd:YAG 
Laser (λ = 1.32 μm) SPIE, 2001 [15])
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ing using an Nd:YAG laser at a wavelength of 
1.32  μm [15]. Real-time measurements of tis-
sue optical properties and surface temperatures 
were obtained, and to determine optimal reshap-
ing, the radius of curvature of the specimen was 
compared to that of the reshaping jig. Optimal 
reshaping was observed at 6 W with an irradia-
tion time of 16 s or alternatively at 10 W with an 
irradiation time of 8 s.

Subsequent investigations focused on char-
acterizing the safety of LCR by determining 
shape change and tissue viability as a function 
of laser dosimetry [16]. Similarly, Dobrikov 
et al. used changes in backscattered He-Ne light 
intensity to characterize the temperature range in 
which stress relaxation occurs [17]. Wong et al. 
utilized the same Nd:YAG laser at 1.32 μm as 
in previous studies but with a spot diameter of 
5.4  mm instead of 5  mm; exposure times of 4, 
6, 8, 10, 12, and 16  s; and powers of 4, 6, and 
8  W.  Cartilage surface temperature measured 
using infrared thermography and a live/dead via-
bility assay combined with fluorescent confocal 
microscopy was used to determine the amount 
of thermal damage generated in irradiated speci-
mens. Confocal microscopy identified dead cells 
spanning the entire cross-sectional thickness of 
cartilage specimen within the laser spot at laser 
power density and exposure times above 4  W 
and 6 s, with damage proportional to increases in 
time and irradiance. These results suggested that 
thermal tissue damage is concurrent with shape 
change and that significant cell death occurs at 
laser dosimetry parameters necessary to produce 
clinically relevant shape changes.

13.2.3  Cartilage Properties

Mow and Lai proposed a triphasic model of 
articular cartilage as an extension of their earlier 
biphasic theory [2, 3, 18]. The triphasic model 
consists of the following three phases: (1) an 
intrinsically incompressible porous permeable 
charged solid phase, (2) an intrinsically incom-
pressible interstitial fluid phase, and (3) an ion 
phase with two monovalent ions (anion and cat-

ion). In this theory, the motive forces for water 
and ions are described by the gradient of chemi-
cal or electrochemical potentials. These driv-
ing forces are balanced by the frictional forces 
between the phases as one phase flows through 
the other. Stress and strain in cartilage is deter-
mined by a balance of tissue elastic properties, 
fluid flow or shift, and electrostatic charge. This 
model was later extended to incorporate multiple 
polyvalent ions by Gu et al. [19]

13.2.3.1  Optical Properties 
of Cartilage

In order to optimize laser cartilage reshaping 
(LACR), it was important to determine the opti-
cal properties of cartilage to facilitate compu-
tational modeling. It is well established in the 
literature that different types of cartilage have 
different structures and compositions. Sobol’s 
group in 1993 demonstrated that light scatter-
ing may identify a phase transformation in car-
tilage after laser irradiation [20]. Bagratashvili 
et al. demonstrated that human, pig, and bovine 
cartilages have similar transmission and reflec-
tion spectra, which opened the door for the 
development of animal models for in vivo stud-
ies [21]. Wong et  al. through a series of stud-
ies that measured integrated backscattered light 
intensity of He:Ne laser light (λ  =  632.8  nm) 
during laser irradiation by Nd:YAG laser 
(λ  =  1.32  μm) observed an increase, plateau, 
and then decrease in diffuse reflectance during 
heating [22–24].

The above developments allowed for later 
studies by Youn et  al. to further characterize 
optical and thermal properties of nasal sep-
tal cartilage using double integrating sphere 
experiments and thermocouple techniques [25]. 
Wong et  al. demonstrated in 2001 that the tis-
sue optical, mechanical, and biologic properties 
of septal cartilage varied spatially within each 
individual sample, as well as between animals 
within the same species [26]. These measure-
ments would establish baseline values for tissue 
metabolism, cell density, and the basic biome-
chanical behavior of porcine and rabbit septal 
cartilage.
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13.2.3.2  Thermal and Mechanical 
Properties of Cartilage

Stress Relaxation
From a materials science point of view, cartilage 
may be thought of as a charged polymer hydrogel, 
with a triphasic structure formed by the interplay 
of viscoelastic, hydrodynamic, and electrostatic 
forces. Early hypotheses by Sobol et  al. on the 
mechanism of stress relaxation that occurs upon 
heating cartilage proposed that this phenomenon 
relied on a phase transformation dominated by the 
movement of the water through the matrix [27]. 
The underlying principle of this hypothesis is that 
water exists in two forms to form the structure of 
cartilage: bound, or non- exchangeable, and free, 
or exchangeable. Upon heating and deformation, 
a phase change between the two states of water 
within cartilage allows for stress relaxation to 
occur within the areas of highest stress, thereby 
allowing for shape change. The first of many 
studies to explore this hypothesis examined the 
thermodynamic characteristics of this “bound-to-
free” phase transformation of water [28].

An important observation was made by Sobol 
et al. in 1997, where it was noted that light scatter-
ing increases with stress relaxation and at a tem-
perature exceeding 70 °C [29]. Changes in light 
scattering were thought to represent the bound-
to-free water phase transition, beginning with the 
formation of nucleus centers or local regions of 
anomalous refractive index created when water 
bound to large proteoglycan molecules becomes 
liberated. When examining the mechanical prop-
erties of cartilage following this phase transition, 
it was observed that stress indeed decreases with 
some time delay after tissue temperature reaches 
70 °C, which was initially hypothesized to rep-
resent the internal friction coefficient of carti-
lage. These observations were used to develop 
theoretical models which incorporated thermal 
and mass transfer in a tissue to study the effect 
of laser irradiation, water evaporation from the 
surface, and the temperature dependence of the 
diffusion coefficient [30]. From this model, it 
was shown that surface temperature reaches a 
plateau quicker than the maximal temperature, 
laser-induced mass transfer in cartilage is hetero-

geneous along the depth, and depth of the dena-
tured area depends on laser fluence, wavelength, 
exposure time, and thickness of cartilage.

Wong et al. investigated the pattern of back-
scattered light intensity and internal stress and 
found that both tend to increase, plateau, and 
then decrease in similar ways during laser irra-
diation [31]. The plateau region occurred when 
the cartilage surface temperature approached 
65 °C. These observations clarified the potential 
of using backscattered light intensity to control 
the process of laser-assisted cartilage reshaping, 
which would allow for greater precision of heat-
ing, and minimize nonspecific thermal injury 
due to uncontrolled heating. Bagratashvili et al. 
examined the phase change through multiple 
modalities including optical coherence tomogra-
phy [32]. They describe a bleaching effect similar 
to the increase in backscattered light described 
by earlier studies. This bleaching effect was due 
to structural alterations in irradiated cartilage 
caused by the removal of water; since water and 
cartilage matrix have different refractive indices, 
removal of water leads to increases in scattering 
signal.

Temperature Dependence of LCR
Although early reports show this transition to 
occur above 70 °C, later studies have described 
a range of critical temperatures Tc from 60  °C 
to 70  °C [31, 33]. To refine this range, Wong 
et  al. studied temperature-dependent changes 
in thermal properties using modulated differen-
tial scanning calorimetry (MDSC), a very pre-
cise technique to measure temperature and heat 
flow associated with transitions in materials as 
a function of temperature and time [34]. It was 
observed that slow heating results in a lower 
critical transition temperature of around 55  °C, 
in contrast to the rapid heating associated with 
laser irradiation, with a critical transition tem-
perature of around 65 °C. At around 70 °C, it was 
noted that heat flow into the specimen reaches 
a maximum and subsequently decreases, which 
is in agreement with previous results regarding 
temperature- dependent changes in optical and 
mechanical properties of cartilage. Further stud-
ies by Sobol et al. demonstrated that light scat-
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tering may be useful for measuring denaturation 
thresholds and kinetics for biological tissues, 
with denaturation thresholds showing an inverse 
correlation with the absorption spectrum of the 
tissue [35].

Mechanical Properties
The elastic modulus describes the intrinsic stress- 
strain relationships in a material independent of 
geometry and is the best characterization of the 
mechanical behavior of cartilage. Investigations 
into the elastic modulus of cartilage samples con-
tributed to the understanding of shape change in 
cartilage during laser irradiation and the optimi-
zation of this process. Gaon et al. determined the 
elastic moduli of porcine cartilage before and after 
Nd:YAG laser irradiation (λ = 1.32 μm, 21.22 W/
cm2) and found the elastic moduli to be much 
lower following irradiation [36]. This result con-
firms that cartilage becomes more flexible after 
undergoing stress relaxation due to photothermal 
heating. Gaon et  al. also examined the changes 
in elastic moduli after total thermal denaturation 
of cartilage samples, which also resulted in a 
lower elastic modulus. However, the mechanical 
changes in elastic modulus after laser irradiation 
were reversible, whereas those following total 
thermal denaturation were not. Chao et al. con-
ducted similar investigations on the elastic modu-
lus of rabbit nasal septal cartilage and confirmed 
that this pattern of reversible decreases in elastic 
modulus is seen in the porcine model and is also 
seen in the rabbit model [37].

Thermal Properties
It has been hypothesized that cartilage reshaping 
occurs due to a heat-induced transition that leads 
to the rearrangement of molecular bonds in the 
cartilage matrix macromolecules. Chae et al. stud-
ied the thermomechanical behavior of cartilage 
using dynamic mechanical analysis (DMA) and 
time-temperature superposition (TTS)—tech-
niques used in the rheological sciences to char-
acterize viscoelastic material properties, such as 
storage and loss modulus, and damping proper-
ties [38]. They identified a temperature transition 
range between 50 °C and 67 °C—consistent with 
previous results. By using TTS, Chae et al. were 

able to estimate the activation energy associated 
with the mechanical relaxation of cartilage as 
approximately 148 kJ/mole. This estimated acti-
vation energy for stress relaxation exceeds that of 
the evaporation of free water (41–44 kJ/mole), as 
well as the activation energy of water diffusion 
(30.6 kJ/mole). Additionally, it was found that a 
relatively larger activation energy was required 
for relatively lower concentration of water. This 
may be due to an increased amount of energy 
needed to facilitate water movement through the 
dense ECM and liberate bound water from the 
proteoglycan side groups.

In order to estimate the thermal influence on 
the physical shape of a cartilage sample, Wright 
et al. rapidly immersed porcine nasal septal carti-
lage in saline water baths and measured resulting 
bend angles [39]. This was performed to emulate 
uniform or bulk volumetric heating of thin carti-
lage specimens held in deformation. The largest 
bend angle was seen at 74  °C with an immer-
sion time of 320 s. In a following study, Wright 
et al. examined the dependence of cartilage shape 
change on both temperature and laser dosimetry 
using laser irradiation in addition to saline bath 
immersion [40]. From this investigation, the criti-
cal transition temperature region was determined 
by the sharp increase in bend angle at consecu-
tive times of immersion at the same temperature 
(59–68 °C and 62–68 °C for porcine and rabbit 
cartilage, respectively). As for laser irradiation, 
similar transition zones for dosimetry occurred 
below 20.4 W/cm2 for both species.

In a later study by Chae et  al., temperature 
modulate differential scanning calorimetry 
(TMDSC) is a technique that is used to differ-
entiate between thermodynamic and kinetic com-
ponents of heat flow [41]. From this analytic 
technique, two enthalpic events were identified in 
samples with low water loss, with the first event 
occurring between 50 °C and 52 °C. When water 
loss exceeded about 35–40%, only one endother-
mic event was observed. Thus, the water content 
of the sample has a profound effect on the tem-
perature range of phase transformation. Laser 
heating of cartilage creates a localized region of 
dehydration within cartilage samples within the 
area of light distribution. This variation in water 
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content could lead to changes in temperature 
thresholds for stress relaxation and thus phase 
transformation.

Modeling of Cartilage Reshaping
During laser irradiation of biological tissue, many 
important physical processes occur that deter-
mine temperature elevation and thermal damage 
rates. Of note are the propagation of light within 
a scattering media; transformation of laser light 
into photochemical, acoustic, or thermal energy; 
tissue-tissue and tissue-environment heat and 
mass transfer; and the occurrence of low- energy 
phase transformations. In order to optimize the 
reshaping process, it is essential to characterize 
the temperature-dependent stress relaxation and 
physical properties of cartilage, namely, elastic 
modulus, thermal diffusivity, and optical scat-
tering. These processes have been used by Diaz 
et al. to create a finite element model (FEM) to 
predict the temperature distribution in a slab of 
porcine nasal cartilage during laser irradiation 
[42, 43]. These models can be used to make pre-
dictions of the onset, extent, and severity of ther-
mal injury—information which may be used to 
develop dosimetry guidelines for medical appli-
cations of lasers.

In order to guide and optimize laser carti-
lage reshaping for clinical use in septal cartilage 
reshaping, Protsenko et  al. used FEM to model 
the forces applied during cartilage straightening 
deformation before and after laser irradiation as 
a function of the number, pattern, and location 
of laser target sites [44]. From the FEM model, 
it was observed that straightening deformation 
produced a nonhomogeneous stress field with 
regions of tension and compression. With an 
increase in number of laser irradiation sites and 
delivered laser energy, it was noted that reaction 
force decreased. The model showed that in order 
to reduce reaction force by 95%, approximately 
50% of thermal damage to septal cartilage would 
also occur.

13.2.3.3  Biophysical Properties 
and Cartilage Behavior

Cartilage is a charged, hydrated, protein-based 
polymer that is at risk for denaturation upon 

heating. It is well known that laser heating may 
result in thermal decomposition of biopolymers 
as intermolecular bonds break as temperature 
rises. The safe practice of LCR necessitates 
investigation into thresholds of denaturation to 
minimize the risk of uncontrolled thermal injury. 
Tissue changes due to laser irradiation may be 
monitored by examining the number and size of 
light- scattering centers in the tissue, which has 
been discussed in previous sections for the appli-
cation of monitoring the phase transformation 
of water in cartilage during laser-induced stress 
relaxation.

Sobol et  al. used data on the time depen-
dence of light scattering in tissue to estimate the 
approximate values of kinetic parameters for 
denaturation as a function of laser wavelength 
and radiant exposure [45]. An inverse correla-
tion between denaturation thresholds and the 
absorption spectrum of the tissue was observed 
for many wavelengths. This was observed except 
at wavelengths near 3 and 6 μm, where denatur-
ation threshold is instead governed by heating 
kinetics of tissue, as the initial absorption coef-
ficient is very high. In a following study, Sobol 
et al. examined the alterations in the absorption 
of tissue water by laser heating with a short, 
single laser pulse with negligible movement and 
evaporation of water [46]. For temperatures less 
than 50 °C, it was observed that the absorption 
coefficient for cartilage remained approximately 
constant. However, for temperatures above this 
critical threshold temperature, the absorption of 
coefficient decreases at a nearly constant rate. 
Therefore, the critical threshold temperature is 
the characteristic temperature for a change in the 
molecular structure of the tissue, and the changes 
observed are due to a decrease of intermolecular 
interaction energy, such as by the disaggregation 
of water molecules.

In another series of studies, Ignat’eva et  al. 
investigated the thermal stability of collagen in 
cartilage and factors that may alter the degree 
of denaturation upon heating [47, 48]. Cartilage 
is composed primarily of type II collagen fibers 
embedded in a mesh-like network of proteo-
glycan fibers. In their 2004 results, Ignat’eva 
et  al. generated the curve of endothermic melt-
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ing of collagen and observed three peaks with 
maximums at 60, 65, and 70  °C.  These peaks 
correspond to melting of three fractions of col-
lagen: tropocollagen, fibril surface collagen, and 
 fibrillary collagen, respectively. Analysis of ther-
mal and thermomechanical behavior of the sam-
ples revealed that the initial melting point of the 
first fraction corresponded to the phase of soften-
ing of the preparations (40–50 °C), whereas the 
initial melting point of the third fraction (65 °C) 
corresponded to abrupt changes in sample shape. 
In their subsequent study, Ignat’eva et al. deter-
mined that hyaline cartilage, such as that of the 
nasal septum, is thermally stable and remains 
incompletely denatured up to 100 °C. However, 
partial destruction of glycosaminoglycans in 
hyaline cartilage leads to an increase in degree 
of denaturation of collagen II upon heating. 
Proteoglycan aggregates therefore may play a 
key role in creating topological hindrances for 
moving polypeptide chains, reducing the con-
figurational entropy of collagen macromolecules 
during denaturation. Later, Hajiioannou et  al. 
determined the distinct role of the collagen net-
work in cartilage shape and tensile strength pres-

ervation by enzymatically incubating cartilage 
strips and subsequently using laser irradiation 
for reshaping [49]. Collagen degradation was 
observed to be a substantial factor leading to the 
release of cartilage tensile stresses.

Polarization-sensitive optical coherence 
tomography (PS-OCT) has been used to charac-
terize the polarization state of backscattered light 
as a function of optical path length in birefrin-
gent biological tissues. Birefringence in cartilage 
is due to asymmetrical collagen fibril structure, 
and changes in birefringence may signal disrup-
tion of cartilaginous structure due to laser irradia-
tion. Youn et al. investigated the use of PS-OCT 
to measure thermodynamically induced changes 
of phase retardation in cartilage during LACR. It 
was observed that the retardation of light in the 
cartilage sample was changed due to laser irradi-
ation, with two possible causes: dehydration and 
thermal denaturation (Fig. 13.3). The two condi-
tions were then tested via either dehydration in 
glycerol or thermal denaturation in heated physi-
ological saline. The results suggested that the 
observed retardation changes in cartilage were 
primarily due to dehydration.

a b

Fig. 13.3 Dehydration (a) and thermal denaturation effects (b) before and after laser irradiation (Youn et al. 2005 [48] 
© Institute of Physics and Engineering in Medicine. Reproduced by permission of IOP Publishing. All rights reserved)
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Numerous methods have been used to evalu-
ate phase transition during stress relaxation of 
cartilage samples undergoing LAR. Ultrasound 
monitoring can be used, as it has been demon-
strated that the speed of the ultrasonic pulse is 
indicative of permanent stress relaxation [50]. 
By using a double integrating sphere system to 
measure diffuse transmittance, diffuse reflec-
tance, and collimated transmittance of cartilage 
and polyacrylamide hydrogel samples as a func-
tion of temperature under 1560-nm laser irradia-
tion, it was found that raising the temperature of 
cartilage samples to 80 °C caused the absorption 
coefficient to decrease by about 25% [51]. Other 
studies have shown that the effect of structural 
anisotropy of costal cartilage reveals itself in 
the increasing scattering of IR radiation passing 
crosswise the collagen orientation when tissue 
water content is decreased [52].

13.2.4  Control Systems in Laser 
Cartilage Reshaping

Since prolonged laser heating of cartilage leads 
to temperatures incompatible with chondrocyte 
survival, it is critical to develop a feedback sys-
tem to control this process while still providing 
for adequate shape change. Wong et  al. devel-
oped a feedback-controlled process utilizing an 
integrating sphere and silicon photodiode to mea-
sure backscattered light intensity. Additionally, 
a feedback-controlled cryogen spray was used 
to maintain surface temperatures below 50  °C 
[53]. Similar results were presented in a later 
study by Wong et al., where effective reshaping 
was also demonstrated [54]. Bagratashvili et al. 
have proposed a feedback mechanism integrating 
measurements of heat conductive or radiometric 
surface temperature of cartilage in addition to 
detecting backscattered light [55]. Burden et al. 
proposed using a thermopile to measure surface 
temperature, in addition to a silicon photore-
ceiver to detect backscattered light [56]. Sobol 
et al. have tested their feedback-controlled laser 
system on 380 patients with positive results 
obtained for 95% of patients with 2-year follow-
 up [57]. The following sections will discuss the 

clinical use of feedback-controlled laser systems 
for cartilage reshaping.

13.3  Clinical Applications

13.3.1  In Vivo LCR

Cartilage reshaping has myriad clinical applica-
tions throughout head and neck surgery and has 
been an ongoing area of investigation for many 
decades. Classical approaches to altering the 
shape of cartilage in the head, neck, and upper air-
way have focused on manipulating the interlock-
ing stresses and forces through partial thickness 
incisions or through sutures [58]. In the 1950s, 
Thomas showed that intravenous injections of the 
enzyme papain lead to reversible shape change in 
rabbit ears, an effect further potentiated by corti-
sone [59]. In the 1960s, De Palma then described 
that saline immersion of rabbit auricular cartilage 
would increase pliability and allow for shape 
change after at least 8  days of autotransplanta-
tion to the anterior abdominal wall [60]. Around 
that time, Rubin demonstrated the neutralization 
of interlocking stress forces through the use of 
morselization [61].

Although the above techniques were able 
to produce a shape change, this effect was not 
long- lasting or was achieved through invasive 
maneuvers. Laser cartilage reshaping provides a 
solution to both of these problems. The refine-
ment and optimization of laser cartilage reshap-
ing necessary for clinical use would involve 
investigations into the viability of chondrocytes 
following laser irradiation and understanding of 
the effect of laser dosimetry on tissue thermal 
injury.

Following the many in vitro and ex vivo stud-
ies that clarified the material properties of car-
tilage and the effects of laser irradiation, early 
in  vivo studies were performed by multiple 
groups. Shapshay et al. induced tracheal wall col-
lapse in beagles and irradiated tracheal cartilage 
under deformation with 1.44-μm Nd:YAG laser at 
2 W of power with a spot of 3 mm on the mucosal 
side of the cartilage surface along the line where 
internal stresses were expected to be maximum 

J. T. Gu and B. J. F. Wong



163

[62]. After 6  weeks, endoscopic examination 
displayed corrected tracheal wall with adequate 
airway, and histopathologically the overlying 
mucosa was fully regenerated, and a number of 
viable chondrocytes with normal appearance 
were observed within the local cartilage.

Omelchenko et  al. reported similar findings 
in an in  vivo investigation of porcine auricular 
cartilage reshaping [63]. Shape change was pro-
duced through irradiation by Ho:YAG laser of 
2.1 μm with an energy from 0.1 to 1.0  J, pulse 
duration of 300 μs, and repetition rate of 5 Hz. 
They describe a set of zones corresponding to 
changes in cartilage structure expanding radially 
from the irradiated areas (Fig. 13.4). In the cen-
tral zones 1 and 2, the cartilage matrix is nearly 
completely destroyed, with few viable chondro-
cytes. In the more peripheral zone 3, the matrix 
is not destroyed, but cell dystrophy is observed, 
and most peripherally, in zone 4, the matrix and 
chondrocytes are unchanged. At 2–4 months fol-
lowing laser irradiation, treated cartilage was 
observed to maintain shape change.

In multiple later studies, dosimetry, shape 
change, and chondrocyte viability were exam-
ined in vivo. Lowe et al. examined porcine ears 
following exposure to Ho:YAG laser irradiation 
at 2.1 μm with a pulse energy of 2 J/cm2 at 20 Hz 
with a spot diameter of 1.1 mm for 7 s [64]. For 
this set of parameters, shape change was retained 

for at least 14 days. Samples treated for less than 
4 s returned to their original shape after 24 h, and 
those exposed for 9 s showed evidence of tissue 
necrosis. In all laser-irradiated areas, there was 
a loss of viable chondrocytes; however, in areas 
away from the center of irradiation, there was a 
marked proliferation of cartilage with a notice-
able absence of any inflammation. Wong et  al. 
examined an in vivo model of rabbit nasal sep-
tal cartilage reshaping using an Nd:YAG laser 
at 1.32  μm, 25  W/cm2, and determined that 
shape change took place at the thermal range of 
60–70 °C [65]. Creusy et al. examined multiple 
treatments in rabbit auricular cartilage using 
1.54-μm Er:glass laser at 3  ms, 7 pulses, 12  J/
cm2, 2 Hz applied on 10 contiguous parallel rows 
along the ear, and examined biopsies from irradi-
ated areas at 1, 3, and 6 weeks [66]. Shape change 
was observed in all treated ears. At 3  weeks, a 
chondroblastic proliferation was noted in areas of 
contracted cartilage, and at 6 weeks, the presence 
of new chondrocytes was observed.

13.3.1.1  Effects of LCR 
on Chondrocyte Viability

In general, chondrocytes are more sensitive to 
damage by laser irradiation than their surround-
ing ECM. The effect of laser irradiation on chon-
drocytes may be observed as either cytoplasmic 
focal vacuolation or nuclear condensation, rep-
resenting reversible cell injury and cell death, 
respectively. Sviridov et al. showed in 1998 that 
there are conditions, such as laser fluence of 
1.7 J/cm2 and exposure time of 4 s, which allow 
for reshaping without nuclear condensation and 
only minor cell vacuolation. Lower values for 
these parameters produced less cell damage but 
were unfortunately not able to produce shape 
change [63].

The characterization of laser irradiation on 
cellular components of cartilage began with stud-
ies by Pullin, who investigated such effects from 
Ho:YAG irradiation in equine articular cartilage 
[67]. This study piggybacked off recent results 
showing potential applications for accelerating 
the healing process using laser irradiation and 
involved histological and biochemical assess-
ments. Biochemical analyses included examina-

Fig. 13.4 The structural alteration zones induced by 
laser radiation in cartilage (in vitro experiment) (After 
Sviridov A. In vivo study and histological examination of 
laser reshaping of cartilage (1999, SPIE) [63])
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tion of GAG synthesis and cell proliferation at 
baseline and 24 weeks after irradiation between 
injured areas and an internal control. Their 
results demonstrated a clustering effect on chon-
drocytes at the exposure boundary, which may 
represent destructive changes or actual upregu-
lation of chondrocyte metabolism. Additionally, 
they observed an inhibition of GAG synthesis 
in laser- treated perilesional tissue. However, no 
changes were noted on cell proliferation in irra-
diated areas, except in areas of lesional tissue, 
where increased proliferation was noted. This 
phenomenon may be caused by changes in the 
water diffusion kinetics in cartilage and the relax-
ation of the ECM.

Subsequent studies by Wong investigated pro-
teoglycan synthesis in porcine nasal cartilage 
following Nd:YAG laser reshaping [68]. Cellular 
viability was evaluated by measuring the incor-
poration of Na2 [32]SO4 into proteoglycan mac-
romolecules in whole-tissue culture. Wong et al. 
determined that average proteoglycan synthesis 
rates decreased with successive laser exposures 
but did not result in complete elimination of via-
ble chondrocytes. The reduction in proteoglycan 
synthesis correlated with the time-temperature- 
dependent heating profile created during laser 
irradiation, which provided greater support to the 
need for careful monitoring of laser dosimetry to 
preserve chondrocyte viability.

In a later study, Wong et al. used flow cytom-
etry to provide quantitative effects of laser irra-
diation on chondrocyte viability [69]. Porcine 
septal cartilages were irradiated with Nd:YAG 
laser with wavelength of 1.32 μm at 25 W/cm2, 
with exposure times of 6.7, 7.2, or 10 s. Samples 
were then examined immediately and at 5 days 
following laser exposure. Wong et al. determined 
that nearly 60% of chondrocytes were viable 
after one irradiation and that chondrocyte viabil-
ity decreased to 31% and 16% after two and three 
exposures, respectively. A similar pattern was 
seen in samples 5 days following exposure, with 
the least amount of deterioration in untreated and 
singly irradiated samples.

Additional studies by Wong et  al. demon-
strated that thermal tissue damage is concurrent 
with shape change and that significant cell death 

occurs at laser dosimetry necessary to produce 
clinically relevant shape changes both in rabbit 
septal cartilage [69] and in human septal carti-
lage [16].

13.3.1.2  Long-Term Viability
To determine long-term changes, Wong et  al. 
examined the in  vivo effect of laser dosimetry 
on rabbit septal cartilage integrity, viability, and 
mechanical behavior over 7 months [70]. In the 
first study, cartilage samples were treated with 
Nd:YAG laser across a broad dosimetry range 
(4–8 W and 6–16 s) and then examined 7 months 
later. In all laser-irradiated samples, variable tis-
sue resorption and calcification were observed 
to correlate with increases in dosimetry. Elastic 
moduli of specimens were observed to be signifi-
cantly different from controls, and viability assays 
demonstrated a total loss of viable chondrocytes 
within laser-irradiated zones. These results pro-
vided evidence against the presence of a laser 
dosimetry parameter space where the compet-
ing objectives of shape change and cell viability 
are both achievable and thereby underscore the 
importance of spatially selective heating.

13.3.2  LCR of the Airway

Deformities in the cartilages of the upper airway 
are a common problem encountered by the head 
and neck surgeon. Whether acquired or congeni-
tal, the standard treatment calls for serial endo-
scopic dilation, cartilage grafting, laser ablation, 
endotracheal stenting, tracheostomy, or segmen-
tal resection. Such invasive procedures bring 
significant potential for morbidity and mortality. 
Endoscopic laser reshaping of the trachea has 
been demonstrated in multiple studies and is a 
promising minimally invasive solution.

Early reports by Shapshay and Wang et  al. 
on the in  vivo use of Nd:YAG on dog tracheal 
cartilage demonstrated the remarkable effect on 
laser cartilage reshaping [71]. Six weeks post-
operatively, all subjects had an adequate air-
way lined by healthy mucosa. Later studies by 
Wong et al. on ex vivo rabbit tracheal cartilage, 
selected to simulate the human neonate trachea, 
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by Er:glass laser determined that optimal param-
eters for shape change were at a wavelength of 
1.54 μm and power of 1 W for a duration of 6–7 s 
[72]. At this setting, shape change was effected 
with  minimal thermal injury. Subsequent stud-
ies by Wong et  al. further investigated param-
eters for shape change, effect of temperature on 
the mechanical behavior of cartilage, and tissue 
viability, again in the rabbit model [73]. Shape 
change transition zones were observed between 
62 °C and 66 °C in saline bath and above power 
densities of 350  J/cm2. In line with previous 
results, a significant loss of viable chondrocytes 
within laser irradiation zones was observed.

Additional reports by Helidonis et  al. show 
the potential of laser reshaping for the epiglottis, 
with applications for correcting laryngomalacia, 
obstructive sleep apnea resulting from epiglottal 
prolapse, and other congenital or acquired defor-
mities of the epiglottis [74]. In a cadaveric model, 
they demonstrated the use of aCO2 laser at 1560- 
nm wavelength and power density of 48  J/cm2. 
Twenty to 30 pulses of 0.5 s or between 60 and 
90 J were required to remodel the epiglottis.

13.3.3  LCR of Septal Cartilage

A patent nasal airway is critical for maintain-
ing proper functioning of vocalization, humidi-
fication, filtration, heating of air, and adequate 
ventilation. Nasal airway obstruction can lead 
to subjective complaints while awake, as well as 
impairment while asleep, which potentially may 
lead to further complications such as reduced 
mentation, arrhythmia, and cor pulmonale.

Airflow through the upper airway can be 
approximated by Poiseuille’s law, which states 
that flow is proportional to the fourth power 
of the radius of the tube. Therefore, even with 
small changes in airway radius, there may be a 
relatively large decrease in flow. Clinically, this 
reduction in flow may be observed at many lev-
els of the upper aerodigestive tract. Nasal sep-
tum deviations are a common cause of airway 
obstruction, and until now, the standard of care 
for significant septal deviations has been through 
surgical correction.

The classical Indian textbook Sushruta 
Samhita, dating to around 600 B.C., was the first 
recorded description of nasal reconstruction [75]. 
Around this time, nasal fractures and gross septal 
deformities were corrected by manual manipula-
tion. In the seventeenth century, Taglioacozzi and 
Brancas made advances in changing the external 
shape of the nose. Further advances were made in 
the eighteenth and nineteenth century including 
Freer and Killian’s development of submucous 
resection of the nasal septum [76]. Contemporary 
septal surgery has evolved from Cottle, Loring, 
and Fisher’s intranasal maxillary-premaxillary 
approach [77]. However, despite such advances, 
surgical correction of nasal septal deformities 
still requires most frequently general anesthesia 
and the potential for significant morbidity.

The development of laser cartilage reshap-
ing brings the potential for a nearly bloodless 
procedure to achieve functional improvements 
in nasal airflow. The underlying principles of 
laser reshaping (discussed in greater detail at the 
beginning of this chapter) can be summarized in 
the steps of (1) mechanical deformation of tis-
sue into desired shape and (2) laser irradiation of 
areas of highest internal stress, which results in 
(3) stress relaxation and stable shape change.

Historically, the use of laser-assisted cartilage 
reshaping was first utilized for septoplasty. Laser- 
assisted cartilage reshaping may be applied to 
native septal cartilage or, in cases where this is 
not possible, to autologous costal cartilage sam-
ples. Although costal cartilage is among the most 
suitable natural materials for transplantation, its 
natural semicircular curvature presents a chal-
lenge for obtaining a proper and stable shape. 
Optimal laser parameters have been extensively 
investigated and, in general, depend on multiple 
factors including thickness of tissue, its chemical 
composition, and structure.

13.3.3.1  Clinical Results of Laser 
Reshaping of Nasal Septal 
Cartilage

Advances in the clinical use of laser reshaping 
have been made by multiple groups within the 
past couple of decades. Starting in 2000, Sobol’s 
group treated 40 patients with a holmium laser 
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and followed the effects of reshaping through-
out the course of 12 months [78]. Even from this 
initial study, the results have been very promis-
ing. Twenty-three patients showed excellent 
 long- term reshaping effects, 12 patients accept-
ably good results, and five patients with only 
marginal reshaping effects achieved. Thirty-five 
of the 40 patients reported a marked improve-
ment in breathing, and no patient enrolled in 
the study displayed any visible undesirable side 
effects. In 2002, Ovchinnikov et al. followed 110 
patients treated with Ho:YAG laser for an average 
of 18 months. Eighty-four patients were observed 
to display stable improvement in septal shape 
change and noted disappearance of any attendant 
symptoms [79]. Later in 2008, Bourolias et  al. 
treated 64 patients using an Er:glass laser and 
followed for 6 months while recording average 
NOSE scores and flow and resistance measure-
ments. In all of these metrics, they noted sig-
nificant improvement without any intraoperative 
pain or postoperative complications [80].

In 2010, Leclere et  al. followed 12 patients 
undergoing laser reshaping with an Er:glass laser 
with integrated cooling (Fig. 13.5) for the dura-
tion of 3 months. They were careful to do preoper-
ative examinations including nasomanometry and 
nasal endoscopy to exclude inferior turbinate or 
adenoid hypertrophy. NOSE score was calculated 
at 1 week, 1 month, and 3 months post- procedure, 
and rhinomanometry was performed at 3 months. 

They noted improvements in mean NOSE scores 
and improvements to air inflow resistance. 
Adequate septal reshaping was observed in seven 
adults, and in five adults incomplete septal reshap-
ing was observed. Of the cases where the results 
were inadequate, anatomical variations such as a 
thick or a longer septum were hypothesized to be 
the causal factors. They also noted that inadequate 
local anesthesia prevented the completion of the 
procedure in two patients. However, following re-
treatment, all patients were able to achieve suit-
able reshaping [81].

These studies show that laser septal cartilage 
reshaping has the potential to be a safer alterna-
tive to surgical septoplasty that offers the poten-
tial for nearly painless and much less morbidity 
than conventional techniques.

13.3.4  LCR of Auricular Cartilage

Deformities in the external ear are estimated 
to occur in roughly one in every 5000 births. 
Common malformations include lack of antihe-
lical folds or increased conchal-mastoid angles 
and have traditionally necessitated surgical cor-
rection by means of otoplasty. The technical 
difficulty of otoplasty is quite high, and as it 
requires precise placement of stitches or creation 
of cartilage- splitting incisions that precisely bal-
ance forces to resist deformation, otoplasty is 

Fig. 13.5 Left image depicts handpiece allowing laser 
beam delivery at 90° and contact cooling (+5 °C) of the 
mucosa. Right image demonstrates treatment setup. Five 
stacked pulses (3 ms, 2 Hz, 50 J/cm2 cumulative fluence) 
applied using 4-mm chilled handpiece at 5 °C temperature 

on both sides of the septum (After Leclere et  al. Laser- 
assisted septal cartilage reshaping (LASCR): A prospec-
tive study in 12 patients. Lasers in Surgery and Medicine, 
42(8), 693–698. 2010 [81])
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regarded as among the most difficult surgical 
procedures to master. With the advent of laser- 
assisted cartilage reshaping, the correction of 
auricular deformities may now be performed 
with much greater ease and simplicity.

In 2004, Mordon et al. at the French National 
Institute of Health and Medical Research 
(INSERM) proposed a method for reshaping pro-
truding ears through 1.54-μm Er:glass laser irra-
diation in the rabbit model [66]. Rabbit ears were 
treated at fifteen spots applied on ten contiguous 
parallel rows (with parameters of 3 ms, 7 pulses, 
12 J/cm2, 2 Hz, 84/cm2 cumulative fluence) while 
using a perforated cylindrical guide to determine 
ear curvature. Thermal damage was assessed 
via biopsies taken from irradiated areas at 1, 3, 
and 6 weeks. This initial study showed that with 
the parameters above, the skin was not visibly 
affected by laser irradiation, and every ear in the 
study was successfully reshaped. Furthermore, 
the authors noted chondroblastic proliferation 
around the area of contracted cartilage at 3 weeks 
and observed significant thickening of the carti-
lage layer along with the presence of new chon-
drocytes at 6 weeks. Perhaps most remarkable is 
that these results were achieved despite the sub-
stantial musculature within the rabbit ear.

In 2006, Mordon et  al. conducted trials of 
LACR on human patients using the same 1.54- 
μm Er:glass laser [82]. In later reviews, it would 

be determined that the 1.54-μm wavelength is 
ideal for cartilage reshaping of the ear, as the 
wavelength’s penetration depth matches the 
thickness of the auricular cartilage, allowing for 
homogenous heat generation [83]. In this study, 
eight patients were treated with four undergo-
ing LACR of both ears and four of only one ear. 
The entire concha and helix were irradiated on 
both sides with settings of 12 J/cm2, seven pulses, 
3  ms, 2  Hz, and 84/cm2 cumulative fluence, 
applied with a 4-mm spot handpiece integrated 
in a cooling device. The integrated cooling, 
which resulted in about a 5 °C temperature drop, 
allowed for the procedure to be performed with-
out the need for anesthesia. To produce shape 
change, a silicone elastomer mold was applied 
inside the helix and concha, and patients were 
asked to wear the resulting solid mold for 15 days 
using a bandage wrap. To assess for chondrocyte 
viability and epithelial damage, biopsies were 
taken immediately after LACR and subsequently 
at 1, 2, 3, and 4  weeks. The entire procedure 
could be performed in under 20 min per ear, was 
well tolerated, and was not associated with the 
development of hematomas or skin necrosis. 
Shape change was achieved in all patients, and 
all patients responded that the shape change met 
their expectations (Fig.  13.6). One patient had 
a mild recurrence of the upper antihelical fold; 
however, in all other cases, the reshaping was 

a b a b

Fig. 13.6 Left and right series (a, b) show adult patient 
before (a) and 3 months after (b) LACR (After Leclere 
et al. Laser-assisted cartilage reshaping (LACR) for treat-

ing ear protrusions: A clinical study in 24 patients. 
Aesthetic Plastic Surgery 2010 [84])
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found to be stable 6 months after LACR. Biopsy 
results showed discrete inflammatory reaction 
within the dermis at 1 week and a thickening of 
perichondrium and cartilage layers at 2  weeks, 
which was also observed at 3 and 4 weeks, along 
with viable chondrocytes.

A few years later, Leclere et  al. presented 
their LACR results for treating protruding ears in 
24 patients [84]. In order to determine optimal 
treatment parameters, the parameters used in this 
study were varied from those of previous studies 
by Mordon et al., with cumulative fluences rang-
ing from 70 to 84 J/cm2. In 21 of the patients, the 
1.54-μm Er:YAG laser was set to 12  J/cm2 per 
pulse with seven stacked pulses (3 ms, 2 Hz, 84 J/
cm2 cumulative fluence) applied using a 4-mm 
spot handpiece with integrated cooling. For the 
remaining three adult patients, the laser was set at 
fluence of 10 J/cm2 per pulse for a total cumula-
tive fluence of 70 J/cm2. All patients were given 
NSAIDs for 3 days after LACR and instructed to 
wear an elastomer mold at all times for 3 weeks 
and only at night for an additional 3 weeks. The 
authors noted six cases of contact dermatitis 
which they presume may be due to inappropriate 
mold design. In these cases, the patients stopped 
wearing the mold and thus did not achieve shape 
change. Otherwise, the authors note no cases 
of infections, hematomas, or skin necrosis. The 
remaining 18 patients achieved the expected 
outcome. At the lower fluence of 70  J/cm2, the 
authors noted that incomplete reshaping was 
observed. The three patients treated at the lower 
fluence were re-treated at 3 months with 84 J/cm2 
fluence, and all achieved stable reshaping.

In 2010, Ragab described an open approach 
to the use of carbon dioxide laser, whereby the 
LACR is performed via evaporation of the peri-
chondrium and laser incisions [85]. Sixteen 
patients were treated with application of the CO2 
laser directly onto the medial surface and pos-
terior perichondrium of the auricular cartilages. 
A pair of parallel laser incisions was also cre-
ated using a focused laser beam, reaching to a 
deeper thickness. Thirteen and 14 patients were 
pleased with the results at early and late assess-
ment, respectively. McDowell’s basic goals score 
was used as an objective measure of otoplasty 

success, and the score was 4–6, with a mean of 
5, with 6 as the total score. Hyperpigmentation, 
thermal injury, and other complications were not 
observed, and no revision surgery was needed 
even after 2.4 years of follow-up. The advantages 
of this open approach are the reduced reliance 
on external molds, which must be worn over an 
extended period, and a reduced recurrence rate.

Additional LACR treatment protocols have 
been studied using 1064-nm Nd:YAG lasers [86]. 
At this wavelength, there is a broader spectrum of 
absorption relative to the 1540-nm wavelength, 
which would allow for greater penetration depth. 
However, a few significant adverse effects were 
observed at 1064  nm, including skin burn and 
damage to auricular cartilage. The 2015 study 
by Leclere et  al. was conducted on 14 patients 
who underwent 1065-nm LACR for protruding 
ears (repetition pulse emission of 1  Hz, 25-ms 
pulse length, 70 J/cm2 fluence per pulse), with a 
beam diameter of 6 mm, using a handpiece with 
integrated cooling spray. It was noted with the 
above parameters that local anesthesia was nec-
essary despite dynamic cryogen cooling. Despite 
the need for anesthesia and adverse effects, 
ten patients were pleased with the results, two 
patients satisfied, and one patient not satisfied. 
Overall, there were eight cases of localized skin 
burn and one case of dermatitis. Therefore, the 
authors conclude that the 1540-nm wavelength is 
superior due to the following: (1) the wavelength 
matches the cartilage thickness, (2) treatment is 
tolerated without anesthesia as long as contact 
cooling is available, and (3) it can achieve ade-
quate reshaping.

The longest follow-up period investigated to 
date was conducted by Leclere et al. in 2011 [87]. 
In this study, Leclere et al. performed 32 LACR 
procedures in 17 patients and followed outcomes 
over a period of 30 months. A 1540-nm Er:glass 
laser set at 12  J/cm2 with seven stacked pulses 
(3 ms, 2 Hz, 84 J/cm2 cumulative fluence) applied 
using a 4-mm spot handpiece with integrative 
cooling was used to perform LACR. The authors 
note that treatment requires at least 50 (×7) 
pulses on each side of the auricular cartilage to 
be effective. The outcomes in this set of patients 
were similar to those seen in previous studies, 
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with no immediate complications seen. In the 
early postoperative period, two cases of contact 
dermatitis were noted due to inappropriate mold 
design. In five patients, a slight asymmetry was 
noticeable only by the surgeon after measuring 
cephalo- auricular distances. No other complica-
tions were noted, and overall satisfaction was 
8.6/10 in the series.

13.3.4.1  Cryogen Spray Cooling 
in LCR

The development of a reliable cooling method 
was essential to bridge the gap between the bench 
and the bedside for LACR. As seen in the pre-
vious section, the success in applying LACR in 
the clinic depends on the ability to perform laser 
irradiation of the auricular cartilage without the 
need for anesthesia. This section will provide a 
concise overview of the development of cryogen 
spray cooling and explore its applications.

Early studies on the biomechanical properties 
of cartilage and material property changes due to 
laser irradiation determined that the critical tem-
perature range of 60–70 °C marks the beginning 
of stress relaxation [27, 29, 34, 88]. Since pro-
tein denaturation occurs near 70 °C, this critical 
temperature range for cartilage reshaping must 
be precisely controlled, as extensive loss of cell 
viability may result in complete graft resorption, 
infection, and/or necrosis. Cryogen spray cool-
ing (CSC) may be used to minimize excessive 
temperature elevations on the irradiated cartilage 
surfaces while allowing for homogenous axial 
temperature distributions within deeper portions 
of the irradiated cartilage. CSC involves the atom-
ized delivery of a cryogen onto the skin surface 
40–120 ms prior to laser irradiation. The evapo-
rative cooling effect of the cryogen draws heat 
from the epidermis and allows for spatially selec-
tive thermal treatment of underlying cartilage.

In 2001, Karamzadeh et  al. investigated the 
biophysical properties of cartilage and chon-
drocyte viability after LACR using CSC [89]. 
Chondrocyte viability was determined after 
50  W/cm2 Nd:YAG-mediated cartilage reshap-
ing with and without CSC and correlated with 
dynamic measurements of tissue optical and ther-
mal properties. This initial study found that after 

2 s of laser exposure, specimens in both groups 
maintained shape change for up to 14  days. 
Chondrocyte viability was shown to correlate 
with the number of laser exposures. However, 
the relative viability in the cryogen controls was 
99.58 ± 0.80%, suggesting that CSC along with 
the parameters used in this study do not contrib-
ute significantly to cell death.

In a later study by Cheng et al., optimization 
of laser and CSC parameters were determined 
on composite cartilage grafts (Fig.  13.7) from 
rabbit ears [90]. In this study, cryogen R134a 
(1,1,1,2-tetrafluoroethane) was applied to sam-
ples using a solenoid valve with a distance of 
30 mm between the valve orifice to the sample. 
Cryogen was released at 50–70 mL/s spurts when 
surface temperatures on the outer portion of the 
bend exceeded 40 °C and ceased when thermo-
couple readings fell below 40  °C.  Best results 
were obtained in specimens receiving 50 W with 
controlled CSC, with successful reshaping and 
minimal thermal damage.

The parameters for using CSC with LACR 
underwent further optimization with studies to 
determine therapy thresholds. Chlebicki et  al. 
investigated optimal treatment parameters for 
laser output energy, CSC duration, and treatment 
cycles required to achieve shape change while 
limiting skin and cartilage injury [91]. Since 
this study attempted to identify therapy thresh-
olds, aggressive parameters were used. Laser 
parameters resulting in acceptable skin injury to 
thick regions included the following parameters: 
14  J/cm2, a cryogen cooling spurt duration of 
30–35 ms, and five to eight cycles. Unacceptable 
skin injury resulted from using 14 J/cm2, a cryo-
gen cooling spurt duration of 35 ms, and deliv-
ered in 10  cycles. When the CSC duration was 
reduced to 25 ms at 14 J/cm2, unacceptable skin 
injury was also observed after six cycles. In thin-
ner regions, parameters that resulted in unaccept-
able skin injury were the following: 13  J/cm2 
with CSC duration of 35 ms, delivered in six to 
seven cycles.

Since thicker tissues such as auricular carti-
lage may require higher laser power, and there-
fore increased cooling requirements, alternatives 
to conventional cryogens may provide a more 
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optimal cooling effect. Wu et al. investigated the 
use of CO2 spray cooling in ex vivo rabbit auricu-
lar cartilage [92]. CO2 has the advantage of leav-
ing no residue on skin, which reduces the risk of 
frostbite, has a lower environmental impact, and 
is economically cheaper than conventionally used 
cryogens. Significant reshaping was achieved 
with all dosimetry tested, and with a 50–70  °C 
difference noted between controls and irradiated 
ears. The authors noted that increasing cooling 
pulse duration leads to progressively improved 
gross skin protection during irradiation.

The use of CSC in  vivo 1has been inves-
tigated by Holden [93] and Kuan et  al. [94] In 

2009, Holden et al. showed that cartilage reshap-
ing using 1450-nm diode laser combined with 
CSC may be used to safely perform LACR in 
the rabbit model. Parameters of 14 J/pulse with 
cryogen spray duration of 33 ms per cycle were 
used on experimental ears, with contralateral 
ears serving as internal controls. Adequate shape 
change was observed in all treated ears, and skin 
injury or post-procedural pain was not observed. 
In 2014, Kuan et  al. used 1.45-μm wavelength 
diode laser along with CO2 cooling in the in vivo 
rabbit model to show that shape change can be 
performed with minimal thermal cutaneous and 
cartilaginous injury (Fig. 13.8).

15 min 30 min

14 day24 hr

Fig. 13.7 A 50-W specimen shows most favorable defor-
mation angle measuring 90° after initial elapsed time slot 
of 15  min. At the same wattage after 30  min post- 
illumination, the deformation angle remained at 90°. After 
24  h, a small deformation angle of approximately 100° 
was measured. Deformation angle was maintained at 
about 100° and nonetheless produced a favorable angle, as 

with other specimens of this group, that closely measured 
to that calculation throughout the remaining 14  days. 
(After Cheng et al. Minimizing Superficial Thermal Injury 
Using Bilateral Cryogen Spray Cooling During Laser 
Reshaping of Composite Cartilage Grafts. Lasers in 
Surgery and Medicine, 2008 [90])
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13.4  Conclusions

There has been a tremendous amount of work 
over the past few decades in optimizing the use 
of laser cartilage reshaping for clinical use. As 
we have examined laser cartilage reshaping from 
its development, through its many improvements 
and finally its clinical applications, we remain 
incredibly optimistic for what future develop-
ments may bring.
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Abstract

MRONJ is a multifactorial disease, and it is 
therefore difficult to realize an aetiological 
therapy.

MRONJ management is controversial: 
there are no evidence-based guidelines in the 
literature, in particular with regard to surgical 
procedures possibly associated with good 
results during a long-term follow-up.

The literature recommends a conservative 
treatment as initial therapy for pain control 
and elimination of acute inflammatory signs 
before any surgical option, for all stages of 
disease.

Laser applications at low intensity (low- 
level laser therapy—LLLT) have been 
reported in the literature for the treatment of 
MRONJ.  Biostimulant effects of laser 
improve reparative process, increase inor-
ganic matrix of bone and osteoblast mitotic 
index and stimulate lymphatic and blood 
capillary growth. It has been reported that 
LLLT has anti-inflammatory actions and it 
can help to control pain as well. LLLT also 
holds biostimulatory properties with favour-
able actions on bacterial control and wound 
healing. The review of the literature con-
firmed the superiority of the LLLT associa-
tion with antibiotic therapy in comparison 
to other noninvasive approach to MRONJ 
management.

In our experience, more than 60% of MRONJ 
patients treated with laser biostimulation and 
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antibiotic therapy (2 g of amoxicillin and 1 g of 
metronidazole a day for 2 weeks) have had 
improvement of their  symptomatology, and 
35% have had complete mucosal healing during 
6 months of follow-up.

This therapy is easy to administer and use-
ful also for aged and compromised patients, 
and it is not associated with any known side 
effect.

A soft surgical approach performed with 
laser, in patients unresponsive to antibiotic 
therapy or LLLT, represents a good solution: 
it is rapid and poorly invasive and can be 
performed under local anaesthesia in day-
surgery regimen. The erbium-doped yttrium 
aluminium garnet (Er:YAG) laser has 
emerged as a possible alternative to conven-
tional methods of bone ablation as the main 
components of bone have a high absorption 
of laser light at the wavelength of 2.94 μm. 
The histological findings of bone treated 
with erbium laser highlighted vital lamellar 
bone at the lased margins without micro-
scopic evidence of inflammation or osteo-
clastic activity. Some recent researches 
reported that Er:YAG laser irradiation stimu-
lates the secretion of platelet- derived growth 
factor in osteotomy sites and has bactericidal 
effect against Actinomyces and anaerobes. 
Results confirm that the laser surgery repre-
sents the best therapeutic option for mini-
mally invasive treatment of the early stages 
of the disease also in immunocompromised 
patients.

The association of the Er:YAG laser and 
autofluorescence examination seems to be 
highly useful in removing additional minimal 
necrotic bone after osteoplasty. It is possible 
to use laser evaporation in areas in which 
absence of fluorescence or hypofluorescence 
has been revealed. Moreover, the previously 
cited biological advantages of Er:YAG sur-
gery combined with the biomodulation of the 
soft and hard tissues induced by LLLT seem to 
integrate a valid approach for MRONJ 
treatment.

Keywords

MEDICATION-related osteonecrosis of the 
jaw (MRONJ) · Low-level laser therapy 
(LLLT) · Laser jaw bone surgery · Erbium 
laser · Diode laser · Nd:YAG laser

14.1  Introduction

Robert Marx described in 2003 an unusual condi-
tion related to bisphosphonate therapy in cancer 
patients: diffuse or localized area of necrotic jaw 
bone [1].

In 2014, the American Association of Oral 
and Maxillofacial Surgeon (AAOMS) pub-
lished an update of the 2009 Position Paper on 
Bisphosphonate-Related Osteonecrosis of the 
Jaws [2].

The term “MEDICATION-related osteo-
necrosis of the jaw (MRONJ)” has recently 
replaced the previous “bisphosphonate-related 
osteonecrosis of the jaw (BRONJ)”. Such as 
a decision was taken to include in the defini-
tion the growing number of osteonecrosis cases 
involving the maxilla and mandible associ-
ated with drugs different than bisphosphonates 
(BP), such as antiresorptive (denosumab) and 
antiangiogenic (bevacizumab, sunitinib) medi-
cations [3–5]. Patients may be diagnosed with 
MRONJ if all of the following characteristics 
are present: (1) current or previous treatment 
with antiresorptive or antiangiogenic agents; 
(2) exposed bone or bone that can be probed 
through an intraoral or extraoral fistula (e) in 
the maxillofacial region that has persisted for 
more than 8 weeks; and (3) no history of radia-
tion therapy or obvious metastatic disease to 
the jaws.

The prevalence of MRONJ in patients under 
BP therapy (BPT) for osteopenia, osteoporosis 
and Paget’s disease is significantly lower (from 
0.1% to 0.21%) than prevalence in those treated 
intravenously for multiple myeloma and bone 
metastases (from 0.7% to 6.7%) [6].
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Many hypotheses concerning the pathophysi-
ology of MRONJ have been put forward, but 
none could explain all of the peculiar features of 
this disease.

Many factors such as anatomic site and high 
concentration and release of bisphosphonates 
(BPs) in the jaw bone, bone remodelling suppres-
sion, inhibition of the vascularization, soft tissue 
toxicity, bacterial infection, local trauma and 
genetic predisposition are involved.

Denosumab, a monoclonal antibody that is 
used in the treatment of osteoporosis and bone 
metastasis, has been shown to have an equal or 
higher capacity to suppress bone turnover than 
bisphosphonates. It acts by inhibiting osteoclast 
activity, reducing bone resorption and increas-
ing bone density. Its highly specific mechanism 
of action is the inhibition of receptor activator of 
nuclear factor-kappa B ligand (RANKL).

Local factors associated with ONJ appear-
ance in patients receiving BPs or denosumab are 
dental extractions (or other surgical procedure in 
the jawbone), periodontal diseases and poor oral 
hygiene and trauma induced by dental removable 
prostheses [7–9].

Prevention of ONJ related to BPs or deno-
sumab is still debated, although a combined 
approach seems to be beneficial: preventive mea-
sures for the elimination or reduction of the risk 
factors, including periodic clinical screening.

MRONJ is a multifactorial disease, and it 
is therefore difficult to realize an aetiological 
therapy.

MRONJ management is controversial: there 
are no evidence-based guidelines in the litera-
ture, in particular with regard to surgical pro-
cedures possibly associated with good results 
during a long-term follow-up. The first purposes 
of treatment should be the reduction of pain and 
infection and the interruption of the progression 
of disease. Within such a context, the literature 
supports a noninvasive approach especially for 
asymptomatic stages of MRONJ.  Temporary 
suspension of BPs offers no short-term benefit, 
whilst long-term discontinuation (if feasible with 
patient systemic conditions) may be beneficial 

in stabilizing sites of ONJ and reducing clinical 
symptoms [10].

Patients with exposed bone are usually treated 
with systemic antibiotics (penicillin or clindamycin 
along with metronidazole), oral rinses (chlorhexi-
dine gluconate or hydrogen peroxide) or antimy-
cotic agents (nystatin, ketoconazole or fluconazole).

The main problem of local or systemic anti-
bacterial therapy is the nonpersistent clinical 
result (abscess disappearance, pain, swelling 
improvement) which is usually followed by a 
recurrence after an mean time of 3 weeks. Such 
an approach has as main problem the usual 
advanced age of patients and their usual adminis-
tration with chemotherapy, leading to poor health 
conditions, which make them not able to bear 
the side effects of a prolonged (and sometimes 
permanent) antibiotic schedule. The second issue 
is the possible evolution of the disease and the 
unpredictable shifting from stage I to advanced 
stages of MRONJ [11].

14.2  Conservative Management 
of MRONJ

The literature recommends a conservative treat-
ment as initial therapy for pain control and elimi-
nation of acute inflammatory signs before any 
surgical option, for all stages of disease [12, 13].

Ozone therapy (OT) and hyperbaric oxygen 
therapy (HBO) may stimulate cell proliferation 
and soft tissue healing, thus reducing pain.

Laser applications at low intensity (low-
level laser therapy—LLLT) have been 
reported in the literature for the treatment of 
MRONJ.  Biostimulant effects of laser improve 
reparative process, increase inorganic matrix of 
bone and osteoblast mitotic index and stimulate 
lymphatic and blood capillaries growth. HBO, 
OT and LLLT are usually recommended in addi-
tion to medical or surgical therapy: frequently, 
the positive clinical result is associated with an 
improvement of results obtained with conven-
tional treatments, supplemented by alternative 
therapies [14–16].
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14.2.1  Low-Level Laser Therapy 
(LLLT) and MRONJ Treatment

The mechanism of action underlying the biologi-
cal effect of laser therapy has been widely investi-
gated by researchers, but it remains controversial.

Laser applications at low intensity (low-level 
laser therapy—LLLT) produce some changes 
in cellular metabolism: the light is absorbed by 
primary photoacceptors, and this event triggers a 
pathway on the existing cell regulation mecha-
nism. The wide range of applications of low- 
power laser effects and the possibility of using 
different wavelengths for irradiation depend on 
the fact that the primary photoacceptors of mono-
chromatic visible light are the respiratory chain 
components [17, 18]. A secondary reaction con-
sists in the transduction of the signal outside the 
mitochondria leading to enhancement of cell dif-
ferentiation and/or proliferation, which represent 
the ultimate effects of light irradiation. The mod-
ulation of macromolecular synthesis has been 
suggested as part of the secondary reaction at the 
tissue level, related to the laser irradiation [19].

The effects of LLLT with different wave-
lengths on the trophism of skin and mucosa 
and stimulation of blood capillaries have been 
reported by several authors, and these observa-
tions could, to some extent, give support for a 
possible usefulness of laser biostimulation in the 
prevention and treatment of MRONJ.

LLLT represents an effective option largely 
reported in the literature for the management 
of chemotherapy- and/or radiotherapy-induced 
oral mucositis and, during the last 12 years, for 
MRONJ management.

It has been reported that LLLT has anti- 
inflammatory actions and it can help to control 
pain as well. LLLT also holds biostimulatory 
properties with favourable actions on bacterial 
control and wound healing [20].

In in  vitro studies, a stimulatory effect of 
many wavelengths (diode or Nd:YAG laser) 
on the cell viability and proliferation of human 
osteoblast-like cell culture exposed to BPs was 
reported [21–23].

Osteocalcin seems to have several functions 
in bone metabolism: it has an important role in 

the process of bone remodelling affecting both 
osteoblast and osteoclast activities, and it is also 
a regulator of bone mineralization. In vivo stud-
ies in animal models show that laser irradiation 
after tooth extraction can promote osteoblast dif-
ferentiation. In the same studies, it has been also 
demonstrated a higher expression of bone mark-
ers osteopontin (OPN) and osteocalcin (OCN), 
8 days after surgical interventions [24].

Clinical studies performed in cancer and non- 
cancer patients under BPT reported an important 
reduction of pain, oedema, size of bone expo-
sure, pus, fistulas and halitosis with significant 
improvement of quality of life [25].

In our experience, more than 60% of MRONJ 
patients treated with laser biostimulation and 
antibiotic therapy (2  g of amoxicillin and 1  g 
of metronidazole a day for 2 weeks) have had 
improvement of their symptomatology, and 
35% have had complete mucosal healing dur-
ing 6 months of follow-up [26, 27]. On the con-
trary, percentage of improvement after systemic 
antibiotic therapy and local antibacterial rinses 
(without the laser applications) can be estimated 
between 20% and 30%.

The association of laser biomodulation and 
antibiotic therapy leads, in many cases after 
few weeks, to elimination of bone sequestrum 
(Figs. 14.1, 14.2, 14.3, 14.4 and 14.5).

Fig. 14.1 An 87-year-old woman with osteoporosis 
treated with alendronate for 15 years without other known 
risk factors. Spontaneous form of MRONJ stage 1 
(according to AAOMFS 2014) in edentulous ridge (pos-
sible prosthetic trauma)
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LLLT was delivered through an Nd:YAG laser 
(1064 nm) with power of 1.25 W, frequency of 
15  Hz and a fibre diameter 320 μm. The laser 
source was used at a distance of 1–2 mm from 
tissues for 1 min (PD 1555 W/cm2, total fluence 
167.94  J/cm2) for five consecutive applications. 
Laser energy was widely applied by scanning the 
affected area. Each patient underwent five laser 
irradiation sessions (one during the first week 

of medical treatment and the other every 7 days 
after the first).

The review of the literature confirmed the 
superiority of the LLLT association with antibi-
otic therapy in comparison to other noninvasive 
approach [28, 29]. This therapy is easy to admin-
ister and useful also for aged and compromised 
patients, and it is not associated with any known 
side effect.

Fig. 14.2 Reduction of inflammation after 3 weeks of 
Nd:YAG laser (1064 nm) biomodulation at 1.25 W, 15 Hz 
(fibre diameter 320 μm) at a distance of 1–2 mm from the 
tissue for 1 min (fluence 167.94 J/cm2) and antibiotic treat-
ment (2 g of amoxicillin and 1 g of metronidazole a day)

Figs. 14.3 and 14.4 Bone sequestrum elimination

Fig. 14.5 Complete recovery after 4 weeks
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14.3  Surgical Management 
of MRONJ

Surgery may be avoided if permanent mucosal 
repair appears after the conservative manage-
ment; however, such an occurrence seems to 
be limited to very few cases. Surgical approach 
seems unavoidable in most of the cases of 
MRONJ, where complete healing or permanence 
of symptoms has not been obtained irrespectively 
by the stage of the disease.

The rate of remission reported in the lit-
erature is higher for MRONJ in non-cancer 
patients (osteoporosis) and those with mul-
tiple myeloma than for MRONJ in those with 
solid tumours and slightly higher for early 
stages than for late stages of disease [30–32]. 
Discontinuation of BPs or denosumab therapy 
can favour the surgical outcome, most prob-
ably for the reduction of the action of the drugs 
in the soft tissues.

Surgical debridement or resection in combi-
nation with antibiotic therapy may offer long-
term palliation with resolution of acute infection 
and pain. Mobile segments of bony sequestrum 
and necrotic tissue should be removed extend-
ing surgery until unaffected bone [33]. In dif-
fuse MRONJ, the resection of mandible and 
vascularized reconstruction with free fibula flaps 
have been proposed in the literature. In case of 
large and complex surgical interventions, a care-
ful evaluation of the general conditions of each 
patient, including situation and evolution of dis-
ease, age, performance status and life expectancy, 
is advisable [34].

14.3.1  Laser Surgery of MRONJ

A soft surgical approach performed with laser, 
in patients unresponsive to antibiotic therapy or 
LLLT, represents a good solution: it is rapid and 
poorly invasive and can be performed under local 
anaesthesia in day-surgery regimen. Over the 
last decades, in several experimental and clinical 

studies, it has been reported the benefit of laser 
osteotomy in oral-maxillofacial surgery with effi-
cient ablation rates and rare or absent carboniza-
tion phenomenon.

The erbium-doped yttrium aluminium garnet 
(Er:YAG) laser has emerged as a possible alter-
native to conventional methods of bone ablation 
as the main components of bone have a high 
absorption of laser light at the wavelength of 
2.94 μm. The wavelength-dependent absorption 
coefficient for water is at its maximum peak at 
2.94 μm. The Er:YAG laser theoretically has an 
absorption coefficient of water that is 10 being 
15,000–20,000 times higher than the CO2 and the 
Nd:YAG lasers, respectively. Air and water spray 
reduces overheating of both hard and soft tissues, 
but also it cleans the site of irradiation, increases 
ablation rate and efficiency and facilitates the 
ablation process. Water and air spray advantages 
include the prevention of tissue dessication and 
the excess of heat accumulation in tissues due to 
desiccation of bone surfaces, the improvement 
of bone ablation for photoacoustic effect and the 
improvement of surgical activity for increase of 
visibility due to smear layer elimination in aero-
sol [35].

Bone temperature during Er:YAG laser 
osteotomy has a mean increase of 3.3 °C. The 
mean biological advantage of erbium laser in 
comparison to other surgical devices is the 
bone and mucosal healing improvement. After 
Er:YAG laser ablation, red blood cell aggregate 
was noted over the treated bone surface. At 6 
and 24  h and 3, 7 and 14  days, initial events 
of bone and soft tissue healing appear to prog-
ress earlier in comparison to CO2 laser or tra-
ditional tungsten burr. Osteotomy sites after 
Er:YAG laser ablation exhibited more promi-
nent inflammatory cell infiltration, revascu-
larization and proliferation of fibroblasts and 
osteoblasts, indicating active osteoid tissue 
formation. The irregular surface structure after 
Er:YAG laser ablation, with no smear or char 
layers, provided a favourable surface for cell 
attachment and thus accelerated bone healing 
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and formation [36]. The application of Er:YAG 
laser in the bone surface promotes the produc-
tion of PGE2 and COX2 from fibroblasts of 
human gingiva promoting the early phases of 
wound healing [37].

Studies on bone damages induced through 
different cutting systems reported that all sec-
tions obtained with Er:YAG laser were better 
than those obtained with piezosurgery, high-
speed drills and low-speed drills. Er:YAG laser 
showed poor peripheral carbonization with a 
regular incision without residual bone smear 
layer [38]. The histological findings of bone 
graft harvested from the mandibular ramus 
using an erbium laser highlighted vital lamellar 
bone at the lased margins without microscopic 
evidence of inflammation or osteoclastic activ-
ity [39–41]. Some recent researches reported 
that Er:YAG laser irradiation stimulates the 
secretion of platelet-derived growth factor in 
osteotomy sites [42].

The bactericidal effect of Er:YAG laser against 
periodontopathogens forms such as Actinomyces 
and anaerobes is well reported in the literature. 
The efficacy of erbium laser, in comparison to 
other wavelength, is described also for periodon-
topathogen bacteria, Candida spp., in biofilm 
models [43, 44].

Er:YAG laser could be used also for oral 
mucosa incision without thermal damage to the 
surrounding and underlying tissues inducing less 
pain and better healing than traditional scalpel.

Taking into account the possible MRONJ 
pathogenesis, the aim of intervention should be 
the elimination of the maximum of necrotic bone 
and the covering of the surgical field with a vas-
cularized soft tissue.

In our experience, all surgical interven-
tions were performed under local anaesthesia. 
Prophylactic antibiotics (amoxicillin and clavu-
lanic acid 2 g a day—metronidazole 1 g a day) 
were administered starting 4 days before surgery 
and were continued postoperatively for 2 weeks. 
The surgical procedure begun with a detachment 
of an envelope flap through a linear mucoperi-

osteal cut around bone exposure, without lateral 
incisions to contain risk of reduction of vascu-
larization. The inflamed margins of the mucosa 
were eliminated for at least 2 mm to obtain a bet-
ter quality tissue to cover bone surgical area.

Laser can be used for conservative surgery 
through a vaporization of necrotic bone, until 
healthy bone is reached. The erbium laser 
penetrates only very slightly (0.1  mm), being 
therefore very safe and allowing a precise, 
minimally invasive treatment. The minimally 
invasive technique of evaporation allows us 
to obtain a regularity of the sectioned bone 
surfaces, and it can be used to create micro-
perforations at the base for stimulating vascu-
larization. The additional advantages of laser 
surgery are the bactericidal and biostimulatory 
action of the laser beam with a better postop-
erative recovery [45–49].

Bone spicule and defects can be eliminated to 
obtain a smooth surface to avoid local trauma-
tisms and to facilitate soft tissue healing over the 
surgical site. The surgical sites were abundantly 
rinsed with iodopovidone solution.

Intraoral closure was achieved by a tension- 
free mucosal flap sitting passively over the bone 
with a 4–0 silk suture. The sutures were removed 
from 10 to 14  days after surgical intervention 
(Figs. 14.6, 14.7, 14.8, 14.9, 14.10, 14.11, 14.12, 
14.13, 14.14, 14.15, 14.16 and 14.17).

In the postoperative period, non-steroid anti- 
inflammatory drugs (NSAID), in case of neces-
sity, and chlorhexidine 0.12% gel, four times a 
day, were recommended.

Orthopantomography and TC scan, in all cases 
of complete mucosal healing, were requested 
after 6 months and 1 year from the surgical inter-
vention, respectively [50].

Conservative nonsurgical treatment has dem-
onstrated to be partially successful with a resolu-
tion rate reported in the literature of only 50% of 
cases particularly in stages 2 and 3. In contrast, 
surgical approach has proven to give good results 
for more than 80% of the patients [51–53]. The 
success of surgical management of MRONJ 
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depends mainly on the stage of the disease and 
on the systemic conditions of patients; however, 
the individual patient status represents the only 
consideration guiding the choice of the surgical 
approach.

The literature confirms that patients hav-
ing less severe disease were most likely to have 
improvement or complete healing of MRONJ 
lesions after surgical approach [54, 55].

Percentages of clinical success in MRONJ 
treatment with laser surgery are very high in 
comparison to conventional surgery reported in 
the literature [56]. Results confirm that the laser 
surgery represents the best therapeutic option for 

minimally invasive treatment of the early stages 
of the disease also in immunocompromised 
patients.

14.3.2  Autofluorescence-Guided 
Surgical Approach Performed 
with Er:YAG Laser

The clinical success of the surgical manage-
ment of MRONJ lays on the precise individua-
tion of the limits of the disease and on efficacy of 
necrotic bone elimination. The complete removal 
of osteonecrosis seems to be essential for avoid-

Figs. 14.6–14.8 A 74-year-old woman with osteoporo-
sis treated for 8 years with alendronate. Other risk factors 
include diabetes, smoke and poor oral hygiene. 

Spontaneous MRONJ stage 3 (according to AAOMFS 
2014) with large area of bone necrosis of edentulous ridge 
with involvement of paranasal sinuses
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Figs. 14.9–14.12 Osteotomy performed with Er:YAG laser (2940 nm): extension at a distance of 1 cm around necrotic 
bone. Large communication with the maxillary sinus

Fig. 14.13 Intraoperative Nd:YAG laser biostimulation Fig. 14.14 Continuous suture
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ing recurrence or progression of the disease. The 
traditional systems to establish the extension 
of osteotomy are represented by radiological 
(computed tomography [CT], magnetic reso-
nance imaging [MRI], fluoride positron emission 
tomography [PET] and orthopantomography 
[OPT]) or clinical (colour, consistence, bleeding 
or not bleeding bone) findings.

Recently, it has been reported in the litera-
ture a technique to discriminate necrotic from 
viable bone on the basis of fluorescence induced 
by tetracycline and stimulated by an appropri-
ate excitation light. In order to standardize the 
surgical treatment and reduce its invasiveness, 
some authors proposed tetracycline fluorescence- Fig. 14.15 Complete recovery after 2 months (main-

tained during 8 years)

Figs. 14.16 and 14.17 TC scan. Complete resolution of MRONJ and regression of maxillary sinus involvement after 
10 months from the surgical procedure
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guided bone resection, with very high success 
rates [57, 58].

The autofluorescence (AF) examination is 
currently used to detect soft tissue dysplasia 
and malignancies, but the same protocol can 
be used for bone diseases. The fluorophores in 
the normal bone produce an emission of green 
AF. Alterations in stromal architecture are associ-
ated with a loss of autofluorescence (LAF). This 
phenomenon is obtained through a blue spectrum 
excitation light (400–460 nm). However, there are 
no explanations as to why necrotic bone seems to 
lose AF. It has been speculated that this could be 
caused by alterations in the extracellular calcified 
osteoid matrix or in the bone cells. Some authors 
reported the hypothesis that collagen matrix pro-
duction of vital chondrocytes would correlate 
with AF intensity [59].

The intraoperative examination seems to be a 
suitable guide during surgical debridement/resec-
tion of MRONJ.  The technique is not invasive, 
easy to apply and independent of the subjectivity 
of the surgeon [60, 61] (Figs. 14.18, 14.19, 14.20, 
14.21, 14.22, 14.23, 14.24, 14.25, 14.26, 14.27, 
14.28, 14.29, 14.30, 14.31, 14.32, 14.33, 14.34 
and 14.35).

The association of the Er:YAG laser and AF 
seems to be highly useful in removing additional 
minimal necrotic bone after osteoplasty. It is pos-
sible to use laser evaporation in areas in which 
absence of fluorescence or hypofluorescence has 
been revealed. Moreover, the previously cited 
biological advantages of Er:YAG surgery com-
bined with the biomodulation of the soft and hard 
tissues induced by LLLT seem to integrate a valid 
approach for MRONJ treatment [62–64].

Figs. 14.16 and 14.17 (continued)
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a b

Figs. 14.18 and 14.19 A 69-year-old woman with 
osteoporosis treated for 6 years with alendronate without 
other known risk factors. MRONJ stage 2 (according to 
AAOMFS 2014): (a, b) computed tomography scan 

showing large osteonecrosis involving the vestibular and 
lingual plates. Non-exposed form of MRONJ appeared 
after teeth extraction (the premolars and the first molar)

Figs. 14.20 and 14.21 Surgical field after mucoperiosteal flap elevation: necrotic bone and autofluorescence image 
showing hypofluorescent (dark) areas
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Figs. 14.22–14.25 Surgical field after osteotomy: clinical view and autofluorescent image showing hypofluorescent 
bone in the necrotic area and hyperfluorescent surfaces over the osteotomy line
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Figs. 14.26–14.28 Large area of necrotic bone removal and Er:YAG laser evaporation

Figs. 14.29 and 14.30 Samples of hyperfluorescent bone collection (with Lindeman burr) in the area adjacent to 
necrosis. Clinical and autofluorescent view
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Fig. 14.31 Histopatho-
logical analysis of the 
hypofluorescent bone: 
large lacuna characterized 
by fibrous tissue with the 
coexistence of chronic 
and acute inflammation. 
Sparse residual bony 
trabeculae were present. 
This fibroinflammatory 
area was surrounded by 
necrotic bone

Fig. 14.32 Histopatho-
logical analysis of the 
hyperfluorescent bone: 
absence of necrosis signs, 
medullary bone with 
marked reactive changes 
in terms of hypertrophic 
trabeculae, in keeping 
with sclerotic bone
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Fig. 14.33 Continuous suture Fig. 14.34 Postoperative biomodulation session with 
diode laser

Fig. 14.35 Complete 
recovery after 2-year 
follow-up (last molar 
was extracted 1 year 
after the surgical 
intervention), without 
clinical and radiological 
signs of osteonecrosis

14.4  Conclusions

When making the decision to perform surgical 
procedures for the treatment of MRONJ, the deal 
between benefit and potential risks according to 
clinical features of each patient should be taken 

into account. Surgical operations for advanced 
stages of MRONJ are invasive and extensive and 
must be performed under general anaesthesia, 
usually for many hours. Only few patients may 
undergo this type of surgery. On the contrary, 
a minimal and faster intervention under local 
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anaesthesia is useful also for aged and immuno-
compromised patients. Less invasive surgery may 
determine a complete mucosal healing reducing 
the microbial infection and the risk of disease 
progression.

The application of LLLT represents a nonin-
vasive valid approach after invasive procedures 
such as tooth extractions, dental implant place-
ment or oral surgical interventions, in patients 
under BPT, resulting in a possible way of MRONJ 
prevention.

Laser biostimulation (always associated 
with medical therapy) may offer an aid in the 
treatment of MRONJ, especially for those 
patients that cannot be treated with surgery (e.g. 
 haemostasis impairment, immunodepression, 
age, comorbidities).

The treatment of patients affected by minimal 
bone exposition (as in the early MRONJ stages) 
with combined conservative surgical strategies 
can be useful to obtain a greater control of lesions 
for longer periods. Erbium laser allows a surgical 
debridement of jaw bone under local anaesthesia 
during a minimal invasive intervention with bac-
tericidal and biostimulant action and better post-
operative recovery.

On the basis of the previous considerations, 
antibiotic therapy combined with LLLT and 
the AF-guided surgical approach performed 
with Er:YAG laser and Nd:YAG biostimulation 
appears to be a promising modality of MRONJ 
prevention and treatment.
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Abstract

Capturing three-dimensional (3D) imaging is 
essential in the broad field of cranio- 
maxillofacial surgery. Laser scanners and ste-
reophotogrammetry are more and more 

relevant for capturing (facial) soft tissues. For 
this purpose, a 3D laser scanning imaging sys-
tem, using a nonhazardous laser, with a pre-
cise texture reproduction and in some models 
with colour capturing, can replace 3D imaging 
with radiation in many cases. This chapter 
gives an overview on the different applications 
of laser scanning in maxillofacial surgery. The 
following topics will be pointed out: the 
method of laser scanning; the laser scanning 
of plaster models, impressions and skull mod-
els; the laser scanning for oral surgical plan-
ning and for the assessment of facial swelling 
after oral surgery; the laser scanning of mal-
formations; the laser scanning in facial aes-
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thetics and epithetic procedures; and the laser 
scanning in orthodontic treatment and orthog-
nathic surgery. 3D laser scanners are still 
 commonly used, but recently other devices, 
often based on stereophotogrammetry or 3D 
camera systems, became often superior. Due 
to shorter acquisition times, these systems are 
less vulnerable to motion artefacts and, 
thereby, more suitable for capturing small 
children or less cooperative patients.

Keywords

Laser scanning · Stereophotogrammetry  
Photogrammetry · 3D imaging · Facial 
aesthetics · Epithetic procedures · Oral 
surgery · Malformations · Orthodontic 
treatment · Orthognathic surgery

15.1  Introduction

Once the machine is purchased for low cost, 
nowadays, short acquisition time and non- 
invasiveness are some of the advantages [1]. 
Following the ALARA (as low as reasonably 
achievable) principle, radiation for 3D acqui-
sition should be avoided whenever possible. 
Radiation reduction is essential because the radi-
ation dosage accumulates throughout a subject’s 
lifetime. Publications, where dental X-rays and 
increased risk of intracranial meningioma [2] or 

computed topography (CT) imaging with possi-
ble influence to develop brain tumours or leukae-
mia [3, 4] were controversially discussed, lead to 
insecurity in patients. Magnetic resonance (MR) 
imaging would be another alternative to depict 
soft tissue, but the disadvantages prevail: long 
acquisition times and expensive and in the major-
ity of magnetic resonance tomographs (MRT), 
the patient has to lie without moving. Therefore, 
due to gravidity, the soft tissue might be different 
to a sitting/standing position. Being able to offer 
a tool that allows 3D imaging without radiation 
is very helpful. A 3D laser scanning imaging sys-
tem, using a nonhazardous laser, with a precise 
texture reproduction and in some models with 
colour capturing [5] can replace 3D imaging with 
radiation in large number of cases.

15.2  The Method of Laser 
Scanning

The laser scanning can be briefly described as fol-
lows: a laser beam is sent through a cylinder lens 
and a horizontal light beam is generated. This beam 
will be due to a Galvano mirror projected onto the 
object which should be scanned. The Galvano mir-
ror enables to capture the object completely, and 
the reflected light beam will be captured with a 
CCD (charge-coupled device) sensor (Fig. 15.1).

Distances will be triangulated between the 
reflecting laser beam and the scanned surface, as 
shown in Fig. 15.2.

Object to
measure

Changeable lens

Rotating colour filter

Laser beam

Light-emitting diode

Galvanized mirror

Fig. 15.1 Showing the 
operating principles of 
the laser. (Reproduced 
from, Fig. 1 in: 
Schwenzer-Zimmerer K, 
Chaitidis D, Borner BI, 
Kovacs L, Sader R, 
Zeilhofer HF, Holberg 
C. Lip, jaw, and palate 
clefts, Analysis of 
unilateral cleft lip using 
3-D laser topometry. 
Mund Kiefer 
Gesichtschir. 
2006;10:377–384)
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When two points with a known distance to the 
laser exist, it is possible to calculate the angle of a 
triangle due to angle measurements between the 
points and based on this the distance to the unknown 
point. The laser scanner can detect length, width 
and the depth of the scanned object [6]. Depending 
on whether the laser is a handheld, mobile or non-
mobile device, a tracking camera is necessary, too. 
In Fig. 15.3, you see exemplarily the setup of the 
mobile (handheld) T-scan®, (Steinbichler, Carl 
Zeiss Optotechnik GmbH, Neubeuern, Germany). 
It uses a laser with 670 nm (class II). The handheld 
device has 29 infrared markers. Three of these 
markers are used for the precise spatial position 
when using an optical tracking system. The tech-
nical data as published by the manufacture [7] are 
as follows: resolution of distance measurement, 
1  mm; accuracy of distance measurement þ/e, 
30 mm; and sensor weight, <1500 g. The track-
ing system seen in Fig.  15.3 is an Optotrak Pro 
1000 (Northern Digital Inc., Ontario, Canada) [8]. 
The advantage of the T-scan is that the scanner 
does not have to struggle with shadowing effects 
due to undercut as in other non-handheld devices. 
Sometimes multiple images from different angles 
must be acquired to compensate for missing sur-
face parts. It is desirable to have complex areas as 

ear, nostril or cleft region complete without large 
data holes [9]. In Fig. 15.4, a screenshot is shown, 
as it is visible in real time on the PC monitor. The 
scan can be manually rotated to ensure that the 
desirable facial areas are captured completely.

Below, the different usage of 3D laser scan-
ning will be introduced: the scanning of plaster 
cast models and facial impressions, oral surgical 
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Fig. 15.2 Measurement principles of optical triangulation 
sensor. Reproduced from, Fig. 1 in: A robust signal pro-
cessing algorithm for linear displacement measuring opti-
cal transmission sensors, Kim K.-C., Kim J.-A., Kim S., 
Kwak Y.K. August 2000, Review of Scientific Instruments 
71(8):3220–3225. https://doi.org/10.1063/1.1304870 

Fig. 15.3 Arrangement and handling of the scanning 
device T-scan® (Steinbichler, Carl Zeiss Optotechnik 
GmbH, Neubeuern, Germany) in operating theatre. In 
front, the baby’s head with the handheld scanning device 
above (black arrow). The scan is acquired before start of 
the surgical procedure. The tracking camera (red arrow) is 
positioned on the right. The screen/PC with the image rep-
resentation of the scan (blue arrow) is on the left. The 
child is under general anaesthesia. The scanning process 
takes 10–20 s with a minimal amount of practice

Fig. 15.4 A screenshot taken from the PC monitor. Scan 
of a facial plaster cast. In white, the first layer; in red, a 
second layer to complete the image process. This process 
is shown in real time. The green lines show the position of 
the scanning device. (Courtesy Boris Brun [10])
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interventions [11], orthognathic treatment and 
surgery [12], malformation, epithetic, aesthet-
ics and facial movements [13–15]. Overlapping 
themes will be discussed depending on the aspect.

15.3  The Laser Scanning 
of Plaster Models, 
Impressions and Skull 
Models

The reliability of laser scanners in reproducing 3D 
objects has already been described [6], the accuracy 
and reproducibility having been tested on geometri-
cal models and (facial/dental) plaster casts [6]. The 
comparison of laser scanner and stereophotogram-
metry for nasal plaster casts showed no significant 
differences between these two different techniques 
[1], whereas measurements on stone casts were 
somewhat smaller than values obtained directly 
from subjects (differences between −0.05 and 
−1.58 mm) [16]. These findings were also detected 
by Holberg et al. [17]. In their study, the accuracy of 
facial plaster casts and suitability for 3D mapping 
was investigated. From 15 adult volunteers, a facial 
alginate impression was taken. These impressions 
were poured with plaster resulting in facial plaster 
casts. The plaster casts and the probands’ faces were 
captured using a 3D laser scanner operating with 

structured light. They found – depending on the area 
of the face – deviations between 0.95 and 3.55 mm. 
Especially, soft tissue areas as lips, cheeks or tip 
of the nose as well as the lower face area showed 
marked differences. Areas with less soft tissue mass 
which could be shifted showed less deviations, e.g. 
forehead (1 mm) or nasal base (1.4 mm) [17].

An even better scanning quality can be 
achieved if a robot arm is used (Fig. 15.5).

In Fig. 15.6, both plaster cast scans (manual 
and robot arm) seem to be smooth, but looking 
more precisely, the ear of the manually scanned 
patient is not captured in its complexity and has 
to be recaptured.

Fig. 15.5 Robot arm in the process of scanning a facial 
plaster cast by T-scan. (Courtesy Boris Brun [10])

a b

Fig. 15.6 T-scan images acquired manually (a) or with the use of a robot arm (b). (Courtesy Boris Brun [10])
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15.4  The Laser Scanning for Oral 
Surgical Planning 
and for the Assessment 
of Facial Swelling After Oral 
Surgery

Jung et  al. compared four intraoral scanners. 
One of them was a laser scanner (iTero; Cadent, 
Align Technology, San Jose, CA, USA). They 
compared the accuracy using models with buccal 
brackets and orthodontic wires where they found 
that the scanning results acquired by iTero were 
among the most reliable ones.

Buccal brackets and orthodontic wires were 
not clinically significant on the 3D image [18]. 
The same scanner was used in a study, compar-
ing different intraoral scanners as well as a lab 
scanner regarding the accuracy of scanbodies 
on dental implants. If computer-aided design 
or a computer-assisted manufacture process for 
implant prosthetics is requested, the digitization 
of the scanbodies is necessary. The precision of 
the intraoral scanners decreased with increas-
ing distance between the scanbodies in contrast 
to the dental lab scanner. Independent of the 
increasing distance, a continuous precision was 
observed [19]. All studies mentioned above were 
conducted with models. Lee et al. described the 
use of an intraoral laser scanner (iTero) for cap-
turing the spatial position, surrounding tissue and 
a special scanning abutment of tooth implants in 
36 patients. The acquired data were stored in STL 
format and used to produce a custom computer-
aided design abutment and crown. Adjustments 
of contact and occlusion were required in six 
and seven patients, respectively, but the time for 
the adjustments was below 15 min [20]. Another 
study, evaluating data from 100 patients, was 
published by San José V et al. [21]. They were 
interested in comparing the reliability and accu-
racy of direct and indirect dental measurements 
using intraoral laser scanning (iTero), segmented 
cone beam computed tomography (CBCT) and a 
scanner for capturing plaster cast models. These 
results showed that both the iTero and the models 

segmented from CBCT are usable and accurate 
enough for dental measurements [21].

A different field is the evaluation of facial 
swelling after wisdom tooth removal. Before 
laser scanner and stereophotogrammetry 
became widely available, tape measurements 
were performed. Schultze-Mosgau et al. in their 
study about ibuprofen and methylprednisolone 
described how to measure the facial swelling by 
tape and ultrasound. They took distances from 
the lateral corner of the eye to the mandibu-
lar angle, from tragus to the outer corner of the 
mouth and from the tragus to the pogonion which 
they marked with a water-resistant pen [22]. 
The use of an optical 3D scanner (FaceScan3D; 
3D-Shape GmbH, Erlangen, Germany) for 
volumetric measurements of facial swelling 
is described by Rana et  al. [23]. They assessed 
the swelling after the use of different cooling 
mechanisms. For calculation of the volume, 
the patients were photographed while looking 
into a mirror with standard horizontal and ver-
tical lines simulating a red cross marked on it. 
Harrison et al. [11] described the use of a laser 
scanner for the assessment of facial scanning. 
They evaluated a handheld laser surface scan-
ner (FastSCANTM; Bruker Corporation, MA, 
USA) for the assessment of postoperative facial 
swelling. In their study, 20 patients were scanned 
before and 2 days after wisdom tooth removal. 
They detected the variability of the position as a 
source of inaccuracy. Otherwise, they found that 
the FastSCANTM is a simple, accurate and non- 
invasive method for the measurement of soft tis-
sue volume changes.

15.5  The Laser Scanning 
of Malformations

Depending on the kind of malformation, a huge 
variety of 3D deviations to “normal” anatomy is 
seen. Just looking at cleft lip and palate patients, 
the cleft can vary widely. Lips with strong pout-
ing and strong vermillion are seen, but it is also 
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possible that the columella is short in combination 
with a severely contorted alar wing. Lip length 
differences also show a broad spectrum of varia-
tion, and so does the philtrum. For all of these 
variations, the non-cleft side (in unilateral clefts) 
is taken as the normal anatomy. The surgeon 
aims to establish anatomical symmetry as far as 
possible [24]. The method of choice to perform 
the closure of the cleft varies between surgeons; 
therefore, a 3D tool for assessment of the surgi-
cal outcome is of high relevance in this field of 
maxillofacial surgery. It is also necessary to use 
standardized, reliable facial landmarks so a com-
parison is easier achievable. Literature about 3D 
facial landmarks is available [25, 26]. The iden-
tifications of landmarks need a certain amount 
of practice, but taking the same landmarks will 
show a learning effect and therefore higher accu-
racy in less time. For measurements, the patient’s 
presence is not necessary which is an advantage 
towards measurements taken directly/manually 
on the patient’s face.

Since operations in the field of facial malfor-
mation are also performed at an early age, the 

compliance of children is not always given. Mori 
et al. published in their laser scanning study that, 
from the age of 5  years, most children showed 
enough compliance for the scanning procedure 
[27]. Usable data sets of noncompliant babies can 
therefore only be captured by using sedation. A 
sedation for this purpose on its own cannot be jus-
tified. Scanning the babies just before the surgical 
procedure (see Fig. 15.1) is possible with minimal 
extra amount of time. The setup of the scanner can 
be done in the absence of the baby so that there is 
no loss of time regarding this aspect. In Fig. 15.7, 
you see the preoperative and 7  days postopera-
tive pictures of a patient with a unilateral cleft lip. 
Figure 15.8 shows the belonging 3D laser scans. 
For these scans, the Vivid 900 (Konika Minolta 
Co., Tokyo, Japan) was used. In this case, only 
one scanner was built up. If only one scanner is 
available, for a complete 3D view, two separate 
3D data sets, one from each side, have to be cap-
tured and fused. The Vivid 900 parameters are as 
follows: resolution, x  = 0.17 mm, y  = 0.17 mm 
and z = 0.047 mm; input time, 0.3–2.5 s; and data 
size, 1.6–2.4 MB, mobile system (11 kg).

a b

Fig. 15.7 Child with unilateral cleft preoperatively (a) and 7 days postoperatively (b)

B.-I. Berg et al.



201

15.6  The Laser Scanning in Facial 
Aesthetics and Epithetic 
Procedures

The face is a complex region where alterations 
regarding form, volume and shape are of great 
importance when assessing the surgical outcome 
[28]. This aspect can have an even stronger input 
if the procedure is elective and involves strong 
expectations from the patient’s side. For com-
parison of pre- and postoperative results, a high 
quality and a standardized face/head position are 
indispensable. Also the cooperation of the patient 
is required. Even short scanning times of, e.g. 5 s 
can be a long time to keep a “frozen” position. 
This can be expected from adults, but young chil-
dren will have difficulties to stay in one position 
without moving at all for such a period of time. In 
the study by Kovacs et al., they assessed that the 
best precision was reached when the Frankfort 
was angled +10° relative to the horizontal. A 
stronger reclination of the head was more precise 
for areas as the mouth and the nose [28].

One of the regions which has been investigated 
by laser scanning is the philtrum. The philtrum, 
the central unit of the upper lip, can be separated 
into following parts: the dimple, both columns, 
the tubercle and the white roll between the two 
high points of Cupid’s bow [29]. The shape of 
the philtrum is not only of great importance in 
cleft surgery but also for interventions after 
Botox injections or cheiloplasties. Kishi et  al. 

published a study investigating the depth of the 
philtral dimple using the VIVID910 laser scan-
ner (Konika Minolta, Tokyo, Japan) [29]. When 
assessing their laser scans using the Uemura 
classification [30], they found a sex difference 
concerning the shape: the parallel type was 
often visible. The triangular type seems to be 
the most common one in men and rarely seen 
in women. The unclear type was never found 
in men.

Another use of laser scanning in aesthetic 
surgery is imaging the nose for evaluation of the 
nasal shape following rhinosurgery or for pre-
operative planning and quality control in rhino-
surgery [31]. It can also be used as a follow-up 
tool for control after reconstructive rhytidectomy. 
Objective measurements regarding wrinkles (i.e. 
the cheek and malar region) were possible [32].

Another possible application of laser scan-
ners is the documentation of the effect of either 
one or two botulinum toxin injections regarding 
the volume of masseter muscles (Vivid 9i; Konika 
Minolta, Tokyo, Japan) before the injection and 
6 months after. Bilateral masseteric hypertrophy, 
leading to a broad-looking face, is considered as 
aesthetically unpleasant, especially in Asia. The 
use of botulinum toxin leads to a significant reduc-
tion of the masseter muscle. By laser scanning, 
these findings could be objectively validated [33].

As another aspect, laser scanning can be used 
for aesthetic aspects of the face in patients who 
suffer from facial lipoatrophy. This can occur 

a b

Fig. 15.8 Preoperative (a) and 7 days postoperative (b) laser scans of the patient from Fig. 15.7 captured with the Vivid 
900 (Konika Minolta,Tokyo, Japan)
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when highly active antiretroviral therapy has to be 
taken. It is seen in people infected by the human 
immunodeficiency virus (HIV). Although the 
medication has very much improved the quality 
of life, facial lipoatrophy is a severe complication 
[34]. When a polylactic acid (PLA) facial filler 
is inserted, a strong improvement of the normal 
facial appearance can be achieved. Performing 
scans with the University College London (UCL) 
optical face scanner, it was  possible to detect that 
mean 12-month and 18-month cheek volumes are 
higher than the mean posttreatment (6-month) 
scans, but the laser scans also detected a signifi-
cant drop in cheek volume from 18 to 24 months. 
The cheek volumes at 24 months were similar to 
the volumes immediately after treatment and sig-
nificantly higher than baseline (pretreatment) vol-
ume measurements [34]. An explanation might 
be a relatively slow process of new collagenous 
tissue generation in response to the inserted filler 
rather than direct volume increase due to the filler 
volume on its own [34].

Another use of laser is in patients with miss-
ing parts of the face who are showing a major 
stigma. Especially, nose and ear are worth men-
tioning due to malformation, trauma or oncologi-
cal resection; either a part or the complete nose/
ear can be missing. In some cases, a complete 
surgical solution is possible; in others, rehabili-
tation can only be achieved by a manufactured 
prosthesis. Coward et  al. [35] pointed out that 
positioning is an important aspect of successful 
rehabilitation. The positioning of the ear pros-
theses can be observational. Measuring these 
distances on the ear and if available the healthy 
ear can result in gross differences compared 
to 3D measurements since distance measure-
ments alone give no information on the precise 
3D location of a landmark of the ear. For data 
acquisition, Coward et  al. applied a laser scan-
ner developed at the University College London, 
London, UK [36]. They defined landmarks in 
probands with normal facial symmetry that can 
also be found in patients with facial asymmetry 
(e.g. hemifacial microsomia) [35]. If the loss of 
the external ear was due to trauma or tumour, the 
external auditory canal can be used as a guide, 
but, in malformation cases, the external auditory 

canal might be absent or displaced. In the healthy 
probands assessed by these authors, only small 
differences between the left and right sides of the 
face were found [35]. Ciocca et al. described how 
to use rapid prototyping to fabricate a mirrored 
volume of the healthy ear [37]. In their depart-
ment, the authors have a virtual ear-nose library 
at their disposal, which enables them to design a 
facial part. For the ear, this can be useful in cases 
with malformations such as Treacher Collins 
syndrome [38] and, for the nose, if no impression 
was made before surgery [39] or a trauma case 
occurred which is unforeseeable. In the publica-
tion by Mueller et al., the margins of the epithesis 
were scanned using the VI-910 (Konika Minolta, 
Tokyo, Japan) before and after the adaptation of 
the margin. The scans were superimposed for 
an analysis of the extent of essential reduction 
of the margins [40]. If a nasal prosthesis needs 
stabilization through mechanical support (e.g. 
eyeglasses) rather than implants, it is important 
to follow up the connecting system [41]. Ciocca 
et  al. [41] published about eyeglass-supported 
nasal prosthesis using a 3D laser scanner (3dMD-
face System; 3dMD Ltd., London, UK) and rapid 
prototyping techniques. By means of their tech-
nique, they achieved a reduction in prosthesis 
weight leading to a flexible prosthesis with a 
consistency similar to natural skin when touched. 
The prosthesis will be able to follow natural 
facial movements that occur during eating, smil-
ing, speaking or chewing [41].

After loss of all teeth, patients suffer from a 
concave face which is disturbing from an aes-
thetic point of view. Jivănescu et al. [42] evaluated 
the lower face morphology changes in edentulous 
patients after prosthodontic rehabilitation with 
upper and lower complete dentures. They could 
objectify the soft tissue changes very precisely by 
using a conventional method (the digital caliper) 
and the 3D laser scanning system (NextEngine 
3D Laser Scanner; NextEngine, Santa Monica, 
CA, USA). The system comprised a digital imag-
ing system, a structured laser light source and a 
light projection system. Three scans from dif-
ferent angles were required in order to obtain 
the complete 3D surface scan. They highlighted 
that 3D laser scanning offers several advantages 
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over direct anthropometry: reduced invasiveness, 
increased data collection speed and the possibil-
ity to create 3D databases [42]. Depending on the 
publication, facial measurements should have an 
accuracy of 0.1 up to 0.5 mm [43, 44].

15.7  The Laser Scanning 
in Orthodontic Treatment 
and Orthognathic Surgery

A key aspect of orthodontic diagnostics is the 
recording of facial soft parts, not only for docu-
mentation but also for the analysis of facial aes-
thetics [17]. Contact-free 3D digitalization of the 
face is nowadays the gold standard. As previously 
described in “the laser scanning of plaster mod-
els, impressions and skull models”, inaccuracies 
occur when facial plaster casts are made, but if 
no scanner or stereophotogrammetry is available, 
it is still a low-cost procedure that can be easily 
achieved and has been applied successfully for 
quite some time [17]. In orthodontic treatment, 
not only the hard tissue but also the soft tissue 
is of great importance. Patients often judge the 
outcome of orthodontic treatment or orthogna-
thic surgery by visible soft tissue changes [45]. 
Notably, improved facial aesthetics are highly 
desired [46]. 2D soft tissue analysis using lateral 
cephalographs is still a common tool but with 
decisive limitations. 3D soft tissue analysis has 
the advantage of showing the soft tissue changes 
in its complexity. Techniques for 3D soft tissue 
analysis in the field of orthodontic treatment and 
orthognathic surgery nowadays include photo-
grammetry alone [47–49], photogrammetry in 
combination with CBCT [50], CBCT on its own 
[51, 52], CT [53, 54] and 3D laser scanning.

In orthodontic treatment, tooth extraction is a 
common procedure. Whether a change of facial 
fullness or flattening of the profile can occur due 
to tooth extraction is widely discussed [55, 56]. 
According to Moss et al., laser scanning data sets 
were compared preoperatively, after 9 months and 
at the end of treatment [57]. In their prospective 
study, Caucasians with a skeletal class I pattern in 
the age from 11 to 19 years were included. None of 
the included participants had received orthodontic 

treatment or suffered from facial asymmetry [57]. 
In their results, no evidence of a decrease in the 
size of the lips was found. In contrast, the soft tis-
sues had increased. No change of facial size when 
comparing the two groups of patients was vis-
ible. Therefore, they concluded that the treatment 
made no difference between both groups [57]. By 
comparison of the facial shape using laser scan-
ning, they showed that neither adverse changes 
nor any evidence of flattening of facial soft tis-
sues occurred due to tooth extraction as part of 
orthodontic treatment [57]. This research group 
further reported that they installed a database of 
healthy children without orthodontic treatment in 
the age between 5 and 18 years. These data can be 
used, e.g. for comparison with treated patients for 
evaluation of abnormal growth [57].

To plan orthognathic surgery, the application 
of two different laser scanning systems might be 
reasonable, namely, one for the facial soft tissue 
and one for the dental cast models. The scanning 
pitch varies. So, Noguchi et  al. chose 1.00 mm 
for the scanning device used to capture the facial 
aspect and 0.25 mm for the dental cast scans. The 
scans were part of a study to estimate facial shape 
changes without CT [58].

In orthodontic surgery, a change of the facial 
soft tissues can be expected. When facial defor-
mities are presented, orthognathic surgery is 
often the only therapeutic option to achieve an 
acceptable aesthetic outcome. In a study with 
46 patients presenting a class III dentoskeletal 
relationship, markers were placed in the face 
before scanning. Five markers were used to reg-
ister pre- and postoperative optical surface scans 
over facial parts not affected by surgery. All 
patients received bimaxillary orthognathic sur-
gery to achieve a class I dentoskeletal relation-
ship. Optical surface scans were obtained again 
6 months postoperatively. Additionally, pre- and 
postoperative cephalographs were acquired and 
digitized. They were used to assess whether the 
preoperative planning was achieved during sur-
gery. By this information, the soft tissue changes 
could be compared with actual skeletal move-
ments. In this study, precise details of the change 
of the upper lip for the subalar, subcommissural 
and supracommissural regions were assessable. 
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The soft tissue movement of the upper lip is 
tightly related to the underlying skeletal tissue, 
although other factors play an important role 
as elasticity of the lip or proximity and contour 
of the alveolar bone. In Le Fort I osteotomies, 
changes of the nasal morphology are detectable 
by 3D laser scanning. Widening of the nasal alae 
was well detected, whereas flattening of the lips 
was not found in a study with 12 female patients 
who received either an advancement or a hori-
zontally/vertically rotation [59]. Furthermore, 
laser scanning can assess facial movements. 
After application of facial landmarks, laser scans 
were acquired before surgery and after 3, 6 and 
12  months in bimaxillary surgery for class III 
patients. The following facial movements were 
evaluated: frowning, eye closure, grimace, smil-
ing and lip purse. It could be shown that after 
surgery there was a change, but after 1 year, the 
movements were statistically similar to the pre-
surgical registration [14]. To conclude, soft tissue 
changes follow the shift of the underlying skel-
etal structures. Prediction of the final result is still 
a challenge. However, it is possible to illustrate 
and quantify the soft tissue changes [60].

As another aspect, laser scanning can be used 
in the field of obstructive sleep apnoea syndrome 
(OSAS). OSAS is a common problem, showing 
narrowing and/or collapsing of the upper airway. 
Due to daytime sleepiness, the concerned patients 
often show a notable reduction in quality of life. 
Additionally, cardiovascular derangements or 
neurocognitive impairment is observed [61]. If 
conservative treatment by CPAP (continuous 
positive airway pressure) is not sufficient, sur-
gery can be considered. In these cases, maxilla- 
mandibular advancement can be indicated [62]. 
The advancement can have a serious impact on 
the facial aesthetics especially in the case of pre-
vious disproportion [61]. Gerbino et al. published 
a prospective study about 3D analysis of the soft 
tissue changes in typical OSAS patients before 
and after maxilla-mandibular advancement [61]. 
Their inclusion criteria include white males, 
middle age (range 30–60  years), overweight 
(BMI > 25), normal cephalometric measurements 
(SNA°: 82 ∓ 3.5; SNB°: 80.9 ∓ 3.4) and severe 
OSAS (AHI > 30). Patients with facial deformity 

were not included. Maxilla-mandibular advance-
ments were performed by one surgeon [61]. For 
10 patients, laser scans were acquired (3030RGB; 
Cyberware, Inc., Monterey, CA, USA). The 
pre- and postoperative cephalograms showed a 
maxillary change of +9.2 ∓ 1.2 mm and a man-
dibular change of +10.4 ∓  2.2  mm. By match-
ing pre- and postoperative scans, the following 
changes were detected: increase of inter-cheilion 
width and increased bulking of the upper lip. No 
alar flaring was found. An overall increase in 
the sagittal projection of soft tissue points was 
found postoperatively and, when assessing the 
axial sections, a forward displacement of the alar 
base position. Asked about their feeling towards 
their facial appearance, 60% of the patients gave 
a favourable response to the changes, whereas 
40% responded in a neutral way [61]. Facial 
mobility after maxilla-mandibular advancement 
in patients with OASA was also assessed using 
data sets acquired before and 1 year after surgery.

15.8  Conclusion

For a certain period of time, 3D laser scanners 
were very effective tools, which could capture 
3D images without radiation. However, recently, 
other devices, often based on stereophotogram-
metry or 3D camera systems, became often supe-
rior. Inter alia thanks to much shorter acquisition 
times, they are less vulnerable to motion artefacts 
and, thereby, more suitable for capturing small 
children or less cooperative patients.
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Abstract

Following decades of research and develop-
ment, three-dimensional (3D) holographic 
visualisation and display technologies are 
ready to emerge. A 3D image can be described 
in terms of capturing the light field of a scene, 
which can be recreated by a surface that emits 
rays of light as a function of both intensity and 

direction. This may be realised via integral 
imaging or holography or a combination of 
these. Holographic technology relies on lasers 
to create diffractive interference patterns that 
enable encoding of amplitude and phase infor-
mation within an optical medium. This is in 
the form of transmission or reflection holo-
grams that act as gratings to deflect light. 
Suitable illumination of these patterns can 
form a 3D representation of an object in free 
space. Printed digital reflection holograms 
with static 3D images are now sufficiently 
mature for the depiction of volumetric data 
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from computed tomography, magnetic reso-
nance imaging or ultrasound scans. The physi-
ology of 3D visual image perception is 
introduced along with tangible benefits of 3D 
visualisation. Image processing and computer 
graphics techniques for medical scans are 
summarised. Next-generation holographic 
video displays for dynamic visualisation are 
on the horizon, which are also being designed 
for medical imaging modalities. Case studies 
are also presented in facial forensics and sur-
gical planning.

Keywords

3D · Holography · Interference · Diffraction  
Display · Light field · Hologram 
Visualisation · CT · MRI · Medical imaging  
Holoxica

16.1  Introduction

The most advanced medical imaging technolo-
gies including CT, MRI and ultrasound have 
been pioneered over the past few decades by 
many scientists and engineers, winning Nobel 
Prizes in 1979 (Cormack and Hounsfield for 
CT) and 2003 (Lauterbur and Mansfield for 
MRI). These scanning machines are highly 
sophisticated and expensive devices, perform-
ing 3D scans by taking 2D slices through the 
body using ionising (X-rays for CT) and non-
ionising radiation (magnetic fields/radio waves 
for MRI) or acoustic energy (USS). The pace 
of innovation has been tremendous in terms of 
size, safety, speed, accuracy and image resolu-
tion amongst other parameters. However, it is 
somewhat surprising to find that corresponding 
advances in three- dimensional displays for the 
visualisation of this data have not matched this 
rapid pace of scanner development.

The human visual perceptual system is inher-
ently tuned to interpret the visual field in three 
spatial dimensions in addition to the temporal 
aspect. However, the conventional presenta-
tion of digital imaging information is largely 

constrained to just two spatial dimensions. For 
medical images, surgeons are often required to 
interpret individual 2D scan slices to build a 3D 
mental picture of the stack of such slices. This 
is counter-intuitive, even for a highly trained 
radiologist, and can lead to inaccurate or incon-
sistent interpretations. It becomes even more of 
a challenge to use this information for surgical 
planning, and explaining pathologies to patients 
can also be difficult. Most of these issues can 
be overcome with 3D visualisation techniques, 
which are seen as a grand challenge for dis-
play industry which has thus far fallen short of 
expectations.

16.2  Physiology of Human Visual 
Perception

The human visual system captures continu-
ous images of the 3D world as a pair of two- 
dimensional images projected on to the back of 
the retina through the cornea, lenses and pupils 
of the eyes. The retina comprises photoreceptor 
cells including colour-sensitive rods and photo-
sensitive cones that convert the incident photons 
into neural impulses that are relayed to the visual 
cortex of the brain via the optic nerve. The pair 
of 2D images is processed by the visual cortex, 
which utilises a combination of binocular and 
monocular information as so-called depth cues 
to recreate a 3D scene. The binocular depth cues 
are:

• Stereopsis.
• Vergence.

Stereopsis is responsible for binocular 
vision due to the lateral displacement of the 
eyes, in which the similarities and differences 
between a pair of offset 2D images are used to 
synthesise depth information about the scene. 
Vergence is the ability of both eyes to triangu-
late and focus on an object where the eyes con-
verge on objects nearby or diverge on objects 
further away.

While binocular depth cues are the dominant 
means of 3D perception, there are a surprising 
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number of monocular visual cues that enhance 
the experience [1]:

• Accommodation.
• Motion parallax.
• Linear perspective.
• Occlusion.
• Familiar size and relative size.
• Lighting and shadows.
• Texture and shading.

Accommodation is the ability of the eye to 
focus on objects at different distances by chang-
ing the focal length of the lens via the muscles. 
Widening (and thus flattening) the lens increases 
the focal length and flattening causes it to be 
decreased. Using this mechanism, the eye can 
typically accommodate objects from about 7 cm 
to infinity in about 350 ms. Vergence and accom-
modation go hand-in-hand and any conflicts 
between the two lead to problems with 3D per-
ception [2–4], which can be the case with con-
ventional stereoscopic display implementations 
involving 3D glasses and headwear. Motion par-
allax is another related depth cue associated with 
the motion of the viewer across a scene where 
objects in the foreground appear to move more 
quickly than those in the background.

Figure 16.1 depicts a 2D image with a large 
number of 3D depth cues. Linear perspective is 
a geometric effect where parallel lines appear 
to triangulate towards a distant vanishing point 
located on the horizon. Occlusion of some objects 
by others provides depth cues about the relative 

distance of those objects, where background 
objects tend to be hidden or obscured by fore-
ground objects. Known size implies that if we are 
familiar with the physical size of an object such 
as a person or a bicycle, then its perceived size in 
the visual field tells us how far away it is; linear 
size perceived in the visual field is inversely pro-
portional to distance. Furthermore, the perceived 
relative size of two or more objects of known 
physical size informs the viewer regarding their 
relative distance. Finally, lighting, shading and 
texturing all enhance the perception of depth 
within a scene. Indeed, all of these factors are 
used to great effect in conveying 3D information 
in 2D imagery and artwork.

Apart from the monocular and binocular depth 
cues presented here, a number of other factors are 
important for the creation of high-quality 2D as 
well as 3D display imagery including persistence 
of vision, colour, etc. which are tackled in other 
texts [5, 6]. For colour perception, there are three 
types of rods within the eye whose lengths corre-
spond to spectral peaks, leading to the red, green 
and blue (RGB) colour model. Hence it is impor-
tant to have laser and other light sources (e.g. 
LED) around these peak wavelengths for colour 
display systems.

16.2.1  Benefits of 3D Visualisation

A US Air Force Research Laboratory study dis-
cusses the relative benefits of 3D visualisation 
vs. 2D [7]. This is a comprehensive review that 
summarises the results of over 160 publica-
tions describing over 180 experiments spanning 
51 years. The research covers human factors psy-
chology, engineering, human–computer interac-
tion, vision science, visualisation and medicine. 
The study concluded that 3D is overall 75% 
better than 2D for specific applications includ-
ing spatial manipulation, finding, identifying or 
classifying objects [7]. The US Army Research 
Laboratory looked at training with medical 
hologram vs. traditional 2S methods [8]. This 
showed significant improvement in retention and 
reduced cognitive load for recalling complex 3D 
anatomy.

Fig. 16.1 Depth cues including perspective, occlusion 
and shadows

16 Holographic 3D Visualisation of Medical Scan Images



212

These features are important for the interpre-
tation of medical imaging data, where specific 
benefits of 3D visualisation include:

• Learning anatomy: increase retention and 
recall by over 20% [8].

• Diagnostics: 40% faster interpretation of CT/
MRI scans [9].

• The speed of surgical procedures is increased 
by 15% [10].

• Improve accuracy of surgery by up to 20% 
(incisions, stitching, navigation) [10].

There are clear advantages to viewing 3D 
information using 3D techniques, as quantified 
by these studies.

16.3  Light Field Synthesis

The scientific literature suggests that the best means 
of 3D reconstruction is to recreate the light field of 
an object or a scene [11, 12]. This can be achieved 
by holographic and similar approaches such as inte-
gral imaging. The concept of a light field describes 
the all rays of light for a scene as an array of vectors 
comprising the colour intensity I(λ), direction (θ, 
φ) and timing (t) of each ray of light, which can be 
described by the plenoptic function, L:

 
L f I t= ( )( )λ θ ϕ, , ,

 
(16.1)

16.3.1  Integral Imaging

Integral imaging was first proposed over a 100 
years ago by Lippmann [13], who won the 1908 
Nobel Prize. Integral imaging is a method of 3D 
image formation method based on ray optics by 
integrating a set of rays emerging from 2D ele-
mental images recorded from slightly different 
perspectives across the scene. The arrangement 
consists of a matrix of lenslets or pinholes located 
just behind a similar arrangement of miniature 2D 
photos. Each tiny lens views the 3D object from 
a slightly different perspective than a neighbour-
ing lens, resulting in simultaneous reconstruc-
tion from an array of discrete perspectives. This 
enables the viewer to perceive a 3D representa-
tion of the object, depicted in Fig. 16.2. Here, the 
tiny photos are replaced by a display panel, which 
can recreate the array of smaller images. The 3D 
image resolution is determined by the size of the 
lenslet matrix, whereas the angular resolution or 
parallax depends on the diameter and pitch as 
well as the pixel density of the display panel.

Although the idea has been around for a long 
time, integral imaging has proven to be diffi-
cult to implement in practice. Capturing the 3D 
image and transferring it to a display panel is 
not trivial, involving lenslet arrays and camera 
sensors. Additional optical or image processing 
is required to convert between pseudoscopic 
and orthoscopic and virtual and real images. 
Pseudoscopic images are essentially inside-out 

Light raysLenslet
Array

Object

Display

Fig. 16.2 Integra imaging with a lenslet array
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(phase reversed) requiring conversion to ortho-
scopic viewpoint for presentation to the viewer. 
A virtual image is behind the screen, whereas 
a real image is in front of it, i.e. in mid-air. 
These issues have been researched extensively 
in an attempt to improve the performance of 
the technology using spatial and temporal mul-
tiplexing [14].

An increasingly popular approach is compu-
tational integral imaging that borrows techniques 
from 3D computer graphics. The advantage is 
that the object or scene can be generated com-
pletely synthetically from 3D model descrip-
tions by the computer. The rendering of multiple 
2D views of the 3D scene can be done using a 
‘virtual’ camera that can pan around the object 
in any direction. These methods can leverage 
commodity graphics processing units (GPUs) to 
render the 3D views in hardware, described in 
Sect. 16.4.

16.3.2  Holography and Laser 
Interference

This section presents the basic principles and 
theoretical foundations of holograms and holog-
raphy. The term hologram is derived from the 
Greek, meaning ‘whole image’. Holograms are 
able to encode both amplitude and phase infor-
mation about the 3D object or scene. This infor-
mation is encoded such that the light field can 
be reconstructed to give a true 3D representa-
tion corresponding to the original subject. This 
is in contrast with a photograph, which only 
stores amplitude information, thus yielding a 2D 
representation.

The foundations of holography were laid by 
Dennis Gabor, a Hungarian scientist working in 
the UK, in a patent [15] and a series of papers 
written between 1948 and 1951 that were aimed 
at microscopy [16–18]. These introduced the 
notion of storing 3D information as a diffrac-
tive interference pattern that can subsequently be 
reconstructed through illumination. Holography 
remained somewhat obscure owing to its depen-
dence on special coherent light sources. However, 
things changed dramatically after the invention 

of the laser in 1960 [19], which generates coher-
ent light, leading to a revival of the field. Leith 
and Upatnieks reached a key milestone with the 
off-axis transmission hologram [20]. At about 
the same time, Denisyuk pioneered the reflec-
tion hologram [21] viewable using ordinary light 
rather than lasers. Dennis Gabor was awarded the 
Physics Nobel Prize in 1971.

The majority of holographic applications 
today can be found in security and authentication 
for credit cards, banknotes, passports or product 
packaging. These simple holograms are mass- 
produced using industrial-scale printing press- 
like machines. This is a billion-dollar industry, 
but which is currently not aimed at general 3D 
imaging as such.

16.3.2.1  Transmission and Reflection 
Holograms

Static holograms are formed by recording inter-
ference patterns in a photosensitive holographic 
material. Holograms use spatial variations in the 
absorption and/or the optical thickness to alter 
the amplitude and phase of an incident wave 
front. The modulation is due to interference pat-
terns derived from the interaction of two laser 
beams: a reference beam and a beam reflected off 
an object.

There are two main types of holograms: 
transmission and reflection. Transmission holo-
grams are formed by exposing the holographic 
material from the same side, whereas reflec-
tion holograms expose it from opposite sides. 
Transmission holograms are the simplest forms 
of holograms (Fig.  16.3) where a collimated 
laser beam is split in two, one path hitting the 
object which interferes with the other reference 
beam, thus exposing photographic plate. Details 
of practical recording considerations for trans-
mission and reflection holograms (not shown) 
can be found in [22].

Holographic recording media are usually 
based on organic photosensitive materials such 
as dichromated gelatine (DCG) or silver halide, 
similar to traditional photographic film [23]; 
modern materials are based on photopolymers 
with organic dyes [24]. DCG and silver halide 
require further chemical processing (bleaching 
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and developing) after exposure, whereas the lat-
est photopolymers use the light itself to develop 
the photosensitive material. Additionally, in 
some cases, bleaching requires illumination with 
UV radiation.

A holographic image is reconstructed by 
transmission or reflection of light through this 
recording medium. The replay of a transmission 
hologram is shown in Fig. 16.4, where the refer-
ence beam is replaced with a laser illumination 
beam.

Transmission holograms behave rather like 
gratings, requiring coherent illumination through 
the hologram, based on the principles of Fresnel 
diffraction from Fourier optics theory [25], 
Fig.  16.5 (left). The average fringe spacing, or 
spatial frequency of the interference patterns, 
within a transmission hologram is given by the 
grating equation:

 
Λ =

sinθ
λ  

(16.2)

where θ is the angle between the object and the 
reference beam and λ is the wavelength of the 
recording laser. Reflection holograms can be 
regarded as tiny wavelength-selective micro- 
mirrors, requiring ordinary non-coherent illu-
mination on the front surface, based on the 
principles of Bragg’s diffraction theory [26], 
Fig. 16.5 (right). The average spatial frequency 

of the Bragg grating structures within a reflection 
hologram is given by:

 
Λ =

2sinθ
λ  

(16.3)

which is simply twice the spatial resolution of 
the transmission case. Reflection holograms 
require higher-resolution holographic media for 
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Fig. 16.3 Recording a 
transmission hologram
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Reconstructed
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Fig. 16.4 Reconstructing a transmission hologram
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 recording, and they are also highly angular and 
wavelength sensitive, while transmissions gener-
ally diffract many wavelengths. For replay and 
viewing the 3D image, transmission holograms 
require laser (coherent) illumination, whereas 

reflection holograms can use incoherent ordinary 
white light sources including LEDs.

The main characteristics of transmission 
and reflection holograms are shown in the table 
below:

λ0

λ

Λ

Λ θ

θ

Fig. 16.5 Diffraction 
through transmission 
(left) and reflection 
(right) holograms

Hologram type Transmission Reflection
Diffraction Fresnel Bragg
Recording lasers Same side Opposite sides
Resolution (lines/mm) ~2000 >5000
Transmission/reflection Insensitive to λ and θ Sensitive to λ and θ
Illumination Laser (coherent) Incoherent white light
Applications Analogue mastering Holographic video display Analogue/digital holograms

16.3.3  Static 3D Imaging and Digital 
Holography

Digital holograms are fabricated using holo-
printer or holographic printing devices. These 
are industrial-scale machines that can manu-
facture full-colour, purely digital reflection 
holograms in a manner that is repeatable and 
reliable. They are available from a handful of 
manufacturers including Geola (LT), Ceres 
Holographics (UK), Zebra Imaging (USA) and 
HoloTech (HU).

The basic principles behind digital holog-
raphy stem from integral imaging as described 
in Sect. 16.3.1, where a 3D scene or object can 
be decomposed into a series of tiny 2D images 
viewed through an array of micro-lenses. A digi-
tal hologram essentially combines the 2D image 
and lenslet into a single holographic pixel, also 
known as a holopixel or hogel. The digital holo-
gram comprises a matrix of these holopixels cre-
ated by the interference of red, green and blue 
(RGB) lasers in a holographic medium such 

as a photopolymer (manufactured by Bayer or 
DuPont) or silver halide film.

A holoprinter, Fig.  16.6, includes RGB 
lasers, a spatial light modulator (SLM) micro-
display, beam-steering optics, and a computer 
to depict the images on the SLM as well as a 
control system for the entire assembly. The 
laser-writing scheme uses an object and refer-
ence beam pair to create the interference pat-
tern, which can be considered as a modified 
Fourier transform of the scene viewed through 
the holopixel aperture. The object beam is mod-
ulated via the SLM with 2D information synthe-
sised from the scene. Optics are held stationary, 
whereas the holographic medium is mounted on 
an x-y translation stage and moved relative to 
the lasers, which are usually arranged vertically 
in-line and operate on different holopixels in 
parallel. The stage is moved continuously in a 
raster-scan fashion.

Holopixels are written with three (RGB) 
pulsed lasers with pulse widths around 40  ns 
and energies up to 10 mJ. The RGB holopixels 
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are spatially overlaid, with holopixel dimensions 
now shrinking to submillimetre diameters, cur-
rently around 0.7 mm, and trending even smaller 
to 0.5 mm or even 0.25 mm. At such small dimen-
sions, the holopixels are no longer visible to the 
human eye, making it possible to create photo-
realistic digital holograms. The Zebra Imaging 
holopixel is 0.7  mm wide, imaging 512  ×  512 
pixels giving over half a million rays of light per 
square mm and a field of view of 90° full par-
allax. An A4 page-sized (200 × 300 mm) digital 
hologram has over 47 Gb of data and fabrication 
typically takes several hours.

The holograms produced in this manner are 
high-quality, full-colour reflection holograms. 
For replay (viewing) of the 3D image, digital 
holograms only require a simple, bright point 
light source for illumination. It is even possible 
to produce digital holograms that can lie flat, 
allowing the viewer to walk 360° around the 
image. Printing a small page-sized digital holo-
gram costs a few hundred dollars to produce, 
with larger images, up to a square meter, scaling 

in price accordingly to thousands of dollars. For 
volume production, the price can be reduced by 
an order of magnitude via holographic replica-
tion technology that works like a ‘holographic 
photocopier’, using RGB lasers to make cop-
ies of digital holograms in just minutes. This is 
attractive given that the master hologram takes 
many hours to produce.

Current holoprinters are somewhat bulky 
devices with large and powerful lasers as well 
as mechanics, costing up to a million dol-
lars. However, portable devices are not far off. 
Companies like Pioneer and Samsung are work-
ing to develop a desktop unit using RGB laser 
diodes that can produce smaller format digital 
holograms up to A4 page size. There is every 
reason to expect desktop-sized holoprinters no 
larger than a standard laser printer within the next 
few years. Some analogies can be drawn between 
holoprinter technology and physical 3D print-
ing, where the latter was initially used in high-
end industrial applications but is now available 
to anyone.
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Fig. 16.6 Optical architecture of a holoprinter system
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16.3.3.1  Digital Hologram 
Channelling and Animation

The digital hologram encoding mechanism 
means it is possible to control the light rays ema-
nating from each holopixel. This means that it is 
feasible to include several distinct images within 
the digital hologram, each of which appears over 
a specific range of viewing angles. Holoxica 
developed a number of techniques that allow the 
3D image to reveal layers, as the viewer moves 
past the hologram, thus revealing otherwise hid-
den aspects of the image. As most of the images 
are synthetic, it is also possible to include opacity 
and fading to highlight features that would other-
wise be obscured.

16.3.4  Case Study: Facial Forensics 
for Archaeology

In 1857, Scottish archaeologist Alexander Rhind 
excavated a mummy from a tomb in Thebes and 
transported it to Edinburgh. The mummy was 
unusual because it was completely intact in its 
original wrappings when it was donated to the 
National Museum of Scotland, under the con-
dition that it never be opened. The secrets of 
the Rhind Mummy were finally revealed over 
150  years later when it was scanned by the 
Clinical Research Imaging Centre (CRIC) at The 
University of Edinburgh, Toshiba Aquilion One 
CT scanner.

The scan data was processed using a series 
of volume rendering software (Fovia, Toshiba 
Vitrea and Voxar 3D) to isolate the various lay-
ers through the wrapping to reveal underlying 
detail. Bone can easily be extracted using stan-
dard tools and techniques including the open 
source 3D Slicer application. The initial analy-
sis also revealed further hidden artefacts, most 
significantly an embossed metal plate (possibly 
gold) with a flying scarab, placed on the fore-
head during mummification. Facial reconstruc-
tion detail was extracted from the CT data using 
similar methods via the Amira tool. Finally, the 
sarcophagus, or outer wrapping, was isolated. 
Forensic analysis determined that the mummy 
was in her late 20s and approximately 158 cm in 
height. The cause of death could not be inferred 
from the scan data.

Holoxica produced a 30  ×  30  cm animated 
hologram of the face and head, all from the 
various volumetric and segmented models 
derived from the CT data. The digital hologram, 
Fig. 16.7, reveals different layers of information 
as the viewer moves from left to right. The first 
layer is the sarcophagus wrapping (Fig.  16.7, 
left), peeling away to reveal the face (centre) 
followed by the skull (right). The outer wrap-
ping is encrusted with jewels and gold amulets, 
which are visible from all angles. The metal cap 
is revealed towards the right.

The Rhind Mummy will never be opened, so 
the best way to look inside and appreciate this 

Fig. 16.7 The Rhind Mummy hologram with three channels (views)
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artefact in 3D is to use advanced visualisation 
techniques. The colour-animated hologram is 
life-sized and shows a level of depth, detail and 
realism that is difficult to demonstrate to the 
public in other ways. The hologram has been 
shown in science museums including the MIT 
Museum, National Museum of Scotland and 
Saint Petersburg Museum of Optics.

16.4  Graphics Processing Medical 
Data for 3D Visualisation

In principle, it is possible to turn any type of 3D 
dataset into a digital hologram or a holographic/
light field display. The data can be a scan, a 
mathematical description, molecular data, map/
contour data, point cloud, volume data or a CAD 
model. Provided there is sufficient data to extract 
an acceptable 3D model, it is possible to gener-
ate a hologram. Visualisation of 3D data from 
medical scanners is based on two main tech-
niques: surface rendering and volume rendering. 
The choice of an appropriate technique is often 
operator- selectable and depends on the clinical 
application.

Surface rendering is the most common and 
least computationally demanding 3D visualisa-
tion method. It is based on the identification and 
extraction of boundaries or edges that define 
organs, tissues, vessels, bones or other anatomi-
cal regions of interest within the scan volume. 
The boundaries can be identified either manually 
via simple thresholding voxels and their neigh-
bours or automatically using algorithms such 
as marching cubes [27] or its derivatives [28] 
to identify isometric surfaces. Once the surface 
structures of the organ or region are classified 
and identified, they can be mapped to polygonal 
meshes to represent the geometry. This brings the 
scan data within the realm of computer graphics 
where standard techniques can be applied to the 
mesh model including lighting, shading, reflec-
tion, diffusivity, etc. Finally, specialised graph-
ics hardware (GPUs) can be used to speed up 
rendering.

Volume rendering is an alternative technique 
enabling direct visualisation through the entire 

volume of the data, rather than the selected geom-
etries from surface rendering. Volume rendering 
is a ray-tracing method in which virtual light rays 
are back-propagated through the 3D volume data 
and projected on to a viewing plane. Each ray 
intercepts a series of voxels along a linear path 
where they are weighted and summed to achieve 
a semi-transparent render through the volume. 
A simple rendering algorithm [29] is based on 
translucent/opacity propagation where the pixel 
value is given by the expression:

 
V Vi i i i= −( ) +−1 1 α γα

 
(16.4)

where Vi is the value of the ray exiting from the 
ith voxel and Vi–1 is the ray entering the voxel 
emitted from the preceding voxel. The parameter 
α describes the opacity and γ controls the lumi-
nance of the voxel, based on the local gradient. 
Volume rendering has the advantage that the final 
image is derived from the original data without 
information being discarded. However, this tech-
nique requires far more computation than surface 
rendering, scaling with the linear physical dimen-
sions of (or number of voxels within) the dataset. 
In some ways, this casting of light rays through 
a volume and capturing the projections within a 
viewing zone is analogous to the tomographic 
techniques that acquired the volume in the first 
place.

16.4.1  Data and File Formats

Given the rising popularity of solid 3D printing, 
surface models are increasingly important not 
just for visualisation but also for physical imple-
mentation. Indeed, such models are used to make 
prosthetics and even fabricate certain organs [30, 
31]. This has given rise to the STeroLithography 
(STL) file format, which is rapidly becoming a 
de facto means of disseminating 3D informa-
tion. This file format is now supported by many 
3D scanning, CAD and visualisation tools. 
Fortunately, in this context, the STL file format is 
also amenable to the production of digital holo-
grams. However, there are some limitations with 
the format, namely, the lack of opacity and colour 
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information, that can be overcome through use 
of the OBJ file format that combines surface 
mesh data with textures. This is also a de facto 
means of more complex 3D data representa-
tions. Unfortunately, OBJ is designed for single 
objects and does not contain scene information 
(camera position) or animation. Other formats 
such as Collada (DAE) and FilmBox (FBX) from 
Autodesk can be used for full-scale animations. 
Volume data from medical scanners is stored 
in the popular DICOM (Digital Imaging and 
Communications in Medicine) format. DICOM 
is the industry standard for the interchange of 
information between computers and medical 
devices, based on a non-proprietary protocol, 
image format and file structure.

16.5  Dynamic 3D Imaging: Video 
Displays

An ideal 3D display needs to be able to recreate 
the depth cues discussed in Sect. 16.2 in order for 
the human brain to perceive the scene correctly. 
The technologies employed within 3D displays 
can be broadly defined across the categories 
listed below.

• Stereoscopic displays.
• Auto-stereoscopic displays.
• Head-mounted displays.
• Volumetric displays.
• Light field displays.
• Holographic displays.

Currently, the most popular panel technologies 
for most of the above are based on variants of LCD 
or organic light-emitting diode (OLED) screens 
viewed through stereoscopic glasses per viewer 
or lenticular arrays. Prolonged viewing of such 
stereoscopic displays leads to discomfort and dis-
orientation due to the vergence- accommodation 
conflict (Sect. 16.2). Wearing glasses is cumber-
some and uncomfortable, whereas lenticulars 
limit the number of viewers. Head-mounted dis-
plays have been around for a long time, but they 
have never really caught on, largely because of 
inconvenience, technical, mechanical and cost 

issues. Holographic displays are still difficult to 
make and are still at the research stage.

The following sections outline a review of some 
emerging 3D light field and holographic display 
technologies with commercial potential. The cov-
erage is by no means exhaustive and only reflects 
a subset of the technological spectrum. The key 
design parameters and specifications of the displays 
are considered, together with performance criteria.

16.5.1  Light Field Displays

A light field display (LFD) is a surface that emits 
rays of light at different intensities and direc-
tions according to Eq. (16.1). There are two main 
architectures for LFDs: lenslet arrays from Sect. 
16.3.1 and arrays of spatially overlapping projec-
tors. Important parameters to consider are spatial 
resolution (pixel density) and angular resolution 
(across a field of view), which can be expressed 
as a rays-per-unit area metric. A good place to 
start is to consider the angular and spatial reso-
lution of the human eye, which depend on the 
viewing distance from the screen, typically 
300–500 mm. A reasonable field of view is 90° 
in at least one parallax direction, and an angular 
resolution of around 1° is acceptable at this dis-
tance. For example, a 1 × 1 mm hogel that images 
100  ×  100 pixels within an FoV of 90° has an 
angular resolution 0.9° with 10,000 rays/mm2 (in 
two dimensions). This implies that the underlying 
display needs to have a 2D resolution of 2,450 ppi 
or a pixel pitch of just 10 μm. Compare this with 
a current smartphone display of 500 pixels/in., 
which is rather challenging over a large surface 
area. In terms of storage, a 50 × 50 mm display 
requires 75  Mb of data for a single image and 
a bandwidth of 1.88 Gb/s for streaming video at 
25 fps. These figures are challenging but possible 
with current computation (GPU) and network/
interconnect technologies. The display resolu-
tion, computation, memory and bandwidth can 
be reduced considerably by constraining the par-
allax of the display to the horizontal dimension 
given that human eyes are mounted horizontally 
and visualisation is in this plane is acceptable for 
a vertically mounted display.
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16.5.1.1  Zebra Imaging and FoVI3D
One of the most advanced 3D light field dis-
plays was initially developed by Zebra Imaging, 
a military contractor and manufacturer of holo-
printer and 3D display technologies. The latest 
3D display is being developed by its spin-out, 
FoVI3D.  Zebra Imaging/FoVI3D have a long 
history of developing dynamic 3D LF displays 
funded by series of US military DARPA proj-
ects. The military requirements are for a table-
top or sandbox format for terrain and battlefield 
scenario visualisation with an FoV of 90° (360° 
walk around), full parallax, colour and video rate 
refresh capabilities.

A first demonstrator was presented in 2006, 
which was a 300 × 300 mm monochrome display 
with 10 mm resolution. The first colour display, 
known as the Gen1 display, was built in 2010, 
with a 0.5  m diagonal comprising 216 projec-
tors and 27 computing nodes [32], with an FoV 
of 90° and ~5700 rays/mm2, Fig. 16.8 (left). The 
Gen2 display is monochrome yellow with a 90 × 
90 mm screen, 160 × 160 hogels with an FoV of 
60° with almost 10 k rays/mm2, Fig. 16.8 (right). 
Both of these rely on arrays of micro-displays 
with relay optics to the lenslet array.

16.5.1.2  Multi-projector Arrays
A commercially available 3D displays is the 
HoloVizio family made by Holografika [33, 34], 
which can show high-resolution horizontal par-
allax full-colour images. It is based on light field 
imaging where the light rays that form the 3D 
image are produced by a large array of 2D pro-
jectors through a holographic diffusion screen. 
Each point of the screen can emit rays of dif-
ferent colours in different directions, depend-
ing on the projector, all under computer control. 
The screen is a holographic diffuser with a ran-
domised (non- periodic) surface structure that 
is independent of wavelength. For a horizontal 
parallax configuration, the screen ensures that 
each incident light beam is diverged by an angle 
of around 1° horizontally and 90° vertically. 
The light beams generated by the projectors 
hit the screen at various angles, and the screen 
blends these beams into a continuous 3D view. 
The 80WLT prototype, Fig.  16.9, has 80 pro-
jectors (each 1280  ×  768 resolution) behind a 
63 × 39 cm holographic screen with a remark-
able 180° FoV (horizontally). The system has 
78 M rays of light, with ~320 rays/mm2 and an 
angular resolution of 0.9°.

Fig. 16.8 Zebra Imaging Gen1 and FoVI3D Gen2 displays
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16.5.2  Electro-holographic Displays

In the future, 3D displays are likely to be based 
on holographic technologies that recreate the 
light field of the 3D scene [11, 35, 36]. The quest 
for a commercially viable holographic display is 
still in the early stages of technology readiness. 
Holographic displays require manipulation of 
features that are similar in size to the wavelength 
of light passing through them to enable diffrac-
tion. These features may modulate the amplitude 
and/or the phase of the light, similar to the trans-
mission holograms presented in Sect. 16.3.2.1. 
It can be shown that phase modulation is much 
more powerful and efficient than amplitude mod-
ulation [37]; it turns out that only eight phase lev-
els are required to attain a theoretical diffraction 
efficiency of 95%.

Electro-holographic display research has 
focused on 3D imaging based on high-resolu-
tion spatial light modulation (SLM) technology. 
SLMs are specially constructed micro-displays 
that provide phase and/or amplitude modula-
tion, thus providing digitally programmable 
diffractive holographic elements. The diffrac-
tion pattern for a scene is computed photon by 
photon rather than created with laser interfer-
ence as shown in Sect. 16.3.2, and the pattern 
is transferred to the SLM either electronically 
or optically. Computer- generated holography 
quantizes the hologram or SLM plane, utilis-
ing digital Fourier-optical image processing 
approaches to computation of the interference 
patterns [38, 39].

Consider a holographic display with 1  μm 
features and λ  =  500  nm (green), which yields 
a full diffraction angle of ~30°, from Eq. (16.2). 
If this display is 50 × 50  mm, then we have a 
total of 2.5  G 1-μm pixels in the array. If we 
only have eight phase levels, then three bits of 
data are required per phase pixel; thus the display 
requires 937.5 Mb of information to represent a 
single monochromatic image. If this is running 
at 25 fps in full RGB colour, then we require a 
data bandwidth of 70.3  Gb/s for uncompressed 
video. In terms of computation of the diffraction 
pattern across the array, first define a voxel size 
of 1 × 1 × 1 mm or 1 mm3, as being composed of 
a number of single-photon emitters. If these emit-
ters are placed 100 μm intervals, then the voxel 
contains 1000 point sources. If the phase calcu-
lation for a single pixel requires just 10 cycles, 
then we require 25 TFlops of computing power 
for a volume element the size of a grain of sugar. 
Larger scenes would require more computation 
as would real-time video.

It is evident that a holographic display with 
micron-sized pixel features is a few orders of 
magnitude beyond the capability current technol-
ogy. These raw figures appear to be rather daunt-
ing in terms of fabrication technology, bandwidth 
and computation. Nevertheless, there is hope and 
a number of simplifications can be applied to 
realise practical displays. A common optimisa-
tion is to constrain the parallax of the 3D image 
to the horizontal plane, which cuts the complex-
ity to the square root of the figures presented 
here. The same approach is used in light field 
displays. The following sections discuss differ-
ent approaches to implementing holographic dis-
plays that exploit various optimisation strategies.

16.5.2.1  Rewriteable Holographic 
Materials

An intuitive extension to the digital holograms 
discussed in Sect. 16.3.3 is to transform static 
write-once holograms into rewriteable holo-
grams at video rates. The University of Arizona 
developed a re-settable photorefractive poly-
meric material that can be recorded optically by 
laser interference and erased with a laser under 
an applied electric field [40]. The first version 

Fig. 16.9 Holografika light field display
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had monochromatic images that could be erased 
and rewritten in 4 min. A subsequent version [41] 
reported in 2010 can rewrite a 100  ×  100  mm 
hologram in just 2  s with 1  mm2 holographic 
pixels.

A similar technology utilises a holographic 
thin film based on a proprietary liquid crys-
tal (LC) mixed with a photosensitive material 
[42] that can be erased and rewritten in just a 
 millisecond. Unlike the Arizona photopolymer, 
this photo-LC material is erased and written 
optically rather than electrically. The photo-LC 
requires a recording beam at one wavelength, 
while the holographic interference pattern is read 
at a different wavelength. The interference pat-
tern is maintained as long as the recording beam 
is active and it is erased once the recording beam 
is switched off [43]. This technology is poten-
tially suitable for large-sized real-time dynamic 
full- colour holographic displays.

The writing of the digital hologram is achieved 
with colour pulsed lasers similar to writing digi-
tal holograms using a holoprinter as described 
in Sect. 16.3.3. The ultimate goal to reduce this 
research is to reduce the write time to tens of mil-
liseconds for real-time video. This is very chal-
lenging given the amount of information that 
needs to be written aside from laser safety issues 
around protection of the viewer during the writ-
ing process.

16.5.2.2  MIT Acousto-Optical 
Modulation

A series of holographic display prototypes were 
produced at MIT under Benton, starting with 
the MIT Mark 1 display from 1989, which is an 
electro- holographic device based on an acousto- 
optical SLM (AO-SLM) capable of producing 
1-in. cubic (25  ×  25  ×  25  mm) images at 20 
frames/s, both monochromatic [44] and colour 
[45]. The Mark 2 display improves on this in 
1994 to achieve a 150  ×  75  ×  75  mm image. 
The Mark 2 architecture has better optics, faster 
electronics to scale the earlier system through 
tiling hardware and increased parallelism [46, 
47]. These displays are some of the best known 
among the research community. They are hori-
zontal parallax displays and illumination is via a 

red laser at 632 nm. The third generation includes 
layered tomographic displays [48] comprising a 
stack of light-scattering LCDs. Finally, the latest 
generation is based on a wave-guided acousto-
optical modulator in an optical substrate [49].

16.5.2.3  Qinetiq EASLM Array
A CGH display prototype was developed in 
the mid-2000s by researchers at Qinetiq, a UK 
military contractor. It was based on arrays of 
electrically erasable SLMs (EA-SLMs) with a 
GPU-based computing cluster for computation 
of the diffraction patterns [50, 51]. Illumination 
was via RGB lasers at 647, 532, and 457 nm. It 
was intended for engineering and military visu-
alisation. This display was a proof of concept and 
while the outcomes were viewed favourably, the 
R&D has since been discontinued.

16.5.2.4  SeeReal Eye-Tracking System
The SeeReal approach [52, 53] uses a LCD dis-
play as a simplified SLM that is combined with 
eye tracking to present a holographic image 
within the observer’s field of view. This optimi-
sation drastically reduces the required specifica-
tions of the holographic display in terms of the 
resolution, bandwidth and computation require-
ments. The images are 3D and in full colour. 
Unfortunately, head or eye tracking has been a 
difficult technology to implement in practice, and 
it leads to other problems including timing lags 
and restricting viewing to just one person.

16.5.2.5  Holoxica Volume Displays
Holoxica has produced three generations of 
holographic video displays based on volumetric 
techniques. The first generation demonstrator, 
presented in 2010, is based on a proprietary holo-
graphic screen containing spatially multiplexed 
interference patterns that can be easily switched 
by redirecting a pattern of structured illumination 
[54]. This is suited to simple imagery such as 
icons, symbols or segmented digits. The second 
generation display, made in 2013, is based on a 
large holographic optical element (HOE) and a 
laser projection system, Fig. 16.10. This enables 
free-space imaging with arbitrary programmable 
3D images visible in mid-air that can change 
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in real time [55]. Interactivity is added with a 
motion sensor, which allows the user to ‘touch’ 
icons in space and to do things like draw in mid- 
air. The images are relatively large (70 × 70 mm) 
and bright enough to be visible under typical 
office lighting conditions. Holoxica’s third gen-
eration, display is being designed for volumetric 
imaging of medical scan data.

The displays are bigger, brighter and better 
with each generation, for example, the reso-
lution of the first generation was some tens of 
segments, whereas the second generation is a 
several 100 k pixels, whereas the third genera-
tion will be in the order of millions of voxels. 
Other key parameters to improve include view-
ing angle and refresh rate.

16.5.2.6  Emerging Companies
Leia Inc. is a Hewlett Packard spin-out company 
developing a phone-sized 3D display based on 
a diffractive light field backlighting architec-
ture. The display is arranged into an array of 
pixels with each pixel comprising sub-pixels of 
different grating structures that act as prisms, 
changing the direction of the incident backlight 
light. The spatial resolution is 88 pixels/in. 
Each pixel has 64 independent viewpoints over 
a 90° field of view [56], i.e. angular resolution 
of 1.4°. This arrangement yields a ray density of 
768 rays/mm2. A recent startup is the Looking 
Glass Factory, who offer a horizontal-parallax 
light field 3D display, with a 50° field of view 
with an angular resolution of 1.11° (45 views), 
and display sizes up to 32 inches. This is based 
on a dense pixel array (8K in the case of 32”) 

with an optical array and combining element to 
spread and confine the light.

16.5.3  Case Study: Dental Implant 
Planning

Holoxica collaborated with the Hightech Research 
Centre for Oral and Cranio- Maxillofacial Surgery 
of the University of Basel on the 3D visualisation 
of a procedure around a novel dental implant with 
a special coronal groove design. The 3D model, 
Fig. 16.11, visualisation shows the jawbone, teeth, 
cavity, implant and crown. An animation of the pro-
cedure was created, enabling a full 3D view of all of 
these elements. The titanium implant was created 
as a mechanical engineering part extracted from 
a CAD model. The jaw bone and teeth data were 
extracted semi-automatically from the patient’s CT 
scan via thresholding in slicer. The crown was mod-
elled as a mesh using 3D Studio Max™.

The animated 3D model can be viewed on a 
light field display (as shown in Fig. 16.11) or a 
volumetric display (in monochrome) where it can 
be manipulated, including rotation, zoom as well 
as pause/stop for the animation. It is even pos-
sible to generate a static digital hologram from 
this model. The visualisation enables a compre-
hensive appreciation of the angles of entry, con-
straints within the mouth cavity and freedom of 

Fig. 16.10 Holoxica second gen display

Fig. 16.11 Visualisation for dental implant planning
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movement for the surgeon. Especially useful for 
advanced education programmes and implant 
training courses, this new technology will open 
a wide range of unprecedented opportunities to 
convey state-of-the-art implant dentistry in the 
future.

16.6  Conclusions

This chapter focused on the creation and visuali-
sation of true 3D images viewed naturally without 
any form of eye ware, with an emphasis on data-
sets from medical scanners. The  characteristics 
of human stereoscopic visual perception and 
potential benefits in medicine were presented. 
The scientific literature shows that the best meth-
ods of creating convincing 3D imagery are holo-
graphic and integral imaging techniques. Static 
imaging with digital holography via holoprinter 
devices has recently emerged across all medical 
imaging modalities including ultrasound, CT and 
MRI. Currently, surface rendering techniques are 
preferred as the holoprinter workflow leverages 
computer graphics techniques. Some relevant 
case studies around forensic archaeology and 
surgical planning applications were discussed. 
Dynamic 3D display technologies capable of 
showing motion video are slowly edging closer 
to commercial reality, and a review of some 
popular technologies on the horizon is presented. 
As ever, a great deal of investment is required to 
make these displays practical with the military 
leading the way, followed by the medical com-
munity, alongside a few small but innovative high 
tech companies.
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Abstract

This chapter discusses recent applications and 
findings in additive manufacturing (AM), or 
3D printing, applied in oral and maxillofacial 
surgery. The reader will get an introduction to 
the basics of AM technology followed by oral 
and maxillofacial applications like printing of 
anatomical models and the design and manu-
facturing of customised implants. Recent 
research on the biological response of some 
AM metal alloys is also discussed at the end of 
the chapter.

Keywords

Additive manufacturing · 3D modelling  
Anatomical models · Biological response

17.1  Introduction

Additive manufacturing (AM), or 3D printing, 
relates to a wide range of technologies where 
parts are built up by adding material in a layer- 
wise strategy, which is in contrast with subtrac-
tive methods where material is removed. One of 
the first patents in the area focused on prototyp-
ing using UV-curable polymer resins [1], and 
after that, new technologies were rapidly devel-
oped and a variety of materials that could be pro-
cessed by AM followed. In the mid-1990s, some 
applications and machines for metal AM were 
developed, although history shows that these 
ideas were put on paper already in the 1970s by 
the French inventor Ciraud [2]. The area of AM 
has developed from the early days of prototyp-
ing to a technology that has begun to compete 
with traditional methods for serial manufactur-
ing, and it is today seen as an important area for 
many countries and regions throughout the world 
for re-industrialisation through the increased 
competitiveness and sustainability offered by 
AM.  Today, parts manufactured using AM are 
present in a wide range of different applications, 
and the technology is broad in the sense that it 
is applicable to everything from small scale 
(nanoprinting) to large scale (houses, structural 

elements for airplanes) and uses a large vari-
ety of materials, from food and living cells to 
electronics.

AM allows for freedom of design, short lead 
time, flexibility in manufacturing, consolidation 
of design, minimal material waste, and distrib-
uted engineering and manufacturing. These attri-
butes have been shown to be important drivers 
for AM in general, as well as for medical applica-
tions, and AM is today used from individualised 
and small series manufacturing in order to meet 
specific needs for patients to serial production 
where manufacturing cost is the main driver. This 
chapter explains different technologies avail-
able for 3D printing, applications within oral and 
maxillofacial surgery, and recent findings in the 
biological response to such applications.

17.2  Technology Overview

Nowadays, a huge variety of 3D printing pro-
cesses is available on the market. While a few 
years ago a 3D printer was rather unaffordable 
for home users, simple 3D printers can now be 
purchased for just a few hundred dollars (mainly 
FFF/fused filament fabrication). The considerable 
cost reduction of printers and printing materials 
and the increase in user-friendliness of 3D plan-
ning and printing software has led to the substan-
tial spread of 3D printers in all areas, especially in 
industry, design, education, and medicine—how-
ever, industrial 3D printers can still cost hundreds 
of thousands of dollars. Subsequently, more and 
more medical professionals have become aware 
of the benefits of 3D printing for use in medi-
cine. Especially in  modern dentistry and oral and 
maxillofacial surgery, 3D printing has become an 
integral part of the digital medical treatment pro-
cess (e.g. in the manufacture of sawing or drilling 
templates, dental models, orthodontic aligners, 
temporary restorations, or even as a basis for 
complex final prosthetic restorations or patient-
specific implants). Many currently available 3D 
printing materials are biocompatible and are cer-
tified for medical applications and can therefore 
be used for contact with the human body or even 
as a substitute material for human tissues. The 
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most widespread 3D printing processes have in 
common that a printing material (e.g. plastics/
polymers, polymer resins, metals, ceramics, or 
other materials, including biological substances 
such as living cells) is applied layer by layer to a 
printing bed and cured by physical and/or chemi-
cal processes. These layers can be as thin as only 
a few micrometres, so the print result can be at a 
very high resolution and thus correspond exactly 
to the original computer-aided design (CAD) file. 
The principle is that the higher the resolution 
and the larger the building structure, the longer 
the fabrication time will be. In contrast to the 
already mentioned subtractive rapid prototyping 
procedures, which encounter significant limita-
tions compared to the AM processes, 3D printing 
offers the advantage that almost all geometries 
can be produced. This offers the advantage that 
expensive raw material for printing can be saved 
and that very accurate, light, and resilient bod-
ies that meet biomechanical requirements can be 
fabricated.

3D printing offers the advantage that engi-
neers, developers, and physicians can segment 
and design 3D models on the computer and can 
hold them in their hands in no time at all, thanks 
to AM.  Anatomical physical 3D models and 
patient-specific 3D-printed implants enable an 
unprecedented improvement of medical care in 
many areas. Above all, the fabrication of mod-
els with the exact geometry corresponding to the 
patient’s anatomy gives the surgeon or physician 
the opportunity to plan an invasive procedure in 
advance and to perform model operations. Taking 
into account the manufacturing costs of the ana-
tomical biomodels, this leads to cost savings by 
improving the quality of results and shortening 
the operating time [3]. The physician can even 
test different surgical procedures on the basis of 
preliminary planning and choose the least inva-
sive approach for the patient. 3D printing in med-
icine enables a cognitive process, which is also 
called “touch to comprehend” [4].

Increased interest from industry led to the 
need to categorise different machine technolo-
gies and processed materials, so in 2010 an 
ASTM initiative called “ASTM F42—Additive 
Manufacturing” formulated a standard where 

AM was divided into seven different categories—
material extrusion, material jetting, binder jet-
ting, vat photopolymerisation, powder bed fusion, 
sheet lamination, and directed energy deposition. 
Some of the most common 3D printing technolo-
gies are briefly described below.

It must be emphasised that the print result 
depends mainly on the quality of the digital data 
set, which typically originates from computed 
tomography (CT) or magnetic resonance imag-
ing (MRI), and only secondarily on the printing 
process used. In addition, all AM processes have 
advantages and disadvantages that must be taken 
into account when selecting them for appropri-
ate medical applications. For example, the mate-
rial extrusion process is very well suited for the 
fabrication of anatomical 3D biomodels but less 
appropriate for the production of high-precision 
dental models or splints.

17.2.1  Material Extrusion

Due to its technical simplicity and relatively low 
purchase costs, material extrusion is widely used 
for simple 3D printers, and it includes technolo-
gies such as FFF and fused deposition model-
ling (FDM). With this technology, one or more 
plastic filaments wound on a spool are heated 
by one or more extruders up to the melting 
temperature of the material, and the material is 
then applied to the print bed. There, the mate-
rial bonds with the layers underneath, cools, and 
hardens. The print bed is lowered and the next 
layer is applied in sub-millimetre thickness. The 
advantage of multi-extruder 3D printers is that 
different  printing materials can be used at the 
same time. For example, support structures that 
are necessary for the production of overhangs can 
be printed with a water-soluble support material 
such as PVA (polyvinyl alcohol). Some research 
groups are currently working on FFF printing 
of high- performance medical polymers such as 
PEEK (polyether ether ketone). Initial results are 
very promising and offer a wide range of applica-
tions, for example, in the cost-effective produc-
tion of patient-specific PEEK implants in facial 
reconstructive surgery [5].
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17.2.2  Vat Photopolymerisation

Vat photopolymerisation (often called stereo-
lithography, SLA) is a process in which light 
(e.g. a UV laser) crosslinks molecules and cures 
them to solid polymers. Here, too, the building 
platform is raised and lowered for each cured 
layer in a vat of liquid polymers and exposed 
to the laser beam, so that the finished solid 3D 
model can be removed at the end of the printing 
process. These methods are especially suitable 
for very high- resolution structures and exact 
models. For post- processing, the 3D models 
often have to be washed in isopropyl alcohol 
and hardened by UV light to achieve their final 
strength and durability.

17.2.3  Powder Bed Fusion

This method includes printing processes in which 
granular materials (polymers, metals, etc.) are 
evenly distributed on the print bed with a roller 
and are then selectively fused layer by layer using 
either a laser or an electron beam. Basically, 
materials in powder form are melted by heat 
layer by layer until the model is finished. Laser-
based methods include selective laser melting 
(SLM) and selective laser sintering (SLS), and 
these can be used for both polymers and metals. 
Electron beam melting (EBM) has been devel-
oped only for metals, and here the raw material 
(e.g. titanium alloy) is melted in a high vacuum 
by an electron beam.

17.2.4  Binder Jetting

In the binder jetting process, the powder is selec-
tively bonded by a liquid binding agent sprayed 
on the powder bed using an inkjet-like technol-
ogy. By using print heads with many nozzles, 
many dots can be cured at the same time. In this 
way, it is possible to fabricate solid models very 
quickly compared to other methods like FFF/
FDM, and typical materials for this process are 
plastics and metals.

17.2.5  Material Jetting

Here multiple print heads deposit liquid poly-
mers layer wise on a print bed in an inkjet-like 
fashion. After application of the material, it is 
cured with UV light. Wax-like, water-soluble, or 
solvent-soluble structures are used as supports 
for the printing polymers, and these supports 
can be easily removed after the printing process. 
These printing processes enable the processing of 
a wide variety of polymers with different material 
properties at very high precision, and some of the 
technologies are PolyJet and MultiJet printing.

In addition to the printing processes mentioned 
above, there are also a number of other processes. 
For the sake of simplicity, and in order not to go 
beyond the scope of this chapter, the mentioned 
technologies are discussed only in general terms. 
Further information can be found in the relevant 
technical literature.

17.3  From Medical Imaging Data 
to Manufacturing 
and Post-processing

Almost all medical three-dimensional 3D print-
ing models used in medical practice or in the 
clinic begin with a radiological imaging data set. 
CT data sets, and increasingly cone beam com-
puted tomography (CBCT) data sets, but also 
MRI and optical surface 3D scans are used to 
fabricate anatomical models or patient-specific 
implants. In all radiological imaging modalities, 
raw data sets of two-dimensional cross-sectional 
DICOM (Digital Imaging and Communications 
in Medicine) images are used for further pro-
cessing. In the first processing step, the images 
are segmented with the appropriate medical seg-
mentation software. The anatomical region of 
interest or structure is isolated according to the 
greyscale values (e.g. Hounsfield units) of the 
layered medical images and converted (semi-)
automatically into a virtual 3D biomodel. This 
virtual 3D model can now be further processed 
on the computer. In addition, anatomical defect 
areas can also be reconstructed virtually, and the 
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resulting structures and geometries serve as the 
basis for a patient-specific implant. For example, 
these anatomical defect areas can be supple-
mented, specific structures can be mirrored and 
superimposed, or entire virtual surgical proce-
dures can be performed on a workstation. The 
only limitation is the functionality of the medical 
modelling software. At the end of the software 
process chain, the corresponding virtual model 
is exported as a STL (standard tessellation lan-
guage) file. This file format can be imported, 
read, and processed by most 3D printing software 
packages. Subsequently, the 3D model is pre-
pared for AM and the appropriate layer thickness 
and model density are selected, the model is ori-
entated on the build platform, and, if necessary, 
support structures are added (Fig. 17.1).

Depending on the 3D printing technology, 
the printing process now starts and after several 
hours’ printing time results in an exact repre-
sentation of the digital anatomical 3D model. In 
many AM processes, the 3D printed model has 
to be cleaned during post-processing, freed from 
support structures, smoothed, and, if necessary, 
post-hardened. Assuming that biocompatible 
printing material and a printing process approved 
for medical applications have been used, the 
model can be washed and sterilised for intraop-
erative use.

17.4  Oral and Maxillofacial 
Applications for Additive 
Manufacturing

AM has been used for several years for the produc-
tion of 3D physical models depicting the anatomy 
of the craniomaxillofacial skeleton [4]. Initially 
a limiting factor for an accurate model was the 
slice thickness—the distance between each pair 
of scans—of the CT scan [6]. Nowadays CT scans 
are acquired with a slice thickness of 0.65  mm 
and DICOM volumes of 1 mm and are thus opti-
mal for producing realistic models. The models 
illustrate complex arrangements of congenital 
and acquired craniomaxillofacial anomalies, trau-
matic injuries, tumours, craniosynostoses, and 
the effects of several syndromes such as facial 
clefts and dysgnathia. The 3D models are useful 
in education discussing surgical problems and 
approaches in complex situations and can be used 
for model surgery, including the forming of plates 
and scaffolds. Scanning of an anatomical site and 
AM can also replace traditional techniques such 
as impressions to create physical models for the 
production of maxillofacial prosthesis [7]. The 
models are a complement to radiology and give 
the surgical team a realistic 3D picture of the 
complexity of the case and are valuable for plan-
ning and clarifying the need for bone replacement 

Fig. 17.1 Process workflow from CT scan to 3D physical/AM model (Thieringer)
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therapies and patient-specific biomaterial, custom 
implants, and scaffolds in cases of lost craniofa-
cial tissue. For smaller bony defects, autogenous 
bone grafts are the standard, while for extensive 
bone defects following ablative surgery, micro-
vascular reconstructions with osteomyocutaneous 
flaps are the most versatile and reliable option [8]. 
Król et al. [9] developed a fully automatic com-
puter-assisted method to find the best donor site 
for autogenous bone grafts and for the production 
of templates for harvesting. Nowadays there are 
commercial software packages available to plan 
the reconstruction of bone- deficient areas and to 
design AM guides, which allow for exact harvest-
ing of autogenous grafts and ensure precise bony 
repositioning to give the desired replacement of 
lost tissue in terms of both function and aesthet-
ics [10]. When installing osseointegrated dental 
implants, the use of AM surgical templates is a 
way to increase predictability, improve cosmetic 
results, and protect sensitive anatomical struc-
tures, thus minimising morbidity. For dental 
implantology, there are a number of commercially 
available software packages for virtual planning 
and AM that can guide the transfer of the plan to 
real-time surgery [11].

The use of patient-specific guides is partly 
restricted due to costs and the time required for 
outsourced manufacturing. Msallem et  al. [12] 
presented an alternative rapid and cost-efficient 
in-house workflow for craniofacial reconstruc-
tion and cranioplasty. A guide is designed using 
a software package and then manufactured by 3D 
printing and then a silicone template is moulded 
manually. The shaped template is then used dur-
ing surgery to produce a polymethylmethacrylate 
(PMMA) implant. The complete process takes 
approximately 2 h. It is concluded that this work-
flow can be adopted at all hospital centres and 
can serve underprivileged communities by pro-
ducing individualised replacements. Performing 
microvascular-free fibula reconstruction of 
maxillo- mandibular defects entails mirroring the 
native jaw in advance of ablative surgery or mir-
roring the intact contralateral side. The fibula flap 
is cut in several segments, and plates are used for 
fixation of the segments to each other and to the 
native jaw [13]. The graft must be contoured to 

fit the defect, which is a tedious procedure, and 
preoperative virtual planning saves time and 
costs [3]. The earliest systems did not allow for 
the transfer of the surgical plan to the operat-
ing room, but Leiggener et al. [14] developed a 
method to bring the virtual plan to real-time sur-
gery using an AM cutting guide. The osteotomies 
were translated into the AM guide, sterilised, and 
applied during surgery on the fibula allowing for 
the osteotomies and osteosynthesis to be per-
formed with intact circulation. Planning was con-
ducted using software that simulated the surgery 
on a workstation. Manufacturing a cutting guide 
from the computer-based plan speeds up the pro-
cedure by several hours [3], thus minimising the 
ischemic time and increasing precision [14].

Reconstruction plates are usually manually 
bent by the surgeon perioperatively, which is 
quite laborious and time-consuming, and the fit 
is not exact. Dérand et al. [15] developed an algo-
rithm for virtual planning of cutting guides and 
reconstruction plates that could be transferred 
for AM in titanium. The workflow has been 
applied, and the plates have been used in several 
real-time surgeries and shown to have excel-
lent fit and healing. The virtually planned and 
EBM- constructed plates also function as guides 
to guarantee the exact transfer of the plan during 
surgery. Plate and bone specimens retrieved from 
a patient nearly 3 years following a mandibular 
reconstruction were examined morphologically 
and at the molecular level and showed new bone 
regeneration and osseointegration except in a 
minor part where soft tissue ingrowth was pres-
ent. It was concluded that patient-specific EBM- 
manufactured plates are well suited for use in 
microvascular bone reconstructions [16].

It is imperative to analyse the biomechani-
cal requirements of a specific situation to ensure 
that the produced plate has adequate load-
bearing capacity. Huo et  al. [17] established a 
finite- element model from CT data of a mandi-
ble reconstructed with autogenous bone and an 
EBM-produced plate and studied the stresses that 
developed during mastication. The stress distri-
bution in the load-bearing plate was computed 
and the location of the main stress concentra-
tion in the plate was determined, and it was con-
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cluded that finite-element analysis could serve 
as a tool for optimising the design of mandible 
implants. The development of the AM technol-
ogy for the production of patient-specific devices 
has opened an enormous new field for recon-
structive surgery. In oral and craniomaxillofacial 
surgery, individualised devices needed for all 
indications can today be manufactured with AM, 
and new candidate biomaterials have been devel-
oped both for hardware and for bone substitutes. 
Polyetheretherketone (PEEK) is frequently used 
as an alternative to titanium implants for recon-
struction of the cranial vault and for augmenta-
tion of facial defects and maxillary or mandibular 
hypoplasia. The results have been excellent and 
equivalent to what is achieved with metallic 
implants. There are now ample opportunities to 
elaborate and investigate many variables, differ-
ent materials, systems for production, plate and 
scaffold designs, surface characteristics, load-
bearing capacities, and combinations of bone-
replacement therapies. Engstrand et  al. [18] 
developed a bioactive calcium phosphate-based 
ceramic material that is cast in a mosaic AM tita-
nium scaffold for reconstruction, and this material 
has been shown to stimulate bone healing in large 
therapy-resistant defects. An additional attractive 
alternative to bone grafts and microvascular- free 
flaps in the future is combining scaffolds and 
cell therapy, specifically stem cells derived from 
adipose tissue, or a combination with osteocon-
ductive biomaterials [19]. Martelli et  al. [20] 
reviewed articles on 3D printing and applications 
published between 2005 and 2015 and concluded 
that the main advantages were the possibilities 
for preoperative planning and the accuracy of the 
planning and manufacturing of devices needed in 
advance of surgery and the time saved during the 
reconstructive procedure.

To reduce the time for fabrication of devices 
and to widen the indications and increase the 
overall use of AM for patient-specific designs 
for reconstructive surgery and trauma repair, 
it is a must that regional centres serve several 
local hospitals and can design and produce 
devices quickly. Today there are excellent sys-
tems for the virtual planning of reconstructive 

surgery that in addition to increased precision 
and reduced morbidity can reduce the time spent 
in the operating room performing complex pro-
cedures by approximately 25% by identifying 
problems in advance and producing the devices 
that will be needed prior to the surgery [3, 21]. 
Nysjö et  al. [22] developed a modelling tool 
that has the potential to be used by surgeons 
in-house as an alternative to time-consuming 
outsourcing. It is possible to quickly design 
models with the help of stereographics, six-
degrees-of-freedom input, and haptic feedback 
using a software package developed at Uppsala 
University [23] for virtual craniomaxillofacial 
surgery planning. Surgical guides and plate 
models can be generated within minutes, with 
only a few steps, and then can be manufactured 
using AM [22].

17.5  Biological Response

In order to develop long-lasting AM-based clini-
cal treatment modalities either as customised 
implants [16, 24, 25] or as mass-produced off- 
the- shelf implants [26], proper preclinical data 
are needed. The biological response to AM mate-
rials, especially titanium alloy-based powder bed 
fused material, has been extensively evaluated 
in a variety of animal models with a variety of 
implant designs, manufacturing techniques, and 
surface treatments intended for different clinical 
applications. This section focuses on the bone 
formation potential of AM implants with a main 
focus on preclinical experimental animal studies.

The term “osseointegration”—with refer-
ence to the direct bone anchorage of a titanium 
implant in bone tissue—was coined already in 
1977 by P.I.  Brånemark [27] long before the 
introduction of AM.  Extensive research in sub-
sequent years led to the global introduction 
of dental implants in the early 1980s, which is 
today considered a routine treatment in dentistry. 
From the research that was conducted, several 
important material- associated aspects have been 
pointed out as important for bone healing around 
implants, with the main aspects being related to 
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the surface structure but also to surface energy, 
stiffness, and the addition of bioactive coatings. 
From a bone- regeneration perspective, several 
hierarchical levels of organisation exist for this 
nanocomposite material. It is first built up by 
nanoscale collagen- forming mineralised fibrils 
(50–100  nm in diameter) together with apatite 
(plate-shaped, 50 × 20 × 4 nm) as the reinforce-
ment phase, and these fibrils make up fibre bun-
dles (1–2 μm in diameter). In higher organisation 
of bone, these bundles are laid down in sheets 
with all of the bundles facing the same direction 
to form the lamellas. The bundle direction shifts 
between adjacent lamellas in order to increase the 
mechanical properties of bone. In cortical bone, 
the remodelling phase with the coupled action of 
osteoclasts and osteoblasts creates osteons, which 
are circular patterns with lamellar bone surround-
ing a central blood vessel (the typical diameter 
is about 100 μm). For a bone-anchored implant, 
these hierarchical levels have been evaluated for 
improved bone anchorage. With the introduction 
of AM, the higher degree of design freedom has 
meant that higher levels of the hierarchy can be 
accommodated.

Solid EBM material was compared to wrought 
material to verify the biocompatibility of the 
materials. No histological differences were seen, 
but the native roughened surface of the EBM- 
built cylinder as compared to the machined 
EBM cylinder and machined wrought material 
cylinder had a larger surface area allowing for 
greater contact between the bone and the implant 
and increased mechanical interlocking [28]. 
Machined solid EBM material was compared to 
a macro-porous EBM scaffold, and significantly 
greater bone ingrowth into the porous region 
was observed, where more bone was formed in 
the periphery as compared to the central regions 
of the scaffold [29]. This was further confirmed 
in a different animal model with a pore size of 
approximately 700  μm [30] showing extensive 
direct bone-implant contact throughout the scaf-
fold, while smaller amounts of bone were found 
in the centre, indicating bone conduction along 
the metal struts toward the centre of the implant. 
The porous region further promoted tissue matu-

ration as evaluated by Raman spectroscopy, and 
osteocytes made direct contact with the implant 
[31, 32]. A difference in the ingrowth pattern was 
observed between trabecular and cortical bone 
models, where the restitution of the cortical bone 
and typical endosteal downgrowth was observed 
in the cortical model, while less total bone area 
was found in the trabecular model [33]. By chang-
ing the design of the porous network, including 
both the total porosity and the pore size, the stiff-
ness of the constructs could be modified, and 
more bone ingrowth was observed for the higher 
porosities [34]. The size of the pores was system-
atically evaluated using a wire fusion fabrication 
technique that resulted in well-defined constructs 
of different pore sizes (approximately 200, 300, 
and 400 μm), where the largest pore size showed 
the best bone ingrowth and less bone was formed 
in the central region as compared to the periphery 
[35]. Another study evaluated larger pores of 300, 
600, and 900 μm in a rabbit model, and the highest 
biomechanical fixation was seen for the 600 μm 
sample indicating an upper limit in pore size for 
effective bone ingrowth [36]. The introduction of 
porosity will in turn change the global stiffness of 
the material, where a linear relationship between 
the relative density to the relative stiffness have 
been described [37], allowing for mechanical tun-
ing of an implant. It has been shown that a lower 
stiffness, more similar to the stiffness of natural 
bone, promotes tissue formation more than an 
implant with high stiffness [38].

Most of the studies have evaluated the as- 
produced surface without additional surface 
treatment, while further improvements in bone 
growth could be obtained with further surface 
treatments. The use of anodisation has been eval-
uated on porous implants, showing an increase in 
early bone formation and an increase in the bio-
mechanical properties of the implant [39]. The 
addition of bioactive coatings such as hydroxy-
apatite [40] or BMP-2-releasing fibrin gels (van 
der Stok [41]) has been shown to further stim-
ulate healing, and more studies using further 
refined surface technologies adapted for com-
plexly shaped implants will most likely come in 
the future.

J.-M. Hirsch et al.



235

17.5.1  Other Alloys

Cobalt chromium-based alloys have been eval-
uated for orthopaedic applications, and these 
have improved tribological properties com-
pared to titanium-based alloys [42]. EBM has 
been shown to be a good manufacturing tech-
nique allowing complex geometries to be pro-
duced, and experiments in rabbits have shown 
high degrees of osseointegration of EBM-
manufactured solid implants with improved 
biomechanical anchorage when micro-alloyed 
with 0.04% zirconium [43]. Macro-porous 
cobalt chromium implants showed similar bone 
ingrowth compared to titanium alloy implants 
having similar design, while there was signifi-
cantly lower bone-implant contact in the porous 
network [31, 32]. Improved osseointegration 
of AM cobalt chromium implants could be 
obtained by the addition of bioactive coatings 
such as calcium aluminate [44] or hydroxyapa-
tite [45], and the coating procedure is important 
for porous implants where wet chemistry and 
the formation of biomimetic coatings allow a 
uniform coating to be applied throughout the 
porous network [46].

17.6  Concluding Remarks

Additive manufacturing shows large poten-
tial for clinical application, where the modern 
diagnostic imaging gives patient-specific input, 
thus enabling preoperative planning, design, 
and manufacturing of surgical guides as well as 
implants. The manufacturing technology is in 
one way still in its infancy, and already there are 
many promising attempts to use AM to achieve 
more functional implants, reducing OR time, 
etc. As the technology evolves, even more appli-
cation areas will be explored and the technology 
will certainly be easier and cheaper to use which 
is a prerequisite before it will be widely used 
in the area of craniomaxillofacial surgery and 
planning.
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Abstract

For about 30 years, laser technology in all its 
different forms has been indispensable in the 
daily laboratory routine of dental technology. 
In the digital workflow, however, lasers are 
increasing rapidly. 3D printers are becoming 
increasingly important just like laser technol-
ogy too. Resins can be processed easily and 
inexpensively with simple printers. Metals can 
already be laser-sintered in acceptable quality. 
The latest innovations even make it possible to 
print final sintered ZrO2 crowns.
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18.1  Laser for Joining Metals

The laser first became popular in dental labora-
tories in the early 1990s. With the broad intro-
duction of titanium as a framework material, a 
suitable joining option had to be found. Laser 
welding was the easiest method.

The alternatives at that time were mainly 
bonding. The typical adhesive materials were 
plastics and therefore usually not heat-resistant. 
The temperature-resistant variants made of 
glass or ceramics were cumbersome and time- 
consuming to process. In addition, adhesives 
require a relatively large amount of space to 
guarantee a high mechanical load-bearing capac-
ity. However, the “passive fit” is better than with 
all other alternatives.

Some laboratories tried to solder titanium 
(Fig.  18.1). For this purpose the workpiece 
was placed under a glass dome, which was first 
sucked out by a vacuum pump and then flooded M. Link (*) 
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with argon. This prevented the embrittlement 
and formation of the alpha-case layer that occurs 
when heating titanium in a normal atmosphere. A 
highly focused infrared beam was now directed 
through the glass onto the workpiece prepared 
with solder and flux and heated until the solder 
began to melt. It was an incredibly complex pro-
cess, and if the preparations were not perfect, the 
procedure had to be repeated.

Both joining options, bonding and soldering, 
were more than questionable, however, as far as 
the biocompatibility question, which really made 
titanium “in”, was concerned. Laser welding 
enabled us to join parts together with one and the 
same material.

Laser welding has remained an indispensable 
joining method for metal to this day. The laser 
can be used for almost all metals used in dental 
technology. Porous surfaces can be sealed with 
the laser or missing contact points can be cre-
ated without great effort. Countless ready-made 
anchors and attachments are lasered onto all pos-
sible bases. With extensions, the laser makes it 
possible to attach retentions to model casted 
frameworks without destroying the surrounding 
plastic.

The main risks of laser welding are severe 
distortion and embrittlement of the material or 
its destruction (e.g. in titanium, if argon is not 
flooded enough). The different melting tempera-

tures, thermal conductivity and surface reflection 
must also be taken into account.

18.2  CAD/CAM Laser as Scanner

At the turn of the millennium, lasers were used 
in large numbers as scanners, for example, in 
the Sirona Cerec system. At Sirona, in the early 
days, a small plaster model was attached to the 
workpiece holder and optically scanned with 
a small laser, mounted on one of the grind-
ing motors (Fig.  18.2). Thus, smaller impres-
sions could be digitized and further processed 
accordingly.

Scanning technologies such as the structured 
light scan (Fig. 18.3), however, relatively quickly 
replaced these laser scanners, and they atrophied 
into barcode readers that determined the shrink-
age factor of the ZrO2 blanks.

Today a lot of modern milling systems use 
lasers as measuring instruments, for example, to 
detect the occupancy of tool ports.

Infrared Radiant

ArgonVacuum

Solder
Flux

Titanium

Fig. 18.1 Laborlink AG

Fig. 18.2 Laborlink AG
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18.3  CAD/CAM Stereolithography 
(SLA)

Since some years, the use of 3D printers in 
dental technology has opened up seemingly 
endless application possibilities for lasers. 
Stereolithography printers use laser beams to 
build the desired shapes layer by layer from a 
photopolymer resin (Fig. 18.4a, b).

The chemical, biological and physical prop-
erties of these light-curing resins currently limit 
their possible applications. However, research is 
in progress on materials that can be used specifi-
cally for medical applications.

At present, existing materials are used for 
individual trays or castings. There are already 
quite good resins that are suitable for model 
production. Crystal clear splint materials are 
also available, but unfortunately these are not as 
colour-fast and also not as stable as the milling 
blanks made of PMMA or carbides, from which 
many splints are milled today.

It will also take a while before there are func-
tioning alternatives to the creation of flexible, 
crystal-clear splints or aligners.

Even if, e.g. for the aligner technology no 
really usable materials exist yet, in order to 

print them directly, starting from the digitally 
 generated files, the SLA printers are however an 
enormous relief.

With 3D programs such as OnyxCeph or 
Meastro 3D, the corresponding adjustments 
are planned and then all intermediate steps are 
printed as a model. Only the corresponding 
splints have to be deep-drawn.

18.4  Laser Melting of Metals 
(DMLS) Direct Metal Laser 
Sintering

The most common method of manufacturing 
metal CAD/CAM dental frameworks is cur-
rently milling from prefabricated blanks. The 
nature of this subtractive technology means that 
an enormous number of cutters and metal blanks 
are worn out. From an economic point of view, 
doubts about the profitability of components 
manufactured accordingly are justified.

Additive processes, such as laser melting, 
seem to be the solution to this problem. Using 
a focused laser beam, the frameworks are fab-
ricated layer by layer from a bed of metal dust 

Fig. 18.3 TGF-3D Ltd., 
Medit/Identica Blue
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of a specific CoCr alloy or titanium powder 
(Fig.  18.5). In which individual particles are 
melted together, almost all shapes can be pro-
duced with relative precision (Fig. 18.6).

Cautious it is estimated to be assumed that 
more than six million units are produced in this 
way worldwide each year.

Due to the system, however, the same accu-
racy cannot be achieved with the laser melting 
process as with milling systems that may even 
be equipped with linear measuring systems. 
The melting always causes a distortion in the 
direction of the beam. An attempt is made to 
neutralize this effect by subsequent relaxation 
tempering.

According to some manufacturers, the 
accuracy of individual caps lies in the range 
of ±20  μm, but as a bridge becomes bigger, 
the more the inaccuracies become difficult to 
control.

18.5  Hybrid

For this reason, leading manufacturers of laser 
melting systems together with their milling 
machine manufacturers are trying to offer a 

Fig. 18.4 Statasys/Formlabs (Stratasys Ltd. © 2018)

Fig. 18.5 EOS
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combination of both technologies. First, the 
frameworks including a blank, which can then 
be clamped in a milling system, are generated 
in the laser melting process using the additive 
process. However, the size of the offset required 
for this technology also makes it clear that it will 
be years before pure laser melting systems will 
achieve really high precision (Fig. 18.7).

The circular blanks (thermal) passivated 
according to the manufacturer’s specifications 
are now clamped in a high-precision milling 
system and milled to a repeat accuracy (over an 
entire dental arch) of less than 7 μm!

Theoretically, this method makes the most 
sense. In practice, however, it is still very com-

plex and time-consuming. Only when the com-
bined devices, which are still in the development 
phase, reach market maturity, an economically 
and qualitatively optimal production will be 
possible.

In the extended field of dental technology, bone 
prostheses are occasionally requested. Holes are 
also inserted into such parts to make them lighter 
(Fig.  18.8). The laser melting process makes it 
possible to produce a hollow form for more com-
plex shapes such as a part of the sphenoid bone 
(Fig. 18.9). This is impossible with a milling sys-
tem. Since it is possible to laser melt not only met-
als but also thermoplastics such as PEEK, these 
processes will have an important future.

Fig. 18.6 EOS

additive manufacturing blank milling with 5 - axis system

Fig. 18.7 Datron
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18.6  Printing Ceramics/ZrO2

In industry, ceramic parts are already being 
printed in many areas today. Often they are sim-
pler components, crockery or promotional items. 
Some manufacturers such as Formlabs already 
offer a material with which anyone can print 
ceramic parts in a green state and then finally 
sinter them in an oven without great financial 
expense (Fig.  18.10). The French company 
3DCeram is already busy printing ceramic skull 
parts today (Fig. 18.11).

Already in 2015 a very interesting study of 
the University of Wuhan, Hubei, China, was pre-
sented, which dealt with the printing of ZrO2. The 

Fig. 18.8 Ad Mirabiles AG

Fig. 18.9 Ad Mirabiles AG

Fig. 18.10 Formlabs

Fig. 18.11 3DCeram
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dental market could therefore also be targeted. 
This study dealt with zircon printing in the green 
state.

In 2017, the South Korean government 
invested approx. 37 million dollars in 3D print 
research, so it is hardly surprising that enormous 

innovations in this field are currently coming 
from there. For example, there is a prototype that 
can already produce the end sintered ZrO2 prod-
uct. We will see whether the cosmetics and the fit 
will be convincing—but we are only just getting 
started.

18 Lasers in the Dental Laboratory
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Abstract

Bones in general and human bones in particu-
lar are being cut with mechanical tools since 
thousands of years. Only in the last decades, 
another technology has evolved that starts 
challenging the way bone is being cut: lasers. 
Despite the huge technological effort that is 
required to guide lasers and make them cut 
bone without leading to carbonization, laser-
osteotomes feature several properties that 
might become a game changer in the medical 
field and how bones will be cut in the future.

In Basel, Switzerland, the first robot- 
assisted laserosteotome has been developed 
that cuts bone in an open surgical process. Due 
to the promising results with this first device 

throughout several studies, the MIRACLE 
project (short for Minimal-Invasive Robot-
Assisted Computer-guided LaserosteotomE) 
has been initiated. MIRACLE is currently on 
its way of bringing robot-assisted laserosteot-
omy to the next level.

Keywords

Future of laser osteotomy · MIRACLE 
Miniature robot · Smart laser osteotome  
Parallel robot · CARLO · Optical coherence 
tomograph · Medical robotics

19.1  The Pathway from Bone 
Cutting with Mechanical 
Tools to Lasers

Archaeological findings from the Stone Age 
show that humans have always used mechanical 
tools such as saws, scrapers, knives, and drills to 
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 perform interventions on the human body [1]. 
These mechanical principles of cutting and drill-
ing have not changed much since then. The sur-
gical instruments have of course become more 
precise, more sophisticated, and also sterile, but 
they all work according to simple mechanical 
principles. Especially in orthopedic surgery and 
in all interventions in which bone is removed, 
relatively large forces and torques occur, which 
also affect the adjacent tissue. For example, saw-
ing and drilling create movements combined 
with high friction forces that heat up the sur-
rounding tissue. Also, the surface in the cut 
interface is affected and the porous bone tissue is 
mechanically flattened. This seems to impair the 
blood supply to the cells near the interface. In 
experiments on minipigs, piezoosteotomes flat-
tened the bone surface in the cut. In comparison, 
cutting bone with a 2.94 [nm] Er:YAG laser pro-
duced an open, porous interface. Subsequently, 
the researchers observed faster healing of bone 
cuts in the tissues with laser cuts. This finding 
led the researchers to the conclusion that the way 
of cutting bone seems to matter for heading [2]. 
Other positive aspects of laser osteotomy com-
pared to conventional mechanical osteotomy are 
reduced vibrations [3], reduced heat influence on 
adjacent tissues [4], as well as higher precision, 
narrower cuts, arbitrary cut shapes, and faster 
bone formation in the healing process [5, 6].

19.2  CARLO®, the First Robot 
for Bone Cutting with Laser

The combination of the many advantages of laser 
osteotomy over conventional osteotomy has led to 
the development of the world’s first robot for laser 
osteotomy: CARLO® (short for “Cold Ablation 
Robot -guided Laser Osteotome” [7], originally 
patented as “Computer-Assisted and Robot-
guided Laser Osteotome” [8]). CARLO® was 
invented by the founders of Advanced Osteotomy 
Tools (AOT AG, Basel, Switzerland), a spin-off 
from the University of Basel. The laser osteotome 
CARLO® consists of a serial robot and a laser 
head. The laser head houses the optical compo-

nents and the nozzles for the irrigating water 
spray. The robot is basically used as a tool for 
guiding the laser precisely along the desired cut-
ting paths. Hereby, the movements of the robot 
are usually pre-planned based on Computed 
Tomography (CT) data of the respective patient. 
Registration of the robot, the patient, and the ref-
erence CT data set are accomplished via an opto-
electronic tracking system.

First studies with CARLO® in human cadav-
ers have been successfully completed and have 
confirmed positive results from earlier animal 
studies. In addition to the high cutting accuracy, 
robot-assisted laserosteotomes can keep up with 
conventional surgical methods despite the low 
cutting speed. While mechanical saws cut fast, 
reconstruction and osteosynthesis take long due 
to missing planning, incision inaccuracies, and 
positioning inaccuracies of the implants. 
Conversely, robot-assisted laser osteotomy 
takes longer, but the cut bones can be connected 
quickly and accurately with their counter parts/
implants and reveal little possibilities for rela-
tive movement. This is only possible since 
robot- assisted laserosteotomy enables cut exe-
cution exactly as planned due to precise depth 
control using feedback from an optical coher-
ence tomograph and precise laser guidance by 
the robot under surveillance of an optoelectroni-
cal tracking system. Another important novelty 
that allows simple and precise assembly of 
bones/implants and bones after robot-assisted 
laserosteotomy are free cutting geometries such 
as sine patterns or dovetail profiles. The cut 
bone parts and implants fit together like puzzle 
pieces with their counterparts and have func-
tional stability already during mating [7]. For 
fixation, if any, only a few additional screws are 
required. Accordingly, a follow-up operation for 
removing the screws is shorter or not even 
required. In 2020, CARLO® was successfully 
applied in the first human patients for maxillofa-
cial surgery. At present, only the relatively high 
initial costs of the first laser osteotome and the 
large space requirement in the operating room 
seem to be limiting factors for laser osteotomy 
with robots.

G. Rauter
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19.3  The Future of Laser 
Osteotomy: The MIRACLE 
Project

Even if it seems that the end of the technological 
flagpole has been reached with the invention of 
CARLO®, there is still a lot more to come. 
However, the next step in the development of 
laser osteotomy systems still requires a few more 
years of work.

Even if it has not been said explicitly until now, 
laser osteotomy with CARLO® implies that the 
surgeon opens up the patient to expose the bone to 
be cut. To overcome the need of opening up the 
patient, a new research project at the University of 
Basel has been initiated in 2015. This project aims 
at turning laser osteotomy into a minimally-inva-
sive procedure. The surgeon should be able to per-
form the same surgical procedure as with 
CARLO®, however through a one centimeter 
wide incision. To reach this new milestone in lase-
rosteotomy, a small miracle is required from the 
current point of view. However, this miracle 
seems to turn into reality in a few years from now. 
According to the researchers around the 
“MIRACLE project” (short for “Minimally 
Invasive Robot-Assisted Computer- guided 
LaserosteotomE”) at the Department of 
Biomedical Engineering (University of Basel, 
Switzerland), a first functional prototype will be 
ready in about 3 years from now. Above all, the 
big challenge in this project is to reduce the size 
of all components so that the laser can be housed 
inside a flexible robotic endoscope. At the same 
time, there should still be room for the actuation 
of the flexible robotic endoscope itself as well as 
a working channel, a camera, spray, a suction 
channel, an optical coherence tomograph (OCT), 
and other devices for tissue type classification. At 
the end of surgical procedures with the MIRACLE 
osteotome, also implants will be introduced into 
the body in a minimal invasive way to be assem-
bled and fixed like a 3D puzzle. As unsolvable as 
the task seems, the MIRACLE project can already 
present first results. The first implants are already 
distributed via the two spin-offs of the University 
of Basel “Di Meliora” and “Ad Mirabiles.” Also, 

the planning software, which is used in the 
MIRACLE project, is already being used at the 
University Hospital Basel for diagnosis and 
patient education in selected departments. The 
planning software is also being used for training 
purposes with medical students at the Anatomical 
Institute of the University of Basel. The intriguing 
novelty of this planning software is that it can dis-
play CT data and Magnetic Resonance Imaging 
data (MRI data) on virtual reality (VR) glasses in 
3D immediately after their acquisition. The vir-
tual patient can then be observed at high resolu-
tion and with high repetition rates for both eyes 
for high immersiveness without cyber-sickness. 
The user of the VR system can easily interact with 
the virtual 3D data, can see different tissue types 
in different colors based on automated segmenta-
tion, can scale the 3D model, and inspect it from 
all sides [9]. Soon, also this planning and medical 
data visualization software will be available as a 
commercial product.

In total, four research groups are working on 
the MIRACLE project. These are the “Bio- 
Inspired RObots for MEDicine-Lab” (BIROMED-
Lab) under the lead of Prof. Dr. Georg Rauter, the 
“Biomedical Laser and Optics Group” (BLOG) 
under the lead of Prof. Dr. Azhar Zam, the 
“Planning and Navigation Group” at the Center 
for Image Analysis and Navigation (CIAN) under 
the lead of Prof. Dr. Philippe Cattin, and the 
“Smart Implants Group” at the “Hightech 
Forschungszentrum” (HFZ) under the lead of 
Prof. Dr. med. Dr. med. dent. Dr. hc Hans-Florian 
Zeilhofer. All four groups are located in one build-
ing at the Department of Biomedical Engineering 
of University of Basel. The close vicinity to each 
other enables short ways to exchange ideas which 
is one of the most important factors for successful 
interdisciplinary research.

19.4  The First Application Areas 
for the MIRACLE Osteotome

At present, the first clinical application is focused 
on the half-sided replacement of knee joints (uni-
condylar knee arthroplasty). This first application 
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should become a benchmark for the MIRACLE 
osteotome since the knee joint is one of the bones 
of largest thickness in the human (about 5 [cm]). 
The goal is to demonstrate that the MIRACLE 
osteotome can easily cut the knee joint and thus 
any other bone in the body. However, there are 
also other areas of application, such as access to 
the brain without concussion through mechanical 
manipulation. Also interventions on the spine 
that are particularly gentle for the spinal cord and 
the intervertebral discs are foreseen (see 
Fig.  19.1). Similar to interventions with the 
CARLO®, interventions using the MIRACLE 
osteotome will start with an initial planning phase 
based on each patient’s CT data or MRI data. In 
the operating room, the surgeon first guides the 
robotic endoscope manually to the point of entry 
into the body. The surgeon can then control the 
robotic MIRACLE osteotome via a robotic mas-
ter device (a robotic device that allows teleopera-
tion procedures and provides haptic feedback). 
The movement of the flexible robotic MIRACLE 
osteotome inside the patient’s body will be visu-
alized in real-time by augmented reality glasses 
since it will be difficult for the surgeon to imag-
ine how the flexible endoscope is shaped inside 

the patient’s body. Once the surgeon has moved 
the MIRACLE osteotome to the target site, it 
“attaches” itself to the bone. After successful 
attachment to the bone, laserosteotomy will be 
initiated. Since bone tissue retains its shape 
between the planning and the surgical procedure, 
the laserosteotomy can be performed autono-
mously by the robot under supervision of the 
surgeon.

19.5  The Intelligent Miniature 
Robot for the MIRACLE 
Project

A central point for the MIRACLE project is the 
integration of different technologies in one 
device, in the MIRACLE osteotome. This inte-
gration takes place at the BIROMED Lab, where 
laser systems from BLOG, own miniature sen-
sors and miniature sensors of the Planning and 
Navigation Group are combined inside a flexible 
robotic endoscope. The MIRACLE osteotome 
needs to be designed so that all components can 
fit into one robotic endoscope with a diameter of 
1  cm. Also the synchronization of the many 

Fig. 19.1 Overview image of various components of the 
MIRACLE project for unicondylar knee arthroplasty and 
interventions on the spine with access through the abdo-
men. The control of the MIRACLE robot is performed by 

teleoperation on a robotic master device with haptic feed-
back. (Reproduced with permission from Manuela 
Eugster, BIROMED-Lab, DBE, University of Basel)
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 different components is a major challenge. 
Standardized interfaces are not necessarily inte-
grated from the beginning in all components. In 
addition, the components for the laser systems 
are working at significantly higher sampling rates 
than robotic hardware, where sampling rates in 
the kilohertz range are common. Depending on 
the laser system, sampling rates in the microsec-
ond range and shorter are expected. Another 
challenge is high data rates. As an example, the 
OCT system for real-time monitoring of the cut 
depth can generate gigabytes of data in 1 [s]. This 
data then has to be processed in real time [10] so 
that the robotic endoscope can take decisions. 
For example, the robot has to know whether it is 
allowed to continue cutting, whether it has 
already reached the desired depth of the cut, or 
whether the robot should move the laser to a new 
location. During laser cutting, also other data can 
be collected in order to analyze the currently cut 
tissue type. Tissue differentiation is performed 
using two different approaches: (1) laser-induced 
breakdown spectroscopy (LIBS) [11] and (2) 
acoustic shock wave measurements with Fiber 
Bragg Gratings (FBG) and miniature micro-
phones [12]. LIBS analyze the reflected light 
spectrum at the cut; each tissue absorbs a differ-
ent light spectrum when it is cut by laser light. 
Accordingly, the reflected light spectrum allows 
drawing conclusions on the tissue being cut. The 
same is true for acoustic analysis of the shock 
waves, which are caused by the short laser pulses 
during cutting. Depending on the frequency 
range, the sound waves are either better captured 
with microphones or FBGs. All analysis methods 
use methods from the field of machine learning 
such as neuronal networks, support vector 
machines, or deep learning to be able to analyze 
the large amounts of data automatically in the 
shortest possible time. The results of the data 
analysis in every time step will be provided to the 
robot for taking the right decisions and also for-
ward information to the surgeon. The real-time 
data analysis, classification, and closed-loop real-
time control turn the small MIRACLE osteotome 
into an intelligent miniature robot.

The tip of the robotic endoscope, the so-
called end-effector, is a small robot by itself that 

will incorporate all other technologies accord-
ingly. Once the robotic endoscope has reached 
the desired position in the body, the end-effector 
mechanically decouples from the rest of the 
endoscope and remains connected only via data 
cables and drive trains (e.g., Bowden cables or 
flexible shafts). This mechanical decoupling 
reduces the transmission of mechanical distur-
bances such as vibrations from the robotic endo-
scope holder to the robotic endoscope and thus 
also to the end-effector. It is even expected that 
the patient can be moved slightly during surgery 
without affecting the cutting performance since 
the end-effector is directly attached to the bone 
and guarantees relative accuracy. The small actu-
ated legs of the end-effector move the housing of 
the laser together with all other sensing devices 
along the desired cutting path over the bone (see 
Fig. 19.2). If the workspace becomes too small, 
the end-effector can also loosen the legs, fix 
them in a new position, and drag the end-effector 
to a new pose. In this way, the endoscope tip can 
“walk” on the bone. The end-effector of the 
MIRACLE osteotome is designed as a parallel 
robot (i.e., a robot, where several actuators con-
nect to one end-effector in parallel). Parallel 
robots have the advantage over serial robots (i.e., 
robots where actuated joints are in series one 
after the other) that they allow high position and 
orientation accuracy and can realize large forces 
in comparison to their size. The advantages of 
parallel robots come with the drawback that they 
require sophisticated controllers that control the 
actuators in a synchronized and coordinated way 
in order to achieve the desired end-effector 
movement. In case of the MIRACLE osteo-
tome’s end-effector, a coordinated movement of 
four drive trains has to be realized even though 
the end-effector only moves in 3 degrees of free-
dom. Since the controller has to actuate more 
drive trains than degrees of freedom in the robot, 
a real-time optimization algorithm has to be 
implemented. This real-time optimization algo-
rithm is able to calculate the commands for the 
four drive trains based only on a desired 3D end-
effector movement. Therefore, not only the real-
time data analysis but also the planning and 
semi-autonomous motion execution of the 
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MIRACLE osteotome requires considerable 
amount of robotic intelligence [13–15].

The individual building blocks for the 
MIRACLE project are in a promising state. Some 
individual components are even commercially 
available. The entire MIRACLE system is 
expected to be ready for first testing as a medical 
prototype within 3 years. It is planned to certify 
the MIRACLE osteotome as a medical device as 
soon as the desired functionalities are verified.
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Abstract

Since their invention, lasers have been suc-
cessfully employed in many applications, 
ranging from research—in fields such as 
chemistry, physics, archeology, and medi-
cine—to industry. Lasers are both a practical 
tool and a potentially dangerous piece of 
equipment. As users have different educa-
tional and experiential backgrounds, common 
safety rules and regulations must be specified. 
Currently, safety guidance is provided by 
international committees (such as the 
International Commission on Non-Ionizing 
Radiation Protection, the International 

Electrotechnical Commission, and the 
American National Standard). According to 
the regulations, users should be trained before 
working with lasers in order to provide a safe 
environment. Safety regulations focus mainly 
on protection of the human eye and skin, 
which are the organs most vulnerable to laser 
exposure. To protect these organs, it is impor-
tant to know maximum exposure levels and 
the class of laser being used. This chapter 
offers some insight into working with lasers, 
highlighting the biological aspects underlying 
injury risks for different parts of the human 
body, laser classification details, and basic 
rules for laser safety.
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20.1  Lasers

Lasers are optical oscillators that produce spa-
tially and temporally coherent light. Laser light is 
directional, monochromatic, and intensely bright. 
The output of a laser beam spreads due to diffrac-
tion, but it does not spread as much as the beam 
of a flashlight. Hence, even after propagating 
over long distances, a laser beam can still be haz-
ardous to the human eye and skin. With regard to 
color, lasers produce light with a very narrow 
spectrum. The narrow spectral width and the lim-
ited cross-sectional area of the beam gives some 
indication of how bright laser output can be, even 
with modest output power [1, 2]. Compared to 
incoherent light sources, these properties make 
direct viewing of lasers dangerous, even at low 
power levels. When it comes to laser safety, irra-
diance must be taken into account. Irradiance is 

defined 
as the radiant flux per unit area ( d dA

ϕ , 

where 
dφ is the unit flux and dA is the unit area). 

Lasers can produce continuous-wave or time-
dependent output. In the case of pulsed lasers, it 
is possible to generate high peak power levels at 
low average output power levels. Since the peak 
power of a pulsed laser can be more than a mil-
lion times higher than the average power, users 
must be more careful when using pulsed lasers. 
The maximum permissible exposure (MPE) of a 
laser depends on its operation wavelength, opera-

tion type (pulsed or continuous wave), and dura-
tion of exposure. MPE levels for skin and eyes 
are specified in specific laser safety standards 
[3, 4].

20.2  Why We Need to Avoid Laser 
Exposure

The eye is the part of the body most sensitive to 
light exposure. The human eye is formed by a 
cornea, pupil, iris, focusing lens, retina, and opti-
cal nerves. A detailed image of the human eye 
can be seen in Fig. 20.1. Figure 20.2 illustrates 
how the eye sees. For example, light from a can-
dle passes through the cornea and the pupil. The 
image is reversed and projected to the retina. The 
retina then converts the image to an electrical sig-
nal. With the help of optical nerves, the electrical 
signal is transferred to the brain. The brain, in 
turn, interprets the electrical signal so as to repro-
duce the image.

Laser radiation reaches different parts of the 
human eye, depending on its wavelength [3, 4]. 
The range of light from 100 to 315  nm 
(Ultraviolet-B and Ultraviolet-C) is absorbed by 
the cornea. As a result of this absorption, a photo-
chemical process occurs in the cornea. This pro-
cess is known as photokeratitis. Corneal damage 
resulting from exposure to light in the range of 
100–315  nm is generally temporary. Corneal 
regeneration is a quick process; it takes less than 
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24  h. From 315 to 400  nm (Ultraviolet-A), the 
cornea and aqueous humor let the light in, but it 
is absorbed by the focusing lens. This kind of 
absorption, in particular, leads to denaturation of 
the proteins in the lens, resulting in the formation 
of cataracts. In the light ranges 400–800 nm (vis-
ible) and 800–1400  nm (infrared-A), light can 
reach the retina. Retinal tissue damage occurs 
due to absorption, similar to the other parts. 
Generation of heat bases on either melanin gran-
ules in the pigmented epithelium or photochemi-
cal reaction in the photoreceptor. The aversion 
reflex can prevent damage in the retina only if the 
light intensity is lower than that which affects the 
retina in 0.25  s. However, in the wavelength 
region of 700–1400 nm, the human eye remains 
insensitive; thus lasers may cause damage to the 
retina. An additional problem with the visible and 
infrared-A wavelength region pertains to the 
focusing effect of the cornea and lens. These 
parts can increase retinal irradiance by a factor of 
100,000 just by focusing light onto the retina, 
leading to possible retinal damage even with low 
power levels. Above 1400  nm (infrared-B and 
infrared-C), the cornea absorbs the light and does 
not let it propagate further. The resulting heat 
causes protein denaturation on the cornea 
surface.

Light exposure can be dangerous not only to 
the human eye but also for the skin. In terms of 
functionality, damage to the eye is much more 

significant than that to the skin. However, since 
the surface area of the skin is much larger than 
that of the human eye, the possibility of light 
exposure is higher. Figure 20.3a shows the layers 
that make up human skin. The epidermis is the 
outmost part of the skin and is formed of five dif-
ferent layers: stratum basale, stratum spinosum, 
stratum granulosum, stratum lucidum, and stra-
tum corneum. Stratum corneum is the outer layer 
of the epidermis, and it is made of flat dead cells 
(Fig. 20.3, inset). Next comes the dermis, which 
includes different types of tissues such as colla-
gen, elastic tissue, and reticular fibers. The sub-
cutaneous tissue lies beneath the dermis layer; 
here, fat and connective tissues are present. As in 
the case of the human eye, different wavelengths 
penetrate the skin at different depths [3, 4]. For 
example, light with a wavelength of 800 nm can 
penetrate the subcutaneous layer of the skin 
(Fig.  20.3b). Damage thresholds for the human 
eye and skin are comparable. Depending on the 
penetration depth, a temperature increase occurs 
at different levels of the skin. For example, deep 
heating can be caused by exposure to light in the 
infrared-A region. If skin damage is isolated in a 
small area, it can be painful, but it will be tempo-
rary. The recovery process may be long; however, 
it does not impair functionality. Damage to a 
large area of the skin is not common in laser labo-
ratories but could cause severe injury, due to the 
extensive loss of body liquid.

20.3  Maximum Permissible 
Exposure (MPE)

Maximum permissible exposure (MPE) or expo-
sure limit (EL) is the maximum threshold level at 
which one can avoid damage to the eye or skin 
[6]. MPE depends on the target organ, type of 
laser, operation wavelength, source size, pulse 
duration, and repetition rate. MPE is not a con-
stant value; it must be calculated by the laser 
safety officer for each laser, depending on its 
operational parameters. There are set levels, how-
ever, based on experimental studies and deter-
mined by the International Commission on 
Non-Ionizing Radiation Protection (ICNIRP) [7], 

Fig. 20.2 Schematic of the formation of images on the 
retina
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the International Electrotechnical Commission 
(IEC) [6], and the American National Standard 
(ANSI) [8]. The MPE values for eyes and skin 
published by the three committees are nearly 
identical, except in some special cases. The laser 
safety standards are listed in IEC 60825-1 and 
ANSI Z136.1. MPE calculations are useful for 
understanding safety limits. However, these lev-
els should not be considered as a stringent line, 

precisely differentiating between a safe level and 
a dangerous one.

Pulsed lasers are used in laboratories for a 
multitude of applications. As stated above, MPE 
values vary with the pulse width and pulse repeti-
tion frequency. Hence, setting MPE values for a 
pulsed laser is complex [6]. Furthermore, the 
MPE value depends on the wavelength, compli-
cating MPE estimates for a broadband light 
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source. In the case of repetitively pulsed or 
 modulated lasers:

 1. The exposure level of a single pulse that is 
part of a pulse train should not be higher than 
the MPE level for a single pulse.

 2. In a given time interval, T, the average expo-
sure level of a train of pulses should not 
exceed the exposure level for a single pulse 
with a duration of T.

 3. The average exposure of multiple pulses 
belonging to a particular train of pulses 
should not be higher than the MPE level for a 
single pulse, multiplied by the correction fac-
tor C5.

The reduced MPE for any single pulse in 
the pulse train (MPEtrain) is calculated from:

 
MPE MPEtrain single= ×C5

where MPEsingle is the MPE for a single pulse 
and C5 is calculated from minus one fourth 
power of the number of pulses expected in 
the exposure (C5  =  N−1/4, N: the number of 
pulses) [6]. In the calculations, C5 can only 
be used for pulse durations shorter than 
0.25 s. If the resulting MPE value is similar 
to that obtained from a continuous wave 
(cw) exposure time, then cw MPE values can 
be used instead. In the case of multi-pulsing, 
each pulse needs to be considered as an 
independent single pulse. If pulse widths 
change over a time interval, total-time-on-
pulse (TOTP) needs to be considered in 
order to calculate MPE.  TOTP is simply a 
summation of the pulse durations within the 
exposure time. To check the MPE values for 
eyes and skin, consult the tables provided by 
the IEC.

To determine a realistic exposure level, 
MPE values must be averaged over a circular 
aperture and in consideration of the angle of 
acceptance of the retina. In the case of ocular 
exposure in the visible wavelength range, 
100  mm distance should be used as a mini-
mum measurement distance. To establish the 
angle of acceptance from a particular source, 
one can follow the details published in IEC 
60825-1.

20.4  Classification of Laser

Lasers are classified depending on their operational 
parameters, but in the field of laser safety, it is not 
easy to say that a laser is safe or not. As explained in 
part 3, MPE calculations for different sources can be 
complicated. No single chart reflects every possible 
condition, such as exposure duration or viewing 
scheme. For example, a laser source may be safe for 
viewing with the naked eye but unsafe for viewing 
with binoculars. Hence it is not easy to succinctly 
classify a particular laser as “safe” or “hazardous.” 
The classification standards are determined by the 
international laser safety standards (IEC 60825- 1, 
ANSI Z136.1). A laser or an LED is usually classi-
fied by the manufacturer, based on the radiation 
emission. The manufacturer usually does not have 
much information about how the product will be 
used. Instead of discussing exposure levels for the 
eye or skin, they refer to the energy or power at a 
given diameter and distance. As a result, the classifi-
cation has an upper limit for the power or energy 
values at a given diameter and distance, known as 
Accessible Emission Limit (AEL) values. The laser 
safety class determined by the manufacturer depends 
on the direct exposure to the laser beam [6]. Laser 
safety classifications are defined as follows:

• Class 1: Lasers belonging to this class are safe 
both for direct exposure and for use with opti-
cal instruments. Output power of a Class 1 
laser should be lower than 0.39 mW.

• Class 1M: Lasers operating in the wavelength 
range of 300–4000  nm are safe for direct 
exposure to the eye or skin. However, using 
optical components such as binoculars may be 
harmful to the eye.

• Class 1C: Lasers used for cosmetic applica-
tions related to the skin such as hair removal, 
acne treatment, and tattoo removal are recently 
established as a new class in IEC60825 ver-
sion 07-2015. A clear objective is assigned for 
this class of lasers and they usually have a pro-
tection measure which ensures safety for the 
case of a user error.

• Class 2: Hazard depends on the exposure time of 
the eye to the particular lasers. For lasers operat-
ing in the visible range of light (400–700 nm), the 
aversion response (t = 0.25  s) guarantees the 
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exposure time for bright light, meaning that visi-
ble Class 2 lasers are safe for the naked for eye, 
even with the use of optical components. If star-
ing into the laser beam intentionally, these lasers 
can be hazardous and cause flash blindness. 
Lasers in this class are not hazardous for the skin.

• Class 2M: This class is similar to Class 2 except 
that in the case of using eye loupes or binocu-
lars, these lasers may harm the human eye.

• Class 3R: Lasers in the wavelength above 
300 nm fall into this category. The risk level 
for  accidental exposure of the eye is low with 
lasers belonging to this class. With exposure 
to the laser light, there is no risk for the skin. 
However, intentional staring at the light beam 
may cause eye injury. Trained personnel are 
required to operate this class of lasers.

• Class 3B: Even in the case of accidental expo-
sure, the risk level for the eye and for the skin 
are medium and low, respectively. Direct 
viewing is hazardous, but viewing diffusive 
reflections is safe. For skin, if the beam is 
focused on a tiny spot, the feeling would be 
similar to a pinprick.

• Class 4: The most dangerous class of lasers 
poses a high risk of injury for both eye and 
skin. Even diffusive reflections can be hazard-
ous. Interaction with the lasers causes tem-
perature increases, which may result in a fire.

In the classification, M and R stand for 
Magnifying and Relaxed or Reduced [6]. Hence 
M is used for laser classes that cannot be used 
safely with magnifying optics. When R is used to 
define the class of a laser, it means there is no need 
to use an interlock or key switch. It also means that 
wearing protective goggles is not mandatory. The 
use of B to classify a laser has a meaning similar to 
M; it changed from A to B after the publication of 
the 2001 edition of the laser safety regulations [6].

20.5  Manufacturer 
Responsibilities

Depending on the class of a laser, there are many 
safety requirements that must be fulfilled by the 
manufacturer during production. Classification 
of the laser must be specified by the manufac-

turer. The requirements will be discussed in the 
following paragraphs.

First, the manufacturer needs to ensure that 
the user has the proper training to use the laser. 
After selling the product, if the user modifies the 
laser in a way that requires a new classification, 
the manufacturer would not be responsible for 
the new classification. Reclassification and rela-
beling must be done by the user, in this case.

Laser products, in general, must have a pro-
tective housing in order to avoid direct viewing of 
laser radiation, unless the user must see the inner 
parts of the product. A safety interlock would 
protect the user by stopping the laser operation 
whenever the housing is opened. During mainte-
nance, the access panel needs to be removed 
intentionally and the user needs to be able to 
make changes inside the housing.

A remote interlock connector and a key control 
must be provided by the manufacturer for Class 3B 
and Class 4 lasers. An audible or a visible warning 
must be placed in the laser housing of Class 3B 
(operation wavelength below 400  nm or above 
700 nm), 3R, and 4 lasers to alert the user, for exam-
ple, when it is switched on. If the safety warning is 
only visible, then it must be visible through protective 
goggles. If there is more than one output aperture 
from a laser, a visible warning should clearly show 
the aperture in use. A beam stop or an attenuator must 
further be included at the output of a Class 3B or 
Class 4 laser to reduce laser radiation exposure. 
Control of the laser should be placed in such a way as 
to protect the user from exposure to laser radiation for 
all Class 3R, Class 3B, or Class 4 lasers [6].

As a final remark, non-optical hazards during 
laser operation must also be addressed. These can 
include electrical hazards, fire ignition, excessive 
temperature or an explosion due to a fault, etc. 
the manufacturer should describe non-optical 
hazards in the product safety standard; however, 
if it is not provided, then the relevant instructions 
in IEC 61010-1 can be considered [6].

20.6  Ensuring Safety

This section introduces some recommendations 
for staying safe while using lasers. The safety 
precautions are offered to avoid hazardous acci-

F. Canbaz and A. Zam



261

dents. For example, a laser safety officer (LSO) 
must be employed to install and to operate a 
Class 3R, Class 3B, or Class 4 laser. Before 
installation, the LSO needs to follow up the 
safety regulations and take initial control mea-
surements as per IEC 60825-1 [6]. If any laser is 
modified by the user, reclassification must be 
done and communicated by the user.

• Use a remote interlock connector for Class 3B 
and Class 4 lasers. The interlock should be 
connected to the entrance in such a way so as 
to avoid light exposure. If trained personnel 
declare no probability for optical hazard, the 
interlock can be overridden.

• Remove the key on the control panel after use, 
to prevent unauthorized use of Class 3B and 
Class 4 lasers.

• Prevent accidental exposure of eyes and skin 
to Class 3B or Class 4 lasers by using beam 
attenuators or beam stops during operation. 
Beam stops should be placed even for the 
reflected light beam from any surface.

• Place warning signs to entrances, especially 
on Class 3B and Class 4 lasers, to avoid acci-
dental damage.

• Carefully align the laser beam, especially for 
the Class 3B and Class 4 lasers. The beam paths 
should be as short as possible without any cross-
ing ways. The beam should be blocked at the 
end of the path (for Class 3B and Class 4 lasers). 
The beam paths of Class 3R lasers should also 
be as short as possible, except for those operat-
ing in the visible region. Open laser beam paths 
must be below or above eye level for all classes 
of lasers. Using beam tubes in the beam paths 
offers another way to avoid beam exposure.

• Rigidly mount optical elements reflecting or 
transmitting light beams from Class 3R, 3B, and 
4 lasers. Carefully align by following the reflected 
light beam. To avoid damaging the surfaces of the 
optical elements, keep them as clean as possible. 
For Class 1M and Class 2M lasers, focus optics 
carefully; beam blocks may be used behind the 
mirrors to block transmitted light beams.

• Use of protective goggles while operating 
Class 3R (except for the visible wavelength 
region of operation), Class 3B, and Class 4 

lasers is mandatory. Exceptions may be made 
(1) during engineering or administrative con-
trols and (2) during experiments (that have 
been approved by the laser safety officer) 
where wearing goggles is not practical. The 
choice of goggles is important to ensure safety. 
Goggles need high optical density (for lower 
transmission) relative to the operation wave-
length of the laser(s). Radiant exposure and 
MPE must be considered in order to prevent 
eye damage. The damage threshold of the eye-
wear must be known and indicated. Comfort 
and ventilation of the goggles are important, 
as the user may wear them for the whole day. 
The design of the goggles must be chosen to 
provide as wide a field of view as possible. 
Strength and degradation of the material may 
vary and should be considered. The goggles 
must be designed to block peripheral vision as 
well, as shown in Fig. 20.4.

• Label protective eyewear properly including 
the information of the wavelength range and 
optical density at the wavelength range. The 
spectral optical density (Dλ) of the protective 
eyewear can be calculated from

 
D

H
λ = log .10

0

MPE  

Here, H0 is the expected exposure level of the 
unprotected eye. Dλ depends on the wave-
length. The minimum value of Dλ for the par-
ticular wavelength range needs to be indicated 
on the protective eyewear.

Fig. 20.4 Standard eye goggles from Thorlabs to block 
green laser light
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• Provide suitable clothing for use during exper-
iments with Class 4 lasers that have radiation 
levels higher than stated MPE values for skin. 
Clothing material must be resistant to heat as 
this class of laser can start fires.

• Ensure that only trained personnel are in 
charge of operating or aligning Class 1M, 
Class 2M, Class 3R, Class 3B, and Class 4 
lasers; these lasers may cause a hazard not 
only to the users but also to the people stand-
ing further away. The training can be given by 
the manufacturer, the laser safety officer, and 
certified external organization. Training 
should include (1) system operating proce-
dures, (2) hazard control procedures, (3) per-
sonal protection requirements, (4) accident 
procedures, and (5) information about interac-
tions between the laser and eye or skin.

• Provide pre-, interim-, and post-employment 
ophthalmic examinations for users of the 
Class 3B and Class 4 lasers. Upon suspicion 
of injury, the user must see a specialist.

In addition to the safety regulations listed 
above, users must not take any risk, especially 
while working with Class 3B or Class 4 lasers.
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