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Preface

The first laser specifically designed for dentistry
was introduced in 1989 and used a crystal of
neodymium-doped yttrium aluminum garnet
(Nd:YAG) as its core active medium. Low average
power photonic energy produced by this laser was
delivered through a small-diameter optic fiber to
target oral tissue. Such technology had been devel-
oped for use in medicine from 1975, and carbon
dioxide (CO,) lasers were commonly employed
during the 1980s for general and oral surgery.
Nowadays, approximately 15% of dentists world-
wide own lasers, and there are about 30 indica-
tions for their use in dental treatment. Whether
used in addition to or instead of conventional
instrumentation, lasers provide many unique
patient benefits.

This textbook is intended to provide information
about the basic science and tissue interactions of
dental lasers and display the most current exam-
ples of clinical use in every dental discipline. The
clinical cases were chosen to show the results of
proper laser use for a particular procedure, and the

accompanying text explains the rationale, advan-
tages, and precautions of that use, documented
with numerous citations.

Research studies continue to provide collaborative
evidence demonstrating the efficacy of the today’s
instrumentations. Furthermore, other investiga-
tions will enumerate novel clinical applications,
and hopefully new laser wavelengths will be
explored, developed to deliver highly specific
power configurations to optimize laser-tissue
interaction.

This book is the product of many highly
respected dental clinicians, along with those in
academia and involved in research throughout
the world, and we are grateful for their efforts
and their friendship. Most importantly, we
acknowledge the love, understanding, and sup-
port of our spouses, Catherine Coluzzi and
Penny Parker.

We hope you enjoy the book.

Donald J. Coluzzi
San Francisco, CA, USA

Steven P.A. Parker
Genoa, Italy
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Core Message

Lasers have emerged as high-technology instruments and
very helpful tools in all aspects of our daily lives. They have
been slowly incorporated by dentistry over the last three
decades. Our patients have come to expect treatment that
is high quality, minimally invasive, comfortable, and patient
friendly. Fortunately, a practice that utilizes lasers can fulfill
those goals. The purpose of this chapter is to discuss some
of the benefits of adopting lasers into a dental practice,
what the clinician must know before purchasing a laser,
and concepts of revenue generation. Moreover, a practitio-
ner who is apprehensive about adopting the technology
should also find helpful information to help in making a
decision.

1.1 Introduction

Light has always fascinated mankind for many centuries.
There have been innumerable references to light being a
source of healing and curing many diseases for ancient cul-
tures. Many Roman homes featured solariums [1], while they
and the neighboring Greeks took daily sunbaths. The use of
light for photodynamic therapy enabled early civilizations to
treat a variety of dermatologic conditions using photosynthe-
sizer chemicals found in plants. Over 200 years ago, physi-
cians in Europe offered similar therapy using both artificial
and natural light [2, 3].

At present, laser technology has become associated within
indispensable and diverse applications such as metrology,
science and engineering, medicine, communications, art and
entertainment, research work, defense, and astronomy. It is
impossible to even imagine state-of-the-art physics, chemis-
try, biology, and medicine research without the use of radia-
tion from various laser systems.

In 1989 the first laser model specifically designed for the
dental profession became available for treating oral soft tis-
sue. Since then, many different wavelengths have been intro-
duced, and the practitioner can easily use them on both hard
and soft tissues for both surgery and healing. This new tech-
nology greatly expands the scope of procedures while mak-
ing them easier and more comfortable for patients.
Encouraged by an ever-increasing evidence of the safe and
effective use of lasers, there are a growing number of practi-
tioners embracing the technology and appreciating how their
patients can benefit.

The question in this chapters title may be properly
expanded into «why buy a laser and what do I need to know
when I buy it?» The following sections should provide many
details for that answer.

1.2 A Buyer’s Guide for Choosing a Laser

B
|

While investigating a product for our personal use or a
piece of equipment for our practice, several aspects should
be considered. We check for the features, benefits, assets,
and liabilities to help us make sure that we are paying the
right value of the product. A well-thought-out decision
leads to a better business operation and good manage-
ment. Hasty decisions can lead to financial distress and
instability in career and unnecessary emotional stress.
Similarly, before investing in a laser, we can ask the follow-
ing questions:

© s alaser worth the investment; in other words, is there
value for the money?

0 The first and foremost thing before buying a laser is to
identify your practice goals because that will help you
optimally understand the demands of your patient and
how you would meet their expectations. Thus one
response to the posed question is a multipart one: (1)
Which procedures would | be able to perform with the
laser that would produce beneficial results? (2) Can |
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achieve a good return on my investment by an
additional fee for the procedures that | already perform
conventionally? (3) Are there new procedures | can
perform? Another section of this chapter will discuss
these points in detail. After that analysis, the answer
about value should be very straightforward. In any case,
and depending upon the various treatment applications,
lasers are available in a variety of wavelengths, sizes, and
competitive prices.

© Where would I put the laser? What should be the room size

for the laser unit to fit?

O The answers to these questions depend on which

wavelength will be used for the procedure you have
planned. For example, lasers for hard tissue—tooth
preparation and osseous surgery—have a relatively
large footprint, approximately the size of a standard
dental cart. These lasers have air, water, and main utility
requirements similar to that cart so the room should
accommodate those. Other lasers such as soft tissue
diodes are smaller units and only need small plug in
adapters from AC power mains or are battery driven.
They can be placed on any available small flat surface.
In fact, some of those units are compact to the point of
being shaped like a thick pencil and are self-contained.
Technological sophistication continues to be
developed, but each unit will have its unique space
requirements.

0 What is the laser’s portability and ease of setup?

o As a corollary to the previous paragraph, all lasers have a

degree of portability. The large units all have wheels and
the smaller units can be lifted with one hand. Some have
a wireless foot control pedal and the others have
multiple cables to connect. Nonetheless, any unit can be
moved between operatory rooms. Setting up the laser
follows prescribed steps. Along with various safety
features, the start-up protocol takes very little time. The
delivery systems have specific accessories that are simple
to attach and the displays on main screen are easily
readable. If there are buttons for presetting parameters,
they can be customized for a particular procedure.
Protective eyewear is essential for the surgical team and
for the patient and any observer in the treatment area.
These should be stored close at hand. Each of these
steps should become routine so that the laser use
becomes seamlessly integrated into any patient care
where it's needed.

@ What's the quality of construction?

@ All of the units are manufactured for patient care with

necessary industrial standards that regulate not only
electrically powered devices but also dictate infection
control requirements. The quality of construction on
every laser should be very high, although some
components will wear with normal use. A main
concern of the practitioner is likely to be how
comfortable the delivery system is to handle. Some
devices have small flexible optical glass fibers, while
other lasers have larger hollow tube assemblies. All
terminate in a handpiece and some have small tips or
tubes to direct the beam toward the target tissue. Your
hand should not fatigue while performing lengthy
procedures and the handpiece should be able to reach
in all the areas of the mouth. You should be able to
perform the range of clinical procedures desired with
ease and precision.

@ What are the safety features?

O All dental lasers are well equipped with built-in safety

features subject to rigorous rules. Some examples of
these features are an emergency stop button, emission
port shutters to prevent laser emission until the correct
delivery system is attached, covered foot switch to
prevent accidental operation, an adjustable control
panel to ensure correct emission parameters, audible or
visual signs of laser emission, locked unit panels to
prevent unauthorized access to internal components,
key or password protection, and remote interlocks to
minimize the risk of accidental exposure. Clearly, the
practitioner must be familiar with these protective items,
and a laser safety officer must be appointed to supervise
the laser’s operation.

0 What is the cost of operation?

Q Aside from the initial investment of the device, each

procedure will have a cost while performing a procedure.
Some items or accessories are single use. An example is a
tip for a diode laser; these tips are available in multiple
diameters and lengths. One tip can generally be used for
one patient visit, although treatment of multiple areas
may require more than one tip. Other components are
designed as long lasting, but could require replacement.
An example is the delivery system itself. Optical fibers
can lose some transmissive capability over time; some
handpieces have mirrors or other components that
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degrade. Protective glasses can be scratched or
damaged from repeated use. On the other hand, the
active medium of the laser and other internal parts
generally show little or no wear throughout the life of
the laser. While the tip cost is a small percentage of the
fee, other items can be a significant economic factor for
the practice. In every case, the manufacturer should be
able to service the unit and offer replacement parts
when necessary.

© How are the parts sterilized or disinfected?

@ 1tis extremely important to follow the manufacturer’s
instructions for infection control to prevent any cross
contamination from patient to patient. Some
components of a laser, especially those that are in direct
contact with oral tissues, are either autoclavable or
disposable. The handpiece is an example of the former,
and the single use tips are disposable. Other areas like
the control panel and the delivery system can be

protected with barriers and subsequently disinfected
with standard spray on liquids. The protective safety
glasses can also be disinfected.

1.3 Integrating a Laser into Your Practice

Lasers have provided a new cutting-edge technology to the
dental world. It is truly amazing to think about how such an
investment like this could have such a huge impact on clini-
cal practice. Incorporating lasers into conventional thera-
pies helps in better prognosis and treatment outcomes.
Lasers began as alternatives for soft tissue oral surgery and
have expanded into all aspects of dentistry: orthodontics,
endodontics, oral and maxillofacial surgery, periodontics,
aesthetic dentistry, restorative dentistry, prosthodontics,
dental implantology, and pediatric dentistry. In addition,
low-level lasers can be used as adjuncts to treat chronic
pathologies and within photodynamic therapy to treat infec-
tious disease.

o g
3 D |

| HowTO -
FINSELECTRTHENN-
-1 RIGHT LASER o D
DEVICE?? | -

\

Several factors are presented for consideration about how a

laser can be incorporated into a practice:
Identify your practice. The first and perhaps foremost
concept before buying a laser is to identify how you
practice. Your treatment planning is based on the
patient’s oral health conditions, and the goals of your
care will help improve or maintain that health as well as
meet their expectations. Your clinical experience and
scope of practice usually determine which procedures

you perform, and a list of those should be studied so that
you can begin to choose a laser instrument. Likewise,
you may have thought about the addition of other newer
treatments that will expand your services. Those could
affect the type of laser you purchase.

Analyze what procedures do you currently perform that
can be assisted with laser technology. A dental laser can
help you provide a higher level of care. In restorative
dental procedures, management of soft tissue is
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simplified because the tedious and painful placement of
retraction cord can be eliminated. Better impressions are
possible for indirect restorations such as crowns and
bridges, and clearer margins near the gingiva are
revealed for optical scanning. Class V carious lesions can
be prepared at or near the subgingival level with
excellent hemostasis. This ensures an improved bond for
composite materials and ultimately results in better
aesthetics and a longer-lasting restoration. Two minutes
of disinfection treatment of an aphthous ulcer brings
immediate relief to the patient who may have been
suffering for days. Excellent hemostasis can be achieved
during minor surgical procedures like an immediate
loading implant or second-stage implant uncovering.
Not only is there a clean dry operating site, but the
improved visualization will save time for the other steps
of the treatment. All this will save your time. Also, by
differentiating your practice, you'll attract a more
educated cliental. Patients associate laser procedures as
less invasive leading to a better overall dental experience
and once treated will refer their families and friends.
There is easy return of investment as the procedures are
made simpler and easier.

Think about which procedures that you do not perform that
you would like to provide if you had a laser. Within your
scope of practice, there are procedures that can be
accomplished with dental lasers in your office that you
previously may have referred to a specialist and/or did not
offer to your patients. Of course, proper training is
necessary before you begin any procedure and is
especially important when you are attempting a new one.
However, understanding the fundamentals of the
wavelength and watching the interaction as it happens
will provide clinical experience and confidence for the
clinician to continue offer additional treatment options at
chairside. Endodontic therapy can be aided by both laser
debridement and pathogen reduction. Examples of laser
soft tissue excisions are numerous: a removal of fibrous
tissue in an irritation fibroma and epulis in the soft tissues
of patients wearing removable prosthodontic appliances,
operculectomy treatment of an unerupted tooth, a
frenectomy to prevent further adult periodontal problems,
releasing a tongue tie in infants, and revising the frenum
in a child’s diastema to aid proper tooth positioning. Oral
surgical procedures such as oral sub-mucositis fibrosis,
lichen planus, and leukoplakia can also be performed.
Lasers can also be used for aesthetic enhancement of the
patient’s smile by minor recontouring of gingival tissue,
laser tooth whitening, and removal of depigmentation in
the soft tissues. Osseous crown lengthening for treatment
of altered passive eruption or to obtain adequate tooth
structure for a restoration can proceed with the all-tissue
lasers [4]. During the initial alignment phase of
orthodontic treatment, low-level laser therapy (LLLT) can
be given to patient as it has shown to accelerate the tooth
movement and also to relieve the discomfort that
occurred during the initial arch-wire changes [5]. That

same effect, also known as photobiomodulation, can be
used in patients with bruxism, temporomandibular joint
disease, acute abscess areas, and many more applications
[6]. One of the biggest hurdles while taking diagnostic
records, impression making, or intraoral radiographs is
gag reflex, which can be particularly strong in some
patients. Low-level lasers are a boon in such cases; using
lower doses of laser energy helps in minimizing the reflex
[7]. When all these benefits are explained in detail, there is
no doubt the patient will accept the planned treatment.
The increased revenue also helps to satisfy a further return
on the initial cost of the laser.

There are several choices of laser instruments. There are
many lasers available for purchase. Their availability can
be dependent on regional regulations of sales and
clearances, along with support of service and training.
There are worldwide standard and consistent
classifications so that basic choices can be made. A
generic division describes dental lasers as either surgical
or nonsurgical, and they are sometimes termed high level
and low level, respectively. @ Figure 1.1 shows a simple
flowchart of the basic categories of those classifications.

After analyzing your practice’s procedures, you can become
familiar with how each available laser could be utilized.
Prioritize your clinical needs with respect to how a laser’s
use would be of benefit.

In a modern dental office, a patient has certain
expectations: treatment should be less painful, more
precise, and less invasive with less bleeding, better
healing, and fewer appointments. Fortunately, the
practice of dentistry has been revolutionized and
modernized so that our procedures have become
more patient friendly. With the incorporation of this
device, an anxious patient feels more confident, and
there is noise-free or no vibration of the drill or smell
of conventional dental care, with the fact that much of
the treatment can be performed with «no anesthesia»
or «needle-free» dentistry. These factors could
transform patients who were resistant to conventional
treatment into ones who readily accept treatment.
Also in the future, we can expect more referrals to the
practice, thus, proving lasers to be a safe investment
and a true value for the money.

If your practice is focused on oral hygiene maintenance (sul-
cular debridement), prosthodontic or restorative tissue man-
agement (gingival troughing), or aesthetic procedures (crown
recontouring, gingivectomy, gingival depigmentation, and
laser whitening), a diode or a Nd:YAG laser would be ideal.
The small-diameter fiber optic contact delivery can be safely
used on soft tissue with minimal interaction with hard tissue.
For the restorative practice and conservative dentistry, the
erbium family (Er,Cr:YSGG, 2780 nm, and Er:YAG, 2940 nm)
and the 9300 nm carbon dioxide lasers offer a wonderful
alternative and adjunct to the dental bur. A specialty practice
that is mainly focused on oral and maxillofacial surgical
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O Fig. 1.1 A graphic representa-
tion of the type of dental lasers.
The surgical lasers have output
power sufficient for incision,
excision, ablation, and coagula-
tion of dental tissues, whereas the
nonsurgical lasers will not perform
those procedures. A few surgical

DENTAL LASERS

devices do have capabilities for
low-level laser therapy

SURGICAL

HARD TISSUE
ErYAG
Er,Cr:YSGG

Co2

procedures, or periodontal surgery, the aforementioned
tooth cutting lasers perform osseous surgery safely and rap-
idly while minimizing potential thermal damage to adjacent
tissues and the blood supply. In addition to those instru-
ments, the 10,600 nm carbon dioxide laser is often used for
precise and rapid cutting during soft tissue surgery.

The clinician is constantly assessing and assimilating
patient’s needs and satisfaction while deciding on the proper
treatment [8]. When choosing to add a laser to the proce-
dure’s protocol, certain wavelengths have advantages over
others. To be clear, any of the available laser wavelengths are
suitable for soft tissue treatment. But if the dentist treats both
soft and hard tissues, only the erbium or the 9300 nm carbon
dioxide instruments will provide necessary energy and tissue
interaction for those dental procedures.

There is no single perfect laser wavelength. Currently there

are over two dozen indications for the use of the various

dental wavelengths, as listed in the different manufacturer’s
operating manuals. There are often many discussions in
the profession about which laser is the best, as well as
debates about how all lasers are the same. It should be clear
that although similarities exist, every laser wavelength has
some unique properties compared to another. When asked
the question about which laser is best, a proper answer
could be the one you know how to use in your practice!

One thing which must not be forgotten is that there is «no
perfect laser.» It is simply because the absorption characteris-
tics of the photonic emission by a particular wavelength are
different for the same tissues. Although every laser can be
used for soft tissue surgery, a very fibrous area will be difficult
to cut with a diode laser but will be easily incised with carbon
dioxide. On the other hand, a diode can perform aesthetic

SOFT TISSUE
DIODE
Nd:YAG

co2

NON SURGICAL

DIAGNOSTIC
CARIES
DETECTION
LASER DOPPLER
FLOWMETRY

LOW LEVEL
LASER
THERAPY

MISCELLANEOUS
PAD
(PHOTOACTIVATED
DISINFECTION)
LASER CURING LIGHT

contouring of gingiva adjacent to a natural tooth without
interacting with the healthy enamel, but the carbon dioxide
wavelength could damage that same enamel. Erbium lasers
are very highly absorbed by water, which allows the easy
removal of a carious lesion. However, highly fluoridated
enamel can be more challenging to ablate because of the min-
imal water content. In addition, the laser’s output can be a
factor during treatment. Some procedures need only mini-
mum energy levels; an example would be when desensitizing
an aphthous ulcer. Likewise, photobiomodulation effects are
performed at power densities well below any threshold of
surgical cutting. In contrast, tooth preparation requires very
high peak powers and very short pulses for efficient removal
of the mineralized material without thermal damage.

Therefore, before investing, all of the factors just dis-
cussed should help the clinician to identify what kind of laser
is best suited for one’s practice.

1.4 Sales, Training, and Company Support
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The laser manufacturer is engaged in a highly competitive
business with a limited market of purchasers. The sales team
must be transparent and honest about their product’s perfor-
mance and avoid unrealistic assurances about everything
from clinical efficacy to availability and shipping time for the
device. The company’s representatives should have a sound
knowledge of the laser’s operation so that they can initially
demonstrate how the laser is set up along with knowing how
to help in case of troubleshooting a problem. Customer sup-
port representatives should be available to answer questions
and solve problems.

Training and continuing education opportunities must be
available. Some companies have formed institutes that pro-
vide training for basic and advanced procedures, along with
such features as educational resources, a discussion forum,
examples of clinical cases, and other digital learning. Others
sponsor courses and workshops during larger dental
conferences.

It would be useful to know how long the particular device
has been commercially available for purchase as well as to
learn about the company’s track record of efficiency, reliabil-
ity, and service. Some companies have a global market, but
local support in your country or state would be very desir-
able. Regional dental suppliers can also represent the com-
pany to provide sales and service. Since those suppliers
already have a relationship with the dental practice, this
could facilitate good support.

The operating manual enclosed with the laser is the
guidebook for its use and describes the clinical procedures
for which the device may be used. This is sometimes termed
«indication for use» and simply means that there is solid evi-
dence for safety and effectiveness, as opposed to «off-label»
treatment. All sections should be well written. Instructions
should include the range of operating parameters for each
procedure for the wavelength’s use. Those settings are always
guidelines and suggestions for modification should be listed.
Factors such as beam diameter versus output power, approxi-
mate time of exposure, and varying tissue interaction must
be considered. The steps necessary for the assembly and dis-
assembly of the delivery system should describe every detail.
The care and maintenance of each component of the laser
should be illustrated. Warnings, precautions, and trouble-
shooting procedures should be explained, along with contact
information for support.

As previously mentioned, there are various accessories
necessary for using a laser. These include delivery system
tips, foot control pedals, keys, interlocks, and protective eye-
wear. The initial and replacement cost of these items as well
as any maintenance and availability should be noted. In some
cases, accessories are optional and have additional costs.

Those can negate an initial attractive initial price of the laser
itself. Likewise maintenance can be included for a period of
time in the purchase, but a contract for service beyond that
may incur a fee.

The warranty period should be clearly stated, and the
dentist purchaser should thoroughly understand the terms
and conditions. Lasers are designed for precision delivery of
photonic energy, and the device is generally well con-
structed. However, any portion can be damaged with nor-
mal use and accidental breakage can occur. Warranty is a
promise provided by the manufacturer to repair or replace
the instrument if necessary within a specified time. That
promise may stipulate what repairs are covered in specific
circumstances.

The laser’s operation is governed by software control of
the internal components. Many companies offer updated
versions of their software and may include them in the pur-
chase price. Likewise some of the hardware may undergo
modification, and it would be prudent to determine if any
retrofitting or upgrades are appropriate and available for the
model of laser purchased.

1.5 Education and Knowledge

A prudent question to ask is «<how much training and do I
need?» The simple answer is that you should continue to
acquire knowledge all during your dental career. The elu-
sive secret to success has always been to achieve better
quality of patient care. That achievement can only be
found with lifelong learning. It starts with the sessions
offered by the laser manufacturer after purchase.
Unfortunately some of these are simply didactic lectures
available on playback media. Hands-on simulated exer-
cises on animal tissue followed by over-the-shoulder
supervised patient care are very superior learning meth-
ods. Whichever methods of initial training are taken, sim-
ple procedures performed with minimum power settings
will help to overcome your fears and increase the level of
your skills. Observing the rate of tissue interaction and the
progress of reaching the treatment objective may appear
to be at a slower pace than you first expected. Your patience
will be rewarded; in fact, a slow sweeping motion for tis-
sue removal is usually preferred. Moreover, you will avoid
unnecessary thermal damage while precisely cutting and
contouring tissue; and that will produce a successful out-
come. That continuing journey toward mastering how a
procedure is performed can bring you a lot of satisfaction.
During that time, your range of comfort with all proce-
dures will certainly increase.



10 S. Mahajan et al.

For continuing education about the use of lasers in den-
tistry, a number of opportunities are available. Local study clubs
and regional academies have regularly scheduled meetings
where members can share information. Many major dental
conferences feature presentations and workshop courses. There
are university-affiliated programs which both offer information
and assess competency. Advanced programs, fellowship, mas-
tership, and MSc programs are offered in many countries. A
document entitled «Curriculum Guidelines and Standards for
Dental Laser Education» was developed in 1993 and is often
used as a reference for these learning opportunities [9].

Finding a mentor would be a bonus for any laser clinician.
There’s no faster way to improve your skills and knowledge than
to have someone to guide you as you work on your goals. That
person should have the right attitude about teaching along with
the experience to demonstrate the proper way to perform the
procedure while correcting any of your deficiencies. Your con-
fidence in delivering care will also increase. In addition, you can
gain insights about new techniques and treatments.

Another question that can be asked is «what are the rules for
laser use?» The response is that various regulatory agencies exist
to ensure safe and efficacious use of lasers for the health and wel-
fare of patients. The practitioner must have knowledge of those
regulations and comply with their provisions. A review of those
is presented here and will be detailed in » Chap. 5 on laser safety.

Regional or local bodies issue a license to practice

dentistry to a properly qualified dentist. That award

allows the dentist to offer dental care according to the
scope of practice—i.e., the general or specialty services
that are provided. That care is delivered in a manner that
is based on the practitioner’s training, education, and
clinical experience. It should be remembered that «laser

dentistry» is not a recognized specialty; in contrast it is a
description of using an instrument during a procedure.
Certain agencies control the manufacturer and their
products, but do not control the practice of dentistry.
One example is the US Food and Drug Administration
through its Center for Devices and Radiological Health
that regulates the construction of the laser to ensure
compliance with medical device legislation. That same
agency awards the manufacturer a marketing clearance
for a procedure which states that the treatment where
the laser is used will be safe and effective.

The International Electrotechnical Commission prepares
and publishes international standards for all electrical,
electronic, and related technologies that include
regulations and conformity assessment for lasers in a
similar manner to the Food and Drug Administration.
Both of these organizations strongly influence regulatory
agencies in other countries.

Currently there is no common agreement about what
defines a proper credential for a dental laser practitioner.
Some local licensing jurisdictions have a course
requirement. A small number of dental schools have
introduced laser care into the predoctoral curriculum.

Evidence-based dental practice comprises an equal combina-
tion of the integration of clinically relevant scientific evidence,
the clinician’s experience, and the patients treatment needs
and experience. Regarding dental lasers, the peer-reviewed
literature offers an abundance of studies, clinical cases, and
meta-analysis. Some reviews proclaim controversies that exist
with regard to superiority of incorporating lasers into the
treatment protocol. However, many manuscripts using
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controlled clinical studies do show effectiveness of these
instruments. The laser practitioner should be familiar with as
much of the literature, published articles, case reports, and
scientific reviews that are readily available online or offline.
Less reliable blogs and forums can offer information and net-
working about personal experiences. All of those resources
contribute to evidence that has a place in the hierarchy of
learning. The knowledge of how a particular wavelength
would serve the purpose will be very beneficial to the success
of your practice.

1.6 Investingin Your Team

Nurturing your employees is an important part of creating an
engaged workforce. Invest in their personal and professional
development and it will pay handsome dividends down the
line by giving you a happy, capable, and productive team in
an optimized practice. Your patients will immediately notice
the professional and friendly atmosphere where you have
created a healthy working environment with a caring and
holistic approach toward their treatment.

Everyone on your staff from the receptionist and admin-
istrators at the front desk to the clinical team of assistants,
hygienists, and other associated doctors must be educated
about dental lasers.

With proper training and experience, they can answer
any of the patient inquiries about how a laser might be used
for treatment. They can increase the patients’ awareness of
the advantages and limitations of the technology. They can
also address any apprehension about a procedure.
Interestingly, many people are familiar with lasers because of
previous medical procedures; and a few have expressed a
misunderstanding about the word radiation as it represents
the last letter in the laser acronym. Regarding the latter, a
well-informed staff member can clarify the fact that dental
lasers do indeed emit radiation in the thermal portion of the
electromagnetic spectrum and not in the ionizing portion
used for radiographs. The entire team would benefit by
attending an introductory course about the use of lasers in

dentistry as well as being actively interested in other continu-
ing education offerings.

1.7 Marketing

One of the secrets to a successful practice lies in its market-
ing. Marketing is a process by which a product or service is
introduced and promoted to potential customers [10]. It is
the best means to make people aware of the quality of service
being provided. The overall marketing umbrella covers
advertising, public relations, promotions, and sales.

There are mainly three methods of marketing, namely,
online, offline, and word of mouth. The latter is sometimes
termed «internal marketing.» Online marketing uses the
Internet, e-mail, social networking websites, and blogs as
online channels for delivering marketing content to the pub-
lic. Offline marketing is disseminated through the «conven-
tional» media: radio, television, and printads. Word-of-mouth
marketing is the best of the three approaches for any dental
office. The starting point is that the staff or team must have
knowledge of the practice. A written strategic plan composed
of a vision, mission statement, goals, and objectives will cer-
tainly provide a framework for that knowledge. Each
employee should be able to articulate the fact that the entire
office constantly stays updated with current innovations and
procures the latest technology to ensure the best treatment,
care, in a comfortable environment. That in turn will clearly
influence how the patient will speak about the practice,
encouraging friends, neighbors, and relatives to seek dental
care there.

For the best results, all three modalities should be incor-
porated in a marketing plan. For the first two portions, you
also may consider promoters, publicists, and professional
marketing outlets to support any of your large-scale promo-
tion efforts. Obviously, a budget must be prepared so that the
dollars necessary for any of the above are well spent. However,
word-of-mouth marketing usually just involves spending
some time inside the office to ensure a consistent and high
standard of delivery of dental care.

‘ ONLINE

OFFLINE

Marketing

MOUTH OF WORD
ADVERTISEMENT
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Lasers can be an excellent marketing tool. In a surgical
case, the dentist who utilizes a laser is no longer bound by
conventional treatment that always involves injectable
anesthesia, along with bleeding, and sutures. Instead the
patient can be treated with the alternate laser technique
that may require minimal or no anesthesia, with no bleed-
ing, and minimal to no suturing. Similarly, for restorative
dentistry, the traditional cavity preparation with rotary
high- and low-speed drills and burs can give way to laser
ablation of the carious lesion and preparation of the prepa-
ration margins. As an additional benefit, some of the treat-
ment can be also performed with less anesthesia and more
patient comfort.

Patients are becoming more techno-savvy these days,
and because of that, they can spend an inordinate amount
of time researching dental treatment options on various
online portals with varying degrees of opinion and educa-
tion. Nonetheless, they gain knowledge about their
options; and they rarely oppose treatments with laser if
given a choice. They know and understand that the tech-
nology is up to date and it can provide faster, more com-
fortable dental care while achieving those better results in
less time.

1.8 Why Lasers in Dentistry

Lasers are in common use in every aspect of our lives, be it
military, industrial, or medical. Now in its third decade,
laser dentistry is no exception. The term laser itself evokes a
positive response in patient’s mind. Possibly because of
prior experience with other medical procedures, the patient
will associate the treatment performed with the instrument
as very beneficial. Laser dental care can be quicker and
more efficient along with markedly reduced pain, lack of
bleeding, minimal need of anesthesia, and last but not the
least minimal postoperative discomfort. The patients can
resume their daily activities shortly after the treatment is
rendered [11].

0 Why should | buy a laser?

@ The dental laser should become part of the
practitioner’s armamentarium. The photonic energy,
with its unique properties of monochromatism and
coherency, transmitted through an ergonomic delivery
system, becomes a novel instrument for dental care.
When used with proper knowledge, understanding, and
correct training, it can function as an integral part of
any dental treatment appointment. The clinician can
have assurance that each laser procedure is being safely
and easily performed without some of the
disadvantages that were present when the scalpel or
electrosurgery was used. Two examples can be listed:
disinfection during a laser incision versus a bleeding
scalpel cut and safe removal of tissue during laser
implant fixture exposure versus certain damage with an

electrosurgical tip. In addition, for those who challenge
themselves to constantly better their skills, a laser is a
must «have» for them—not as a «gadget,» but as a
surgical instrument.

Q What difference will it make for my patients and myself?

0 The incorporation of technology in dentistry has

improved the way we serve our patients. Digitized
radiographs are replacing traditional radiographs,
diagnosis is done on 3D model of teeth and bone
(CBCT) and single sitting root canals, and CAD/CAM
technology is gaining popularity. All these
advancements including lasers are being
incorporated to improving the dental care provided
to the patients on daily basis [12]. Dental pain is
scored among the world’s first ten phobias. In some
patients, just the sight of dental chair, the whining
noise of air rotor, or the white coat of a dentist can
create panic attacks. Dental lasers make a huge
difference in the life of such patients since they can
reduce the level of stress and anxiety [13] and help a
clinician to deliver the best of dentistry. As an added
benefit, it has been shown that lasers can help to
provide neural blockage leading to analgesic effect
and anti-inflammatory effects [14].

0 Will it be income generating?

@ Dental lasers can help the practitioner to formulate

treatment plans for the benefit of the patients. As
mentioned previously, the existing procedures will be
improved and new or previously referred treatments can
be offered. The dentist may necessarily increase the fee
schedule to reflect the additional cost of the laser
purchase, but that adjustment should be explained by
simply enumerating the benefits of using the
instrument.

Q The surgical procedures are generally shorter than

traditional surgeries and are usually performed on an
outpatient basis. Patients usually have less pain, swelling,
and scarring than with traditional surgeries. This makes a
huge difference in the quality of life of patient since
there is usually no long recovery period. Just as
important, the practitioner can be more efficient
because the surgical appointment and necessary pre-
and post-procedure protocol is less complex and time
consuming. Thus there could be more time available for
other patients which will in turn generate more revenue
and help to grow the practice. An additional advantage
is that multiple procedures may be performed during
one visit, thus increasing production. It naturally follows
that more patient’s acceptance of a proposed treatment,
coupled with a positive, comfortable, and healthy
outcome, will result in confident referrals of new patients
to the practice.
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© When should a laser be used?

@ The clinician should know the indications for the use of
the laser. This textbook will describe all of those in detail.
Continuing education will certainly provide suggested
techniques and protocols. When reviewing the steps
necessary for a procedure, there should be an analysis of
how the laser could be used either as an adjunct or as
monotherapy. Equally importantly, the instrument and all
of the needed accessories should be easily obtained—
within reach or stored close by—so that it can be inserted

into the procedure. As the clinician continues to utilize the
laser, it will become essential in the armamentarium. For
some treatments, it can be substituted for other
instruments; in other procedures, it can be used
adjunctively. Likewise, the experience of repeated use will
result in confidence in delivering excellent patient care.
Indeed, the laser will become the smart investment that
was hoped for during purchase. 8 Figure 1.2 shows a
small sampling of clinical procedures where a laser can be
used. In every case depicted, the laser was used instead of
conventional instrumentation.

O Fig. 1.2 aPreoperative view of hyperplastic tissue present during
orthodontic therapy. b Postoperative view showing tissue removal,
with more normal periodontium. c A preoperative view of a wide max-
illary diastema with frenum involvement. d Photo depicting the healed
frenum revision, gingivectomy, and good progression of orthodontic
alignment. e A low-level laser is used for treatment of temporoman-

dibular joint inflammation. f Preoperative view of interproximal carious
lesions. g Immediate postoperative view of the new restorations. Both
teeth were prepared with the laser instead of the dental handpiece.

h Preoperative view of pigmentation on the mucosa. i Postoperative
view showing the pigment removed. j Preoperative view of a benign
irritation fibroma. k Postoperative view showing healed area
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1.9 Limitations of Laser Dentistry

1.10 Enjoying Benefits of Laser Dentistry

If you are a proficient clinician using a laser, then you can see
the almost limitless and enormous possibilities of using them
for treatment. However, as with any instrumentation, certain
considerations apply. The clinician should be very well
trained to judge the disease to be treated. After proper selec-
tion of the case, an appropriate decision is to be made on
what wavelength, power, or energy density will be used and
will be dependent on the absorptive pattern of the target tis-
sue. This of course implies a very thorough understanding of
the fundamentals of laser physics, tissue interactions, and the
safe use of the device.

There are some disadvantages to the currently available
dental laser instruments. They are relatively high cost and
require training. Most of the laser emission tips are end-
cutting, although there are some radial firing ones available.
Nonetheless, a majority of dental instruments are both side-
and end-cutting. The laser practitioner will be necessarily
required to employ a modification of clinical technique. A
laser incision is by definition not as sharp edged as the one
made with a scalpel. Furthermore, since sutures are seldom
used compared to the one from a surgical blade, a laser
wound heals by secondary intention. The patient must be
given the appropriate postoperative instructions to cor-
rectly care for the area during healing. As mentioned, no
single wavelength will optimally treat all dental disease.
Accessibility to the surgical area can sometimes be a prob-
lem with some current delivery systems, and the clinician
must prevent overheating the tissue while attempting to
complete a procedure. One additional drawback of the
erbium family and 9300 nm carbon dioxide lasers is the
inability to remove defective metallic and cast porcelain
restorations. Of course, this limitation in some cases could
be quite beneficial when treating small areas of recurrent
decay around otherwise sound restorations. Sometimes the
slower pace of laser soft tissue surgery can lead to tissue
charring or carbonization during any surgical procedure.
This can be due to a combination of too much average
power or moving the laser beam too slowly. Both of those
can be corrected with experience. One aspect that should
not be ignored is the production of the laser plume which is
a by-product of vaporized water (steam), carbon and other
harmful molecular particles, and possibly infectious cellu-
lar products, which combine to produce a malodorous
scent. Maintaining the suction wand within 4 cm of the sur-
gical site to remove as much of the plume as possible is rec-
ommended [15, 16].
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Over the time, the developments in the art and science of
dentistry have provided us with the ability to allow the clini-
cian to provide minimally invasive solutions to the patient’s
disease. From the incorporation of less invasive treatment of
periodontitis to comprehensive cosmetic restorative treat-
ment, the current standard is to conserve as much of the den-
tition and surrounding structure as possible. With the
advancements in innovative materials and new and improved
clinical techniques, that goal can be achieved. The rapid use
of laser technology has gained popularity in various dental
specialties and disciplines including endodontics, prosth-
odontics, oral and maxillofacial surgery, orthodontics, dental
implantology, pediatric dentistry, aesthetic dentistry, and
periodontics. It has revolutionized some treatment protocols
and is certainly a practice-building tool.

The benefits enumerated above can transform a patient
who was previously resistant to conventional treatment
plans into a more relaxed and certainly cooperative one.
Moreover, the fact is that dental practice can be very physi-
cally demanding and stressful during normal patient care.
For more special needs patients such as those who are men-
tally and physically challenged, it is possible for the laser cli-
nician to perform more procedures with efficiency and
confidence, while conserving time and respecting the
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patient’s tolerance. Lasers are especially helpful in geriatric
patients as it makes the procedure more tolerable and help
them overcome some of the barriers in providing dental care
to them including severe dental complexity, multiple medi-
cal conditions, and diminished functional status. Similarly,
laser-assisted pediatric dental treatment can result in a
happy, healthy, and trusting child whose parents will appre-
ciate the gentle and efficient care.

In today’s digital world, patients interact almost instantly
with their multimedia friends, share their experiences and
concerns, and better understand diagnoses and treatment
options. They are more likely to accept recommendations for
treatment, and they certainly are willing to invest in a proce-
dure that they value and that is as comfortable as possible. If
a patient’s experiences with the laser are positive, then it will
invite more referrals. In short, lasers can enable the dentist to
render better quality dentistry [17].

Conclusion

We live in a fast-paced world. The practice of dentistry is con-
stantly evolving and there are mainly two main reasons we
change: one is that we want to strive to deliver the optimum
treatment available for our patients; the other is that we want
to keep abreast with the latest and best method to achieve
that. Never stop learning or else we shall stop growing. In the
present era, it is always important to improve your skills and
abilities, and we should continue to learn so that we can con-
tinue to grow in knowledge as a lifelong pursuit. Willingness
and openness to learn new things is the key to success.
Whenever we think we are good, we can be even better.

The first step toward laser dentistry is to seek objective
information on all aspects of the instrument and its uses.
Eventually, the decision to purchase a laser should be based on
sound scientific evidence; your own experience, knowledge,
and training; and upon the patient’s preference for treatment
options.
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Core Message

The word LASER is an acronym for light amplification by stim-
ulated emission of radiation. The theory was postulated by
Albert Einstein in 1916. A brief description of each of those
five words will begin to explain the unique qualities of a laser
instrument.

Once the laser beam is created, it is delivered to the target
tissue. Furthermore, each device has certain controls that the
clinician can operate during the procedure.

An understanding of these fundamentals will become the
foundation for further elaboration of the basic concepts of
how lasers are used in dentistry.

2.1 Light

2.1.1 Origins and Curiosities of Light

The word light has been used for many centuries, including
biblical references such as in the beginning sentences of the
Book of Genesis. Early civilization seemed to understand
that the cycle of day and night with the sun, the moon, and
the stars produced differences in ambient brightness.
Historical investigations into the nature of light produced
interesting and sometimes conflicting studies. Ancient peo-
ples were curious about this brightness: the Greek philoso-
pher, Pythagoras, began to develop wave equations about
400 B.C. Over a century later, the Greek mathematician
Euclid claimed that light is emitted in rays from the eye; he
then proclaimed the law of reflection of those waves. It took
until 1021 for a mathematician from Basra, Ibn al-Haytham,
to correct the concept and prove that light enters rather than
emanates from the eye. In addition, al-Haytham postulated
that there are tiny particles of energy coming from the Sun
that produce light. In 1672, British physicist Isaac Newton
was studying the laws of reflection and refraction and con-
cluded that light was made of particles, which he called «cor-
puscles» [1]. He concluded that light is a combination of
seven colored particles—violet, indigo, blue, green, yellow,
orange, and red (in keeping with the belief that seven is a
mystical number.) Those particles combine to produce white
light [2]. A few years later in 1678, the Dutch physicist
Christiaan Huygens insisted that light was made up only of
waves and published the «Huygens» Principle [3]. As history
would have it, both Newton and Huygens were at best half
correct.

Over a hundred years later, new discoveries of light
emerged. In 1800, William Herschel, a German-born musi-
cian and astronomer, moved to England and investigated
individual temperatures of the visible colors. From those
experiments, he discovered infrared light [4]. Johann Ritter,
from a region of Eastern Europe now known as Poland, dis-
covered ultraviolet light in 1801, by observing how the com-
mon chemical silver chloride changes color when exposed to
sunlight [5]. The British physicist Michael Faraday produced
evidence that light and electromagnetism were related [6]. In

1865 his Scottish colleague James Maxwell then explained
electromagnetic radiation: that is, electricity, magnetism, and
light are in fact interrelated in the same phenomenon [7]. His
discovery quantified the different wavelengths of radiation
and thus helped to explain our current understanding of the
existence of light in more than just the visible spectrum of
Newton’s colors. In 1895 Wilhelm Roentgen, a German pro-
fessor of physics, added X-radiation to the electromagnetic
spectrum, after studying many experiments from colleagues
such as Philipp Lenard and Nikola Tesla [8]. He used the ter-
minology of X to signify an unknown quantity. A theoretical
physicist Max Planck, also from Germany, proposed that
light energy is emitted in packets he termed quanta in 1900
[9]. He formulated an equation that gave a relationship
between energy and wavelength or frequency. In 1905 the
German scientist Albert Einstein discovered what he termed
the photoelectric effect. He observed that shining light on
many metals causes them to emit electrons, and he termed
them photoelectrons. He then deduced that the beam of light
is not just a wave traveling through space but must also be
composed of discrete packets of energy, as described by
Planck. Einstein called these tiny particles photons [10], thus
crystallizing the particle-wave dual nature of light.

2.1.2 The Duality of Light

Based on the discoveries and arguments over the last three
millennia, it can now be stated that light is a form of electro-
magnetic energy with a dual nature. It behaves as a particle
and travels in waves at a constant velocity. The basic packet or
quantum of this particle of radiant energy is called a photon
[11]; a photon is a stable particle that only exists when mov-
ing at the speed of light in a vacuum. By implication of the
theory of relativity, it has no mass. When decelerated, it no
longer exists, and its energy is transformed.

The wave of photons which travels at the speed of light
can be defined by two basic properties, as shown in @ Fig. 2.1.
The first is amplitude, which is defined the vertical height of
the wave oscillation from the zero axis to its peak. This

Amplitude is the height of the wave from the zero axis
to the peak.

Wavelength is the horizontal distance between two
adjacent parts of a wave.

Wavelength
1

oo\ /\
NV

B Fig. 2.1 A depiction of electromagnetic waves showing the two
important quantities of amplitude and wavelength
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correlates to the amount of energy carried in the wave: the
larger the amplitude, the greater the amount of energy avail-
able that can do useful work. The second property of a wave
is wavelength, which is the horizontal distance between any
two corresponding points on the wave. This measurement is
very important both in respect to how the laser energy is
delivered to the tissue and what the interaction will be.
Wavelength is measured in meters, and dental lasers have
wavelengths on the order of much smaller units using termi-
nology of either nanometers (10~ m) or microns (107° m.)
As waves travel, they oscillate several times per second,
which is termed frequency. Frequency is inversely propor-
tional to wavelength: the shorter the wavelength, the higher
the frequency and vice versa.

2.1.3 Properties of Light and Laser Energy

Ordinary light produced by a table lamp, as an example, is
usually a white glow. The white color seen by the human eye
is really a sum of the many colors of the visible spectrum—
for example: red, orange, yellow, green, blue, and violet, as
first described by Isaac Newton. The light is usually diffuse,
and not well focused.

Laser energy is distinguished from ordinary light by two
properties. One is monochromaticity which means the gener-
ated light wave is a single specific color. For dental instru-
ments, that color is usually invisible to our eyes. Secondly,
each wave has coherency, identical in physical size and shape
along its axis, producing a specific form of electromagnetic
energy. This wave is characterized by spatial coherency—that
is, the beam can be well defined; the beam’s intensity and
amplitude follow the Gaussian beam’s bell curve in that most
of the energy is in the center, with rapid drop-off at the edges.
There is also temporal coherency, meaning that the single
wavelength’s emission has identical oscillations over a time
period. The final laser beam begins in collimated form and
can be emitted over a long distance in that fashion. However,
beams emanating from optical fibers usually diverge at the
tip. By using lenses, all the beams can be precisely focused,
and this monochromatic, coherent beam of light energy can
accomplish the treatment objective.

Using a household fixture as an example, a 100-watt lamp
will produce a moderate amount of light and proportionally
more heat in a room. On the other hand, two watts of laser
power can be used for a precise excision of an irritation
fibroma, providing adequate hemostasis on the surgical site
without disturbing the surrounding tissue.

2.2 Emission

2.2.1 Spontaneous Emission

In 1913, Niels Bohr, a Danish physicist, developed his
model of an atom, applying the quantum principle of

Planck. He proposed distinct energy orbits or levels of
energy around the nucleus of that atom. Bohr found that
an electron could «jump» to a higher (and unstable) level
by absorbing a photon and then the electron would return
to a lower (more stable) level while releasing a photon
[12]. He termed this spontaneous emission. The nuance to
this emission is that, since there are several possible orbital
levels in the atom, the wavelength of the photonic emis-
sion would be determined by the energy of the emitted
photon, according to Planck’s equation. It should also be
noted that the emitted photon will likely have a random
direction and phase. In more simple terms, spontaneous
emission can be demonstrated when a conventional elec-
tric light bulb is switched on. The filament glows brightly
emitting light and heat as the electrons are excited to
higher energy states and then return to their ground con-
ditions. Different broad groups of wavelengths (e.g., white
light) will be produced during emission from the higher
energy levels. A light-emitting diode also produces spon-
taneous emitted light by using a flow of energized elec-
trons recombining on the positive side of the wafer to
produce luminescence. The color (wavelength) of the
emitted light will depend on the chemical composition of
the diode wafer [13].

2.2.2 Stimulated Emission

In 1916 Albert Einstein postulated the theory of lasers [14].
Using Bohr’s model, he postulated that during the process of
spontaneous emission, an additional photon, if present in the
field of the already excited atom with the same excitation
level, would stimulate a release of two quanta. These would
be identical in phase, direction, and wavelength. In addition,
these emission photons would share monochromatic and
coherent properties—thus a laser is born.

2.3 Amplification

Amplification is part of a process that occurs inside the laser.
Once stimulated emission occurs, the process should theo-
retically continue as more photons enter the field both to
excite the atoms and to interact with the excited photons
returning to their ground state. One could imagine a geomet-
ric progression of the number of emitted photons, and, at
some point, a population inversion occurs, meaning that a
majority of atoms are in the elevated rather than the resting
state. As Bohr implied, there can be several potential levels of
energy available in most atoms. Having multiple levels (more
than two) would aid in maintaining a population inversion
because there would be no possibility of equal rates of absorp-
tion back into the ground state and stimulated emission. This
amplification effect can only occur if there is a constant and
sufficient source of energy, which is supplied by a pumping
mechanism.
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2.4 Radiation

The basic properties of a wave were discussed in » Sect. 2.1.2.
The entire array of wave energy is described by the electro-
magnetic spectrum (ES)—in other words, all frequencies and
wavelengths of radiation [15]. The ES has several regions
with rough boundaries of wavelength or frequency. There are
seven general classes, with increasing order of wavelength to
describe the radiation: gamma rays, X-rays, ultraviolet radia-
tion, visible radiation, infrared radiation, microwaves, and
radiofrequency waves. These wavelengths range in size:
gamma rays measure about 1072 m; on the other end of the
spectrum, radio waves have wavelengths up to thousands of
meters. The ES can be more broadly divided into two divi-
sions with gamma rays, X-rays, and ultraviolet light in a
group termed ionizing radiation, while all the other wave-
lengths are termed nonionizing. Ionizing simply means that
the radiant wave has enough photon energy to remove an
electron from an atom, and those wavelengths can cause
mutagenic changes in cellular DNA. The human eye responds
to wavelengths from approximately 380-750 nm, with those
two numbers representing deep violet and dark red, respec-
tively. That range is termed the visible spectrum. The term
thermal radiation can be applied to many wavelengths. For
example, an infrared lamp generates heat; the sun provides
both light and heat; and the ionization present in plasma can
also produce high temperatures.

The energy of a photon can be calculated using the equa-
tion from Max Planck. It states that the energy is directly
related to the frequency of wave or inversely proportional to
the wavelength. Thus, gamma or X-radiation with very short
wavelengths (ranging from 107'2 to 107'° m) has very high
energy, while radio waves (approximately 3 m to 1 km) have
significantly lower energy by comparison.

25 Components of a Laser

Identifying the components of a laser instrument is useful in
understanding how the energy is produced. For dentistry,
there are two basic types of lasers: (1) one that operates as a
semiconductor and is compact in size and (2) one that has
distinct components that, when assembled, occupy a larger
footprint. The first type is generally known as a diode laser;
the second type encompasses all other lasers. Both of these
types share common features—an active medium, a pumping
mechanism, and a resonator. In addition, a cooling system,
controls, and a delivery system complete the laser device.
All available dental laser devices have emission wave-
lengths of approximately 0.45 microns, or 450 nanometers to
10.6 microns or 10,600 nanometers. That places them in
either the visible or the invisible nonionizing portion of the
electromagnetic spectrum. B Figure 2.2 is a graphic depiction
of those lasers on a portion of the electromagnetic spectrum.

Currently available dental laser wavelengths on the electromagnetic spectrum

Invisible lonizing Radiation - Invisible Thermal Radiation
Visible
.
X-Rays UltraViolet Near infrared Mid infrared far infrared
400 7o0nm \Voo nm 3000 nm
InGaN Nd:YAP
445 nm Nd:YAG 1340 nm
AlGafs 1064 nm
810nm Er:YAG €O,
5;(2"’ InGaAsP 2020 9300,
nm 1064 nm 10,600 nm
Caries Detect 655 nm InGaAs Er,Cr:YsGG
Visible PBM 980 nm 2780 nm
Invisible PBM

AlGaAs/InGaAs 940 nm

O Fig. 2.2 A graphic showing the currently available dental wavelengths’
position on the visible and invisible nonionizing portion of the electro-
magnetic spectrum. Note that most of the wavelengths also include the

composition of the active medium which produces that wavelength.
PBM is an abbreviation for photobiomodulation, and those instruments
use various active media
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2.5.1 Active Medium

21

2.5.2 Pumping Mechanism

Lasers are generically named for the material that is being stim-
ulated; such material is called the active medium. As mentioned
above, the atoms (or molecules) of that material absorb pho-
tonic energy and then begin to spontaneously emit.
Subsequently under the right conditions, the process of stimu-
lated emission will begin. Common materials for dental lasers
can be broadly designated as one of three types: a container of
gas, a solid-state crystal, or a semiconductor. The active medium
is at the center or core of the laser, termed the optical cavity.

Gas Lasers

The most common gas dental laser is carbon dioxide, which
contains a gas mixture of carbon dioxide, helium, and nitro-
gen. Helium is not directly involved in the lasing process, but
nitrogen does interact with the excitation process and ulti-
mately transfers that energy to the carbon dioxide molecules.

A second gaseous laser is the argon ion instrument. A
tube of this noble gas when excited can produce several radi-
ant emissions, the most common being a visible blue and
blue-green beam of collimated light. The physical demands
of power and cooling have rendered this laser to a very lim-
ited application in dentistry.

One of the first lasers developed was the helium-neon gas
laser, which has a visible red color emission.

Solid-State Crystal Lasers

Various solid-state crystals are used in dental lasers. The host
material is composed of yttrium aluminum garnet (YAG),
yttrium aluminum perovskite (YAP), or yttrium scandium gal-
lium garnet (YSGG.) Any of these can then be «doped» with
ions of neodymium, erbium, and chromium. The resulting des-
ignation would be written as Nd:YAG, for example, which would
be a neodymium-doped yttrium aluminum garnet crystal.

Semiconductor Dental Lasers

A semiconductor laser utilizes the basic positive-negative
(p-n) junction of everyday electronic circuits—the diode:
that is, a two pole oppositely charged wafer. The flow of nega-
tively charged electrons into the positively charged holes dif-
fuses across the junction. The lasing action takes place
between the charged layers, called the depletion region. This
small rectangle will emit coherent and monochromatic light,
but collimation must be performed by an external lens.
Current diode lasers consist of various atomic elements in
binary, ternary, or quaternary form arranged in a wafer-like
structure. Examples would be gallium arsenide (GaAs), alu-
minum gallium arsenide (AlGaAs), indium gallium arsenide
(AlGaAs), and indium gallium arsenide phosphate
(InGaAsP.) These elements provide a checkerboard-like crys-
talline structure to allow lasing to occur; the usual silicon-
based semiconductor is not used because of its symmetry.
The single diode wafer just described is then arranged in a
linear array for cooling, and the number of wafers determines
the power output.

Surrounding this optical cavity with its active medium is an
excitation source, known as the pumping mechanism.
Pumping is used to transfer energy into the optical cavity,
and that energy must be of sufficient quantity and duration
so that the occupation of a higher energy level exceeds that of
a lower level. This condition is called a population inversion
and it allows amplification to occur.

Although the above-described process occurs rapidly,
it still takes some time. Most lasers are described as three-
level or four-level. A three-level system describes the basic
concept: level one would be the stable, ground state, some-
times designated as energy level zero, a pumped level
(energy level 2), and a lasing level (energy level.) Despite
rapid decay from level 2, with enough pumped energy,
there will be a population inversion between level 1 and 2.
A four-level system is similar with the pumped level desig-
nated as 3, the upper lasing level as 2, and the lower lasing
level as 1. The difference between these two lasing levels
will aid in producing a population inversion. Certain
active media operate as either three- or four-level
systems.

In the laser industry, there are a wide variety of pumping
mechanisms. The pumping of dental lasers is usually per-
formed with optical devices—high-power lamps or lasers or
by electricity—either with direct current mains or with elec-
tronic modulation of alternating current. Currently diode
lasers are electronically pumped; solid-state crystal lasers use
high-powered strobes (flash lamps); and carbon dioxide
lasers can be operated with AC or DC current or radiofre-
quency (RF) pumping methods. As a variation in pumping,
one form of carbon dioxide technology uses very high pres-
sure gas and many electrodes along the length of the gas tube.
This is known as a transversely excited atmosphere (TEA)
laser.

2.5.3 Resonator

The resonator, sometimes known as the optical cavity or
optical resonator, is the laser component surrounding the
active medium. In most lasers, there are two mirrors one at
each end of the optical cavity, placed parallel to each other,
or in the case of a semiconductor, either a cleaved and pol-
ished surface exists at the end of the wafer or there is reflec-
tion within the wafer. In all cases, these mirrored surfaces
then produce constructive interference of the waves: that is,
the incident wave and the reflected wave can superimpose
on each other producing an increase in their combined
amplitude. Clearly some waves will not combine and will
soon lose their intensity, but others will continue to be
amplified in this resonator. With the mirror system, this
continued effect will help to collimate the developing beam.
As mentioned previously, a diode laser collimation occurs
externally.
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Laser components

Pumping mechanism:
flashlamp, electricity.

v

Y

v
N .

Partially

transmissive mirror
~— Optical resonator —

Reflective
mirror

O Fig. 2.3 General schematic of a laser. The active medium can be
solid state (like Nd:YAG) or a gas (like carbon dioxide.) The pumping
mechanism provides the initial energy, and the resonator consists of
the active medium and axial mirrors. One mirror is totally reflective and
the opposite one is partially transmissive. When a sufficient population
inversion is present, laser photonic energy is produced and focused by
lenses

2.5.4 Other Mechanical Components

Components of a single diode laser

Pumping mechanism: electricity

+
T Collimation lens
Positive layers

Prisms

Reflective surface Partially transmissive surface

B Fig. 2.4 Schematic of a single (individual) diode laser wafer. There are
layers of positively and negatively charged compounds, pumped by elec-
tricity. The white layer with the yellow arrows represents the active layer
where stimulated emission takes place. In this example, a reflective coating
is applied to opposite ends of the wafer. In the right area are examples of
lenses and prisms that would be placed at the emission end of an array of
wafers to produce useful powers of diode laser photonic energy

2.5.5 Components Assembled

A cooling system is necessary for all lasers, and higher out-
put power requires increasing dissipation of the heat pro-
duced by pumping and stimulated emission. Air circulation
around the active medium can control the heat, especially
with diode lasers; the sold state crystal lasers and some
gaseous lasers require additional circulating water
cooling.

Focusing lenses are employed for each beam, and in the
case of diode lasers, for collimation. The delivery system will
ultimately determine the diameter of the emitted
wavelength.

The laser control panel allows the user to adjust the
parameters of energy emission, along with a foot or finger
switch for «on-off» or variable output operation on some
devices.

B Table 2.1 Currently available visible spectrum dental lasers

Type of laser and General uses

emission spectrum

Semiconductor diode,
visible blue

Soft tissue procedures, tooth
whitening

KTP solid-state visible
light emission

Soft tissue procedures, tooth
whitening

Low-level lasers, visible Photobiomodulation therapy

Laser energy is produced because the active medium is ener-
gized by the pumping mechanism. That energy in the form of
photons is absorbed into the active medium, raising its
atomic electrons to higher orbital levels. As the electrons
return to their stable ground state, photons are emitted while
other entering photons can produce stimulated emission.
The resonator allows more numbers of these photonic inter-
actions and will continue the amplification process.

The operation is temperature controlled, the beam is
focused, and the clinician can control the laser used. B Figure 2.3
shows a graphic of a solid-state laser such as an Nd:YAG or a
gas laser such as carbon dioxide, and @ Fig. 2.4 depicts a sche-
matic of a single semiconductor laser wafer. @ Tables 2.1 and 2.2
provide details of the currently available dental lasers with their
active medium, common usage, and emission wavelength.

Active medium Wavelength Emission mode
Indium gallium nitride 445 nm CW, GP
Neodymium-doped yttrium 532 nm CW, GP
aluminum garnet (Nd:YAG) and

potassium titanyl phosphate (KTP)

Variations of gallium arsenide or 600-670 nm CW, GP

indium gallium arsenide 632 nm

red light emission
semiconductor or gas
lasers

(PBM), photodynamic therapy
(PDT), or carious lesion
detection.

phosphorus diodes
Helium-neon gas

The type of laser and its emission spectrum is listed in column 1; column 2 indicates the general usage in dentistry; column 3 describes the
active medium; column 4 shows the emission mode with the following abbreviations: CW continuous wave, GP acquired pulse
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O Table 2.2 Currently available invisible infrared dental lasers
Type of laser and General uses
emission spectrum

Photobiomodulation therapy
(PBM) , photodynamic therapy
(PDT)

Low-level lasers,
(invisible) near infrared

Semiconductor diode,
near infrared

Soft tissue procedures

Semiconductor diode,
near infrared

Soft tissue procedures

Semiconductor diode,
near infrared

Soft tissue procedures

Semiconductor diode,
near infrared

Soft tissue procedures

Solid state, near
infrared

Soft tissue procedures

Soft tissue procedures,
endoscopic procedures

Solid state, near
infrared

Solid state, mid
infrared

Soft tissue procedures, hard
tissue procedures

Solid state, mid
infrared

Soft tissue procedures, hard
tissue procedures

Gas, far infrared Soft tissue procedures, hard

tissue procedures

Gas, far infrared Soft tissue procedures

23

Active medium Wavelength Emission mode
Variations of aluminum gallium 800-900 nm CW, GP
arsenide diodes

Aluminum gallium arsenide 800-830 nm CW, GP
Aluminum/indium gallium arsenide 940 nm CW, GP
Indium gallium arsenide 980 nm CW, GP
Indium gallium arsenide phosphorus 1064 nm CW, GP
Neodymium-doped yttrium 1064 nm FRP
aluminum garnet (Nd:YAG)

Neodymium-doped yttrium 1340 nm FRP
aluminum perovskite (Nd:YAP)

Erbium, chromium-doped yttrium 2780 nm FRP
scandium gallium garnet (Er,Cr:YSGG)

Erbium-doped yttrium aluminum 2940 nm FRP

garnet (Er:-YAG)

Carbon dioxide (CO,) laser, with an 9300 nm FRP

active medium isotopic gas

Carbon dioxide (CO,) laser with an 10,600 nm CW, GP, FRP

active medium of a mixture of gases

The type of laser and its emission spectrum is listed in column 1; column 2 indicates the general usage in dentistry; column 3 describes the
active medium; column 4 shows the emission mode with the following abbreviations: CW continuous wave, GP acquired pulse, FRP

free-running pulse

2.6 History of Laser Development

After Einstein’s laser theory was published, experiments to
build a device didn’t appear until the 1950s. Charles Townes
of Columbia University in New York began working with a
microwave amplification in 1951. In 1957 another Columbia
graduate student Gordon Gould described in his laboratory
notebook the basic idea of how to build a laser. That was con-
sidered the first time the term was used. The first laser was
built by Dr. Theodore Maiman in 1960 at Hughes laboratory
[16]. He used a 1 x 2 cm synthetic ruby cylinder for the active
medium and photographic flash lamps for the pumping
mechanism and produced a brilliant red light pulsed emis-
sion. At the end of that year, three other scientists at Bell labs
developed the helium-neon gas laser with a continuous out-
put of red light. Other wavelength instruments were rapidly
developed during that decade. Notable is the 1964 invention
of the carbon dioxide laser, with a 10.6 micron wavelength,

by Kumar Patel, and, in the same year, the Nd:YAG laser was
built by Joseph Geusic and Richard Smith, all at Bell labs. In
the spring 0f 1970, a team of Russian and American scientists
independently developed a continuous wave room tempera-
ture semiconductor laser [17]. The first laser specifically
designed for dentistry was marketed in 1989 [18].

2.7 Laser Delivery Systems

Laser energy can be delivered to the surgical site by various
means that should be ergonomic and precise. There are three
general modalities:

o An optical fiber
o A hollow waveguide

o An articulated arm
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B Fig. 2.5 An optical fiber assembly

2.7.1 Optical Fiber

An optical glass fiber usually made of quartz-silica. This glass
core conducts the laser beam along its length. A thin polyam-
ide coating surrounds the core to contain the light, and a pli-
able thicker jacket covers both to protect the integrity of the
system. A specific connector couples the fiber to the laser
instrument; a handpiece and tip are added to the operative
end. @ Figure 2.5 shows a typical optical fiber assembly.

2.7.2 Hollow Waveguide

A hollow waveguide is a jacketed flexible tube. The internal
surface has a reflective coating like silver iodide to allow the
beam’s transmission. A series of protective jackets complete
the system. The waveguide is connected to the emission port
on the laser, and a handpiece and optional tip are connected
to the operative end. @ Figure 2.6 shows a typical hollow
waveguide assembly.

2.7.3 Articulated Arm

An articulated arm consists of a series of reflective hollow
tubes with pivoting internally mirrored joints along its
length. The arm has a counterweight to provide ease in move-
ment. The laser emission port is coupled with the first tube,
and a handpiece and optional tip are added to the operative
end of the distal tube. BFigure 2.7 shows the basic arm
assembly.

Shorter wavelength instruments, such as KTP, diode,
and Nd:YAG lasers, have small, flexible fiber-optic systems

O Fig. 2.7 Anarticulated arm delivery system

with bare glass fibers or disposable tips that deliver the
laser energy to the target tissue. A few low-powered diode
lasers are offered as handheld units with disposable glass
tips.

Erbium devices are constructed with more rigid glass
fibers, semiflexible hollow waveguides, or articulated arms.
Carbon dioxide lasers use waveguides or articulated arms.
Some of the erbium systems employ small quartz or sapphire
tips, and carbon dioxide instruments employ metal cylinders
that attach to the handpiece. All of the tips are used for con-
tact with target tissue, although they can direct the beam
toward the tissue when not directly touching it. Other lasers
in these wavelengths use tip less (and therefore noncontact)
delivery systems. In addition, some procedures demand that
a clinician not directly contact the tissue. In addition, the
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erbium lasers and the 9.3 micron carbon dioxide laser employ
a water spray for cooling hard tissue.

2.7.4 Contact and Noncontact Procedures

All conventional dental instrumentation, either hand or
rotary, must physically touch the tissue being treated, giv-
ing the operator instant feedback. As mentioned, dental
lasers can be used either in contact or out of contact.
Clinically, a laser used in contact can provide easy access to
otherwise difficult-to-reach areas of tissue. The fiber tip can
easily be inserted into a periodontal pocket to remove small
amounts of granulation tissue, for example. In noncontact,
the beam is aimed at the target at some distance away from
it. This modality is useful for following various tissue con-
tours, but the loss of tactile sensation demands that the sur-
geon pays close attention to the tissue interaction with the
laser energy.

The active beam is focused by lenses. With the hollow
waveguide or articulated arm, there will be a precise spot at
the focal point where the energy is the greatest, and that spot
should be used for incisional and excisional surgery. For the
optic fiber, the focal point is at or near the tip of the fiber,
which again has the greatest energy. When the handpiece is
moved away from the tissue and away from the focal point,
the beam is defocused and becomes more divergent. At a
small divergent distance, the beam can cover a wider area,
which would be useful in achieving hemostasis. At a greater
distance away, the beam will lose its effectiveness because the
energy will dissipate. This concept will be further discussed
in » Sect. 2.8.

2.7.5 Aiming Beam

All the invisible dental lasers are equipped with a separate
aiming beam, which can either be laser or conventional light.
The aiming beam is delivered coaxially along the fiber or
waveguide and shows the operator the exact spot where the
laser energy will be focused.

2.8 Emission Modes

There are two natural modes of wavelength emission for den-
tal lasers, based on the excitation source: continuous wave
and free-running pulse. A subset of continuous wave mode is
a gated pulsed emission, where there is some means of modi-
fication performed after the beam is initially generated.

2.8.1 Continuous Wave

Continuous wave emission means that laser energy is emit-
ted continuously when the laser is switched on and produces

25

constant tissue interaction. These lasers are pumped with a
constant direct current electrical field source. KTP, diode,
and older model CO, lasers operate in this manner. The
energy and/or power have a level output.

2.8.2 Free-Running Pulse

Free-running pulse emission occurs with very short bursts of
laser energy due to a very rapid on-off pumping mechanism.
Two examples are a high-powered strobing lamp or a radio-
frequency electronic field. The usual pulse durations of
energy can be measured in microseconds, and there is a rela-
tively long interval between pulses. The power produced has
a high peak and low average level, which will be discussed in
» Sect. 2.9. Nd:YAG, Nd:YAP, Er:YAG, and Er,Cr:YSGG and
some carbon dioxide devices operate as free-running, direct
pulsed lasers.

2.8.3 Gated Pulsed Mode

Some laser instruments are equipped with a mechanical
shutter with a time circuit or a digital mechanism to produce
pulsed energy. Pulse durations can range from tenths of a
second to several hundred microseconds. Some diode and
carbon dioxide lasers have these gated pulses from their con-
tinuous wave emission. There can be high peak and low aver-
age power levels produced.

Another method to produce very short pulses is called Q
switching (the Q indicates the quality factor of the optical
resonator.) An attenuating mechanism modulates the rate
of stimulated emission, while the pumping mechanism con-
tinues to provide energy into the resonator. When the Q
switch is turned off (opened), the result is a very short pulse
of light, on the order of tens of nanoseconds. Peak powers
can be very high.

Alternatively, an acousto-optic modulator can be placed
in the laser cavity to ensure that the phases of emission all
constructively interfere with each other. This is called mode-
locking and can produce pico- or femtosecond pulse dura-
tions with resulting extremely high peak powers.

Current dental lasers do not utilize Q switching or mode-
locking emission modes.

29 Terminology

The laser instrument’s wavelength has a unique and
unchangeable photon energy emission. However, the clini-
cian can adjust various parameters of that emission from
both the control panel and the handpiece’s position on the
target tissue. Throughout the remainder of this book, vari-
ous terms will be used to describe the laser procedures.
The Glossary at the end of this chapter contains many of
the terms and definitions that are standard for lasers.
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B Table 2.3 Important terminology for laser use

Term Definition Abbreviation

Energy The ability to do work J (joule) or mJ
(millijoule)

Fluence  Energy per area J/em?

Power Work performed over W (watt)

time

Power Power per area W/cm?

density

Beam The area of the projected  (Usually measured in

size laser beam on the tissue microns or millimeters)

B Table 2.3 describes the fundamental terms that are com-
mon notations found in clinical procedures. A few of those
terms will be described in more detail in this section.

2.9.1 Energy and Fluence

Energy is a fundamental physics term defined as the ability to
do work. This energy is usually delivered in a pulse. A joule
(J) is a unit of energy; a useful quantity for dentistry is a mil-
lijoule (m]), which is one-one thousandth of a joule. Pulse
energy is therefore the amount of energy in one pulse.

Fluence is a measurement of energy per area and is
expressed as J/cm?. This is also known as energy density.
Procedures on different dental tissues will require various
fluences for both efficiency and safety.

2.9.2 Power and Power Density

Power is the measurement of work completed over a period
of time and is measured in watts (W.) One watt equals 1 joule
delivered for 1's.

Power density is the measurement of power used per unit
of area and is expressed as W/cm? Alternate terms are inten-
sity or radiance.

2.9.3 Pulses

Except for continuous wave operation, all lasers can produce
pulsed emission; that is, several bursts of energy can occur in
a second. The number of pulses per second (pps) is the usual
term applied, and an alternate word is hertz. That word could
be confused with the description of the number of cycles per
second of alternating electrical current.

Pulse Duration, Pulse Interval, and Emission
Cycle

The length of each pulse is called the pulse duration or some-
times pulse width and can be as short as one microsecond
(107° s.) The pulse interval is that time period between the

pulses, when no laser energy is emitted. The emission cycle
is the ratio, usually expressed as a percentage of the individ-
ual pulse duration to the total time of that pulse duration
plus the subsequent pulse interval. In other words, if the
pulse duration is 0.5 s and the pulse interval is 0.5 s, that is
one pulse per second and the emission cycle is 50%. The
emission cycle is sometimes referred to as the duty cycle.
Similar to hertz, that similarity is unfortunate since the
phrase duty cycle actually refers to how long on a device can
remain on and working before it must be switched off for
cooling.

2.9.4 Average and Peak Power

Average power is what the tissue experiences during the
duration of the procedure. Peak power is the power of each
pulse. Obviously, with continuous wave lasers, there is really
no peak power. For any pulsed laser, the average power will
be less than the peak power.

The calculation of peak power is the result of dividing
the pulse energy by the pulse duration. For example, a
100 m] pulse with a duration of 100 ps would have a peak
power of 1000 W. This a common peak power achieved in
free-running pulsed dental lasers. However, those same
lasers are generally used with a low pulses per second
parameter, which means that the pulse interval is relatively
large. This results in a correspondingly low percentage emis-
sion cycle. Using the above example of a pulse duration of
100 ps at 50 pulses per second, the total emission time is
5/1000 of a second, which means the total pulse interval is
995/1000 of a second. The duty cycle is then calculated at
approximately 1%. @ Figure 2.8 shows a graphic depicting
the relationship between peak and average power with basic
laser parameters.

Laser parameters: Pulse duration .025 s,
10 pulses per s, pulse interval .075 s

Average Power = 1.5 Watts
Peak Power = 6.0 Watts

Emission cycle: 25%

=

0 0.025s 0.1s 0.2s

B Fig. 2.8 This graphic shows the relationship between peak and
average power along with the emission cycle. The pulses of laser energy
are depicted in dark gray bars. The individual pulse duration is 0.025 s
and the pulse interval is 0.075 s. Each pulse has a peak power of 6 watts,
but the average power is 1.5 watts, due to the emission cycle of 25%



Laser and Light Fundamentals

Power density differences by tip size

Both beams are of equal power (W)

300 p fiber 600 u fiber

O Fig. 2.9 This graphic shows the difference between power density
areas using a 300 micron tip/beam size and a 600 micron tip/beam size.
The smaller fiber has a larger area of interaction because of the larger
power density calculation

2.9.5 Beam Size

This is the area of the photonic emission that will interact
with the target tissue. Lasers that employ tips have their
nominal size indicated on the tip, and noncontact lasers also
have an area of focus. Laser tips are available in several
diameters; typical sizes are 200, 300, 400, and 600 microns.
Other tip less lasers can produce beam sizes with similar
measurements. Clearly, the fluence and power density mea-
surements will be based on that beam size. As mentioned
previously, the laser beam will diverge at a prescribed angle
from a quartz or sapphire tip, increasing its area. Likewise a
focused beam from a tip less delivery system will have a
larger area when the beam is defocused. If the average power
remains the same, both the fluence and the power density
will be reduced.

Conversely, choosing a smaller diameter tip or produc-
ing a smaller focused area would increase the fluence or
power density with the same laser output setting. This could
affect the tissue interaction. @ Figure 2.9 is a graphic showing
how the difference in tip sizes would affect the power
density.

2.9.6 Hand Speed

In addition to the above parameter adjustments, an impor-
tant principle of laser use is the speed at which the beam
moves on the target tissue. A slower speed will increase the
power density because of the longer time the energy remains
in the tissue and could result in a larger area of interaction.
This may or may not be a desirable effect, especially if the
treatment objective is a minimally invasive procedure.
O Figure 2.10 shows a laboratory comparison of hand speed
for soft tissue incision.
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DO Fig.2.10 An 810 nm diode laser with a 400 micron contact fiber
was used at 1.0 W continuous wave for both incisions on a porcine
maxilla specimen. The left incision was made with a faster vertical
movement than the right incision. The left incision is narrower; the right
incision is wider and more ragged and produced a higher temperature
in the tissue. Thus, the power density was larger for that incision

Summary

This chapter provided details of light and lasers. From basic
experiments with light to the sophisticated development of
different instruments, it should be clear that laser photonic
energy can be precisely produced and controlled to be used
for dental procedures.
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Core Message

The potential for laser-tissue interaction forms the basis of
the usefulness of predictable employment of laser photonic
energy as an adjunct to clinical dental and oral therapy.
Appreciation of the underlying mechanisms together with
acknowledgement of limitations will help the clinician to pro-
vide laser therapy and minimize collateral damage.

There is an often-cited belief that in order to obtain bene-
fit from laser photonic energy irradiation of target tissue,
there must be absorption of the energy. Such understanding
has merit but not entire truth. Owing to the multistructural
nature of oral hard and soft tissue, the possibility of incident
photonic energy reacting in a definite, predictable and exclu-
sive manner with target tissue molecules is flawed through
the very nature of the varying structures. Interaction may be
a combination of surface, deeper, scattered and refracted
energy distribution, and true absorption of power values
predicated through laser control panel selection may be
impossible to achieve because of the varying interactive phe-
nomena that may occur.

All oral tissues are receptive to laser treatment, but the
biophysics governing laser-tissue interaction demands a
knowledge of all factors involved in the delivery of this
modality. Through this knowledge, correct and appropriate
treatment can be delivered in a predictable manner.

This chapter looks at the concepts of electromagnetic
energy distribution within oral hard and soft tissue and exam-
ines the potential for true photonic energy ablation of target
molecules. Prime concepts of photothermal action as a path-
way to tissue change are explained, and adjunctive spatial
and temporal components of the incident beam and the
effects of such variance are explored.

The inconsistencies of laser-tissue interaction continue to
pose some difficulty for the dental clinician; however, the
development of many laser machines, amounting to a facility
to produce laser photonic energy at several wavelengths
between the visible and far-infrared areas of the electromag-
netic spectrum, addresses many of the inconsistencies.

3.1 Introduction

Our understanding of the concepts of color helps to define
the interaction of an incident beam of multiwavelength (1)
electromagnetic (EM) energy - the so-called white light —
with a target structure. Human interpretation of «light» as a
concept is limited to the ability of the retina to respond to this
energy and the visual cortex to correlate stimulation in terms
of a very limited range of the EM spectrum (4 350-750 nm),
termed the «visible spectrum.» White light is seen in nature
as the consequence of solar energy that filters through the
many layers of the earth’s atmosphere or the emission of a
man-made incandescent light source. «Light waves» that
arise from such sources are multidirectional (not in phase -
incoherent) and of multiple energy values.

The fundamental theories on light of the latter nineteenth
and early twentieth centuries - notably work of Maxwell,

Planck, Hertz, Einstein and Bohr - provided a coalescence of
the prevailing opinions of light being composed of either
particles or waves. Newton, through his «Corpuscular» theo-
rem [1], in which light traveled as discrete packets («corpus-
cles»), was at variance with earlier work of Huygens. Popular
acceptance of a predominant belief in light propagation by
waves reemerged in the early eighteenth century England
with the slit experiments of Thomas Young [2]. The confir-
mation that light energy was a form of electromagnetic (EM)
radiation, capable of causing a photoelectric effect with cer-
tain metals, proposed a duality of existence for «packets» of
light energy. Einstein is attributed [3] with providing the
annotation «photon» (one quantum - smallest unit — of elec-
tromagnetic energy is called a photon (origin Greek «pwg»,
meaning «light»)) and, with others listed before, provided an
understanding that photonic energy is a form of energized
EM radiation, with each photon traveling at the speed of light
(approx. 300 x 10° m/s) in a sinusoidal wave pattern. From
this it is fundamental to our understanding of the so-called
laser-tissue interaction that EM energy in its many forms is
interrelated and the energy contained therein is capable of
conversion to thermal and sonic equivalent within target tis-
sue, through the law of conservation of energy (sic energy
cannot be created or destroyed, just transformed from one
form to another).

In determining a prescribed level of energy-derived phys-
ical change in target oral tissue, it is necessary to appreciate
the quantity of incident energy, the degree of positive inter-
action and the potential for energy conversion. Inherent in
every incident laser beam is the photonic energy.

Laser «light» is considered unique in that, unlike other
forms of light (sunlight, incandescent, LED irradiation), there
are two inherent properties — monochromaticity and coher-
ence. The single wavelength concept is founded in the physics
oflaser EM propagation, and using the Einstein/Bohr postula-
tions, the delivery of laser irradiation is in sinusoidal wave-
form with successive waves in phase - the so-called wave
coherence. Additional man-made configuration of the pho-
tonic energy produced can provide high-density beam spatial
density over distance - this is termed «collimation.» In terms
of the benefits of laser-tissue interaction due to these proper-
ties, the monochromatic absorption of a chosen laser, together
with the coherence of the beam, will offer selective tissue inter-
action of high quality; the collimation and ability to focus the
beam will define a degree of accuracy and power density (PD).

B Figure 3.1 provides examples of predictable laser-tissue
interaction.

3.2 Photonic Energy

The emission of a single photon from an atom is the result of
a shift in the energy status of that origin. Plank proposed all
matter existed in a state of energy relative to extremes of a
lower (ground) state and a higher (energized) state, com-
mensurate with entropic physical form [4]. Boltzmann,
through his theories on thermodynamics [5], readily
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O Fig. 3.1 Laser-assisted oral
tissue surgery is photothermal
in nature. Incident (photonic)
energy is absorbed by target
tissue elements (chromophores),
relative to the laser wavelength.
This leads to rapid temperature
rise, protein denaturation, and
water vaporization. This consti-
tutes an example of photoabla-
tion

accounted a direct relationship between matter, energy and
temperature. Put simply, an electric light filament at room
temperature is a dull, inert wire but rapidly heats when ener-
gized by an electric circuit. The resistance of the wire leads to
thermal conversion of the electrical (EM) energy. At this
induced higher energy state of the light filament, the volatil-
ity of constituent electrons gives rise to higher thermal energy
and the emission of such energy as light.

Laser photonic energy assumes the production of high-
energy photons from an energized source, whereby each
photon scribes an identical waveform and each photon has
identical energy value. Plank and Einstein had established an
inverse relation between wavelength and photonic energy, a
direct proportional relationship between photonic energy
and frequency, and Niels Bohr paved a way for the «quan-
tum» (amount) nature of emitted photons to be calculated;
thus, it provided a predictable base for the development of
the MASER and optical-MASER or LASER.

The energy of emitted photons is expressed in Joules or,
more conveniently, eV (energy derived by acceleration
through a PD of 1 volt). Since photonic energy is related to
wavelength (1), photons emitted from different sources will
have differing energy values. Basic calculation can be derived
through:

A=hcl/E,

where h = Plank’s constant, ¢ = speed of light and E = pho-
ton energy in eV.

1eV =1.602 x 107" J and it is possible to evaluate energy-
equivalent values for the many laser wavelengths; for exam-
ple, photons of wavelength 1240 nm (near infrared) equate to
an eV value of 1.0, whereas an eV value of 2.0 is 621 nm (vis-
ible red) and eV 0.13 equates to 9600 nm.
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O Table 3.1

Commonly used laser wavelengths associated
with dental treatment

(eV) Laser A (nm)
2.4 KTP 532
2.0 He-Ne 633
1.6 Diode 810
1.2 Nd:YAG 1064
0.4 Er:YAG 2940
0.1 (€0) 10,600

2

Photonic energy and wavelength are inversely proportional.

With ascending numerical value of wavelength, the correspond-
ing photonic energy (expressed in electron volt - eV) is reduced
With ascending numerical value of wavelength, the correspond-
ing photonic energy (expressed in electron volt - eV) is reduced

O Table 3.1 provides an overview of laser wavelengths
commonly used in dentistry with corresponding photonic
values:

3.3 Photonic Energy and Target Molecular

Structures

A simplistic look at one of the many graphic representations
of the relationship of target tissue elements, incident laser
wavelengths and relative absorption potential, would suggest
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@ Fig.3.2 An overview of the manipulation of incident photonic energy, such as laser light as an adjunct to screening, diagnostic and therapeu-

tic clinical activity

that laser photonic energy is capable of ablative interaction
with target tissue elements (chromophores). A chromophore
is defined as «a chemical group capable of selective light
absorption resulting in the coloration of certain organic
compounds» [6]. For those compounds whose color is dis-
cernible within the visible spectrum, the definition may be
sustained; however, given the concept that the chemical
group confers a preferential ability to absorb (to a greater or
lesser degree) photonic (EM) energy, the wavelength of that
energy may fall within a spectrum of ultraviolet to far infra-
red, a narrow component of which may be visible to the
human eye.

It must be stressed that laser—tissue interaction may occur
within one of two basic scenarios, an interaction that is suf-
ficiently powerful to cause direct and irreversible change in
the target (usually achieved through thermal rise) — a process
termed photothermolysis - and a second, less-powerful
interaction that results in nondamaging, predominately (but
not exclusively) stimulatory and biochemically mediated
change, termed photobiomodulation (PBM).

According to the first law of thermodynamics, the energy
delivered to the tissue must be conserved, and three possible
pathways exist to account for what happens to the delivered

light energy when laser photonic energy is delivered into tis-

sue (B Fig. 3.2):

1. The commonest pathway that occurs when light is
absorbed by living tissue is called internal conversion.
The energy of the electronically excited state gives rise
to an increase in the vibrational modes of the
molecule; in other words, the excitation energy is
transformed into heat [7]. In many instances, the
thermal rise is near instantaneous and substantial and
quickly leads to conductive thermal energy into
surrounding tissue. In the case of oral soft tissue and
visible/near-IR laser wavelengths, the absorption by
tissue chromophores gives rise to protein denaturation
and secondary vaporization of interstitial water. The
result is a visible ablation and vaporization of target
tissue [8].

With longer laser wavelengths, mid-IR and far IR,
the prime chromophore in both soft and hard oral tissue
is water. Ablation of tissue is achieved through the
near-instantaneous vaporization of interstitial water,
leading to an explosive fragmentation of tissue structure.
With hard oral/dental tissue, this interaction can be
quite dramatic [8].
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2. With incident laser photonic energy values that fall
below target tissue ablation, a second pathway can occur
as fluorescence. Fluorescence is a luminescence or
reemission of light in which the molecular absorption of
a photon triggers the emission of another photon with a
longer wavelength. Such action provides the basis for
optical scanning techniques used in caries detection in
enamel and dentine and tomographic techniques in the
scanning of soft tissue for neoplastic change.

3. The third pathway is broadly termed photochemistry
[9]. Because of the energy of the photons involved,
covalent bonds cannot be broken. However, the energy
is sufficient for the first excited singlet state to be
formed, and this can undergo intersystem crossing to
the long-lived triplet state of the chromophore. The long
life of this species allows reactions to occur, such as
energy transfer to ground state molecular oxygen to
form the reactive species, singlet oxygen. Singlet or
nascent oxygen is an ultrashort-lived form of the parent
molecule that can cause cell apoptosis through oxidative
stress. Such action can be commonly seen in
photodynamic therapies where an intermediary
chemical - photosensitiser - is employed to direct
energy transfer to target tissue sites [10, 11].

Electron transfer reactions are highly important in
the host cell mitochondrial respiratory chain [12], where
the principal chromophores involved in laser therapy are
thought to be situated. An additional photochemistry
pathway that can occur after the absorption of a red or
NIR photon within a host cell is the dissociation of a
noncovalent bound ligand from a binding site on a metal
containing cofactor in an enzyme. The most likely
candidate for this pathway is the binding of nitric oxide

O Fig.3.3 Summary of the
basic interactive phenomena of
incident laser energy and target
tissue. Such is the variance in tis-
sue structure and heterogeneity
commonly found in oral hard and
soft tissue; there may be multiple
and complex degrees of each
interactive phenomena

Laser light
(Photonic energy)
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to the iron-containing and copper-containing redox
centers in unit IV of the mitochondrial respiratory
chain, known as cytochrome-c-oxidase. Such action may
induce an increase in cell pH and production of ATP
and has been cited as basic cellular theory in
photobiomodulation with low-level lasers.

3.4 Basics of Photothermolysis

Incident photonic irradiation directed onto target tissue will
behave in one of four ways: transmission, reflection, scatter,
and absorption. The defining criteria can be simply summa-
rized as dependent on the nature of the target tissue and
wavelength of the incident beam (hence the predictability of
absorption or transmission), the nature of the tissue and its
heterogeneity (hence the scope for scatter) and angle of the
beam incident to the tissue surface (incident beam angle <
total reflective angle) wherein reflection may have predomi-
nant effects (B Fig. 3.3).

Oral hard and soft tissue is complex and heterogenous,
anisotropic and of varying degrees of thickness. Within
such tissue, component elements may be found that repre-
sent key molecules capable of selective absorption of pho-
tonic energy and termed chromophores. Examples are
protein/amino acid based, such as collagen, keratin and
nonstructural proteins such as melanin and hemoglobin in
both its oxygenated and nonoxygenated (HbO, and Hb)
forms. Dental and osseous chromophores are based upon
the calcium phosphate complex referred to as hydroxyapa-
tite (HA) found as a structural crystal in bone and the car-
bonated lattice crystal as a mineral component of enamel
and dentine (CHA). Water — as the intracellular medium
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maximised through absorption (matching
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Absorption curves of dental chromophores
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O Fig. 3.4 Absorption coefficient curves for commonly found chromophores, relative to incident photonic wavelength

base of cell cytoplasm, a component of circulating blood
and plasma, a free molecule in interstitial tissue structure or
as a hydroxyl (OH-) radical as part of the hydroxyapatite
molecule - represents a major ubiquitous chromophore of
varying degrees of absorptive potential relative to incident
photonic wavelength. @ Figure 3.4 demonstrates a graphical
interpretation of the interaction of ascending photonic
wavelengths with each of the major tissue chromophores
that are found in oral and dental tissues. The term adopted
as a measurement of the level of energy absorption by a
chromophore is absorption coefficient — considered as a
measure of the rate of decrease in the intensity of electro-
magnetic radiation (as light) as it passes through a given
substance. The optical properties of tissue will determine
the penetration into tissue of the radiant energy from a laser
source. Absorption coeflicient is inversely proportional to
transmittance and the depth of penetration of photons
within a given chromophore will reduce as the absorption
coefficient increases.

Each chromosome has molecular structure, and for each
there is a «ground state» which defines the structure, atomic
configuration and interatomic binding energy at body tem-
perature [13]. If external energy is applied, a point may be
reached when molecular vibration is sufficient to overcome

the forces binding atoms or molecules together. Examples
include protein dissociation and water vaporization. True
photonic ablation of a target molecule therefore represents
incident energy sufficient to break interatomic binding forces
and is termed dissociation energy. @ Table 3.2 provides
examples of commonly found chromophore molecules and
the dissociation energy value required to break the inter-
atomic bond.

As is evident from data in @ Table 3.1, almost none
of the popular laser photonic energies is capable of direct
intramolecular bond cleavage, and one may be forgiven for
concluding that dental lasers cannot ablate target oral tis-
sue through the use of empirical-state photonic energy.
Certainly, when the binding (ionic) lattice energies of crys-
talline carbonated hydroxyapatite are exposed to the mid-
IR laser wavelengths (Er,Cr:YSGG, Er:YAG), the photonic
energy value is pitiful compared to the dissociation energy of
hard dental tissue [14].

Something else must be happening:

O Figure 3.5 offers a summary of the interaction between
a photon and target chromophore molecule, through succes-
sive stages of absorption, excitation and dissociation. Such
predictive events might account for why certain laser wave-
lengths interact (are absorbed) with certain oral tissues
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O Table 3.2 Dissociation energy, expressed in eV values,
required to break the bonds (covalent, ionic, etc.) that bind
atoms of common chromophores

General concepts

Dissociation energy of selected chemical bonds*

Type of bond Dissociation energy (eV)
Cc=0 7.1

C=C 6.4

O-H 4.8

N-H 4.1

c-C 3.6

C-N 3.0

C-S 2.7

Fe-OH 0.35

HA Lattice 310

Data taken from M6 et al. [13]

*Examples represent component molecules within tissue water,
protein, blood and ionic forces within the crystal lattice of
hydroxyapatite

Although individual photons possess insufficient energy
to break apart target molecules, with each successive pho-
ton absorbed, the energy causes increasing molecular vibra-
tion up to a point where sufficiently high power density
(energy density within ultrashort time) drives molecular

B Fig. 3.5 Photonic energy
interaction with target chromo-
phore molecules

Photon

fragmentation, or - more commonly seen with current den-
tal lasers — molecular vibration, converted into thermal rise,
leads to protein denaturation and water vaporization.

3.5 Problems Associated with Delivery
of Photonic Radiation Versus Laser
Wavelength

Considering a clinical application of high-intensity lasers,
parameters such as wavelength, energy density, intensity,
peak power, average power, repetition rate, and pulse length
are extremely important to heat generation due to irradiation
on any biological tissue. The amount of heat inside the tissue
is highly dependent of its optical properties, such as absorp-
tion and scattering coefficients [15].

The complex nature of oral soft tissue structure can pose
some problems in delivering predictive laser—tissue interac-
tion. For some wavelengths in the visible and near-infrared
regions of the EM spectrum, the prime pigmented chromo-
phores may be at some depth within the oral epithelium and
covered with a thick keratinized layer. During photothermol-
ysis, photonic energy may be delivered to the target and theo-
retically transferred (and undergo conversion) in one of
three [16] ways:

o Radiation

Noncontact laser waves are emitted from the delivery tip and
absorbed by the target. Energy conversion occurs. This is
referred to as the «real» laser effect. High photonic energy
wavelengths such as the KTP (532 nm) may be delivered
through a «noncontact» technique, and direct photoablation
may occur.

General concepts

Photonic
energy is
inversely
proportional
to emission
wavelength.
As such, this
is determinant
and
interaction
with target
molecules is
predictable.

A chemical group
capable of selective
light absorption.
That part of a
molecular entity
consisting of an
atom or group of
atoms in which the
electronic transition
responsible for a
given spectral band
is approximately
localised.

An exicited state
of an atom or
molecule is any
quantum state of
the system that
has a higher
energy than the
ground state (i.e.,
more energy than
the absolute
minimum). If the
photonic energy
is too great, this
may result in
ionisation.

Molecular dissociation
- a permanent
dislocation of intra-
molecular structure,
achieved through the
break in inter-atomic
bonds. Gross tissue
dissociation can result
from structure or
phase change of
target molecular
groups within the
tissue. Photon-
induced dissociation
can be precise, due to
measureable energy
levels involved.
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© Conduction

At slightly longer wavelengths (810-1064 nm), the need
arises to both hold the delivery fiber in contact with the tissue
and to «initiate» the fiber tip with suitable absorbent mate-
rial. A proportion of the incident laser energy is absorbed
and gives rise to a «hot-tip» effect, whereby thermal energy is
conducted to the tissue and aids the ablation of the tissue.

Some concern is expressed as to possible disadvantages of
this technique in that the effect of the hot tip on tissue is
independent of the wavelength of laser radiation and that the
heated fiber (sic) transmits only thermal energy, no direct
radiation energy [17].

o Convection

Heat moves within large volumes of liquid or gas either
toward or away from the target. A similar effect of cooling
may be seen through the effect of using a water spray, high-
volume suction or air.

3.6 Concepts of “Power Density”

O Figure 3.6 provides an example of simple manipulation of
sunlight, using a magnification device such as a simple lens.
Multiwavelength cosmic radiation from the sun, although
powerful and capable of tissue damage over time, can be
brought to a focal area, and with the power in the beam
concentrated to a small spot, the effects are much more dra-
matic. The use of a magnifying glass to concentrate the
sum’s rays is a simple example of power density. Power
(energy per second) is an expression of a laser’s ability to do
work, and when measured over the area exposed to the
beam, it will be readily acknowledged that the greater the
concentration of photons, the greater the level of potential

i Power Density

P.D

([
=
e
(=
@
ol
>
®
(T}
F‘—

B Fig. 3.6 Manipulation of incident beam power over area to enable
the power density effect to be a major factor in delivering predictable
and powerful laser-tissue interaction

interaction. Consequently, for any given laser delivery sys-
tem, reduce the spot size of the beam and one can expect to
speed up the interaction - assuming all other parameters
are constant [18].

«Power density» (PD) is the delivery of energy through
time divided by the area of the exposed tissue; it is
expressed in watts/Sq.cm.

The output of any laser over time is expressed as average
power and equates to the total number of watts delivered per
second. For a continuous wave (CW) emission laser, the
average power will equal the maximum output; for a micro-
pulsed free-running emission, the average power output may
be of the order of a few watts, but due to the active photonic
emission only lasting a possible 20% of each second, there
will be peaks of energy. A typical free-running emission laser,
such as Nd:YAG or Er:YAG, may deliver an average power
value of 3.0 watts, but due to the pulse width of 150 ps, there
will be peak power bursts of 1000+ watts [19].

As has been seen elsewhere, the predominant temporal
emission mode is a Gaussian distribution, and this lends
itself readily to being brought to a focal spot. With control
over the area of irradiation, the concept of power density as a
prime factor in laser—tissue interaction becomes valid. Even
in those conditions where there is little if any direct absorp-
tion, the concentration of laser power in ever-higher values
over ever-shorter time periods gives rise to power density of
such magnitude that photodisruption and photoionization of
target molecules can occur.

Technology has much to deliver in terms of future devel-
opments, but already it is possible to see predictable laser—tis-
sue interaction involving PD of values of 10° + watts/Sq.cm
for microsecond periods and even shorter, enabling photo-
vaporization of interstitial water in tooth tissue and conse-
quent disruption of the crystalline solids.

Nowhere within this discussion does the influence of
laser wavelength occur. Of course, the harmonization of inci-
dent wavelength, its inherent energy value and selective
absorption within a suitable target chromosome will remain
as empirical in our understanding of interaction concepts;
but as we have already seen the continuous bombardment of
a target tissue with photons of a suitably absorbed wave-
length will lead to thermal rise and eventually sufficient heat
to effect physical change in the tissue. Such processes take
time and the risk of collateral thermal damage becomes an
ever-present threat. To deliver sufficient energy in a form of
concentration of both area of exposure and time must be
seen as a distinct advantage.

As our understanding develops, there evolves the interac-
tion of three components to predictive laser-tissue interaction:
firstly, the absorptive potential of the target tissue, relative to
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B Fig. 3.7 Relationship of inci-
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the incident laser wavelength; secondly, the transfer of energy,
from initial photonic energy and the delivery (emission) mode
of the laser, together with power density and time of exposure;
and thirdly, the availability of thermal relaxation to enable the
target tissue to avoid progressive overheating. Thermal relax-
ation is inherent with free-running pulsed (FRP) emission
modes and impossible to deliver with continuous wave emis-
sion modes. The clinician would therefore need to be aware of
the potential for thermal damage and allow sufficient time and
respite periods to enable the tissue to recover.

In @ Fig. 3.7. the relationship between PD and exposure
time is represented with reference to an ascending physical
change in the target tissue. Very low irradiance over extended
periods may give rise to subtle stimulation of biochemical
pathways associated with tissue heath and reparative capabili-
ties and is the core of understanding of photobiomodulation.
With ever-shortening time and an ascending level of power
density, not only do irreversible physical changes occur in tis-
sue but, with exposure times of micro- and nanoseconds, even
with relatively low average power values, the effects on the tar-
get can be spectacularly rapid and without leaving a «thermal
thumbprint.»

For any given laser—tissue interaction, assuming absorption
can occur, the equation of power density with exposure time
may enable the clinician to influence the type of interaction
that occurs. It has already been established that at everyday lev-
els of power delivery in dentistry, the predominant effect is tis-
sue ablation through thermal rise — photothermolysis. By
reducing the exposure time to milliseconds and microseconds,

Exposure time (s)

successively higher peak power density above 108 watts/Sq.cm
can be obtained. At such powerful levels, the intensity of energy
is so great that electromagnetic fields developed around the
interaction are sufficient to tear target molecules apart — photo-
plasmolysis [20]. Reference to the work of Boulnois and the
graphic representation of laser—tissue interaction can be seen as
an ascending phenomenon and product of ultrashort exposure
time and megawatt peak power [21].

3.7 Thermal Rise and Thermal Relaxation

In considering the broadest concepts of photothermal action
and regardless of the laser system used for a soft tissue surgi-
cal application, the effects may be broadly classified as follows:

© Tissue heating

To a nondestructive level, the warming of tissue may be a
desired total effect (as part of a biomodulation therapy) or
may occur at some distance from an ablation site, along a
thermal gradient within the tissue. This latter example is cov-
ered in greater detail later.

© Tissue coagulation

Over a period of time, the temperature rise in soft tissue at or
above 45 °C will constitute «destructive heating,» i.e.,
amounting to progressive irreversible change. At about 50 °C
bacteria can be demonstrated to achieve a state of deactiva-
tion, with tissue protein denaturation occurring at around
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60 °C. Within this zone of thermal rise, the walls of small-
diameter vessels (arterioles, venules and lymphatics) within
the irradiated area will undergo structural change of vessel
walls and lead to progressive blood and lymph coagulation.
Dependant on the wavelength of the laser used and concen-
tration of chromophores specific to that wavelength, a con-
cept of «selective photothermolysis» can be considered, such
as in the ablation of melanin in diode laser-assisted gingival
depigmentation.

0 Vaporization

At normal atmospheric pressure (1 Bar), vaporization of
water occurs at 100 °C. Within soft tissue the vaporization of
water will accompany existing protein denaturation that may
have occurred at a lower temperature. The phenomenon of
water vaporization is accompanied by volumetric change
and expansion in the ratio of 1:1600 as the liquid is vaporized
to steam. With short wavelengths (visible and near IR), the
structural change in soft tissue collagen scaffolding would
allow water vaporization to occur as part of the overall abla-
tion process. With mid-IR erbium family wavelengths, the
scenario is often very different owing to the poor absorption
of these wavelengths in pigmented tissue, the limitation of
thermal rise in the tissue when a coaxial water spray is being
used and the FRP emission mode of the lasers with associ-
ated high peak power values and with the extremely high
absorption of these wavelength in water, and the vaporiza-
tion is often more dynamic and accompanied by audible
«popping.»

When erbium lasers are used on soft tissue without water
spray, or when CO, laser wavelengths are used (often without
water spray), the vaporization is reflective of a more «thermal»
exchange, where the heating of the tissue as well as the absorp-
tion of the photons in water occurs. Often, the result of such
vaporization leads to visible signs of tissue desiccation, struc-
tural shrinkage and predisposition to rapid heating and
carbonization.

© carbonization

As laser-assisted surgery proceeds, the risk remains the poten-
tial for tissue heating that leads to the production of end-stage
molecular destruction and residual carbon. It is generally
considered to be at temperatures around 200 °C, although the
actual rise may be considerably higher. Carbonization would
only occur as a result of either an inappropriate high dose,
relative to the parameters consistent with a desired surgical
outcome, or the application of laser photonic energy over
excessive time, resulting in opportunity for destructive col-
lateral effects. The characteristic visual sign is the develop-
ment of black residue associated with the soft tissue incision.

By far the consequence of such development is the pref-
erential absorption in carbon residue of (in effect) all inci-
dent EM photonic wavelengths. This is the basis of the
«black body» concepts of preferential absorption and char-
acterized by the reemission of multiwavelength,

incandescent near-IR thermal radiation; in consequence,
the carbonized tissue continues to absorb incident laser
energy and becomes the source of thermal conductive
energy that significantly contributes to collateral damage
during soft tissue surgery.

© Photoacoustic phenomena

As has been seen already, incident coherent photonic energy
can be subject to conversion into other forms of energy,
notably thermal in the dominant effect of photothermolysis.
With the instantaneous phase change of water from stable
liquid to vapor, the volume change can give rise to a cavita-
tion phenomenon and consequent shock wave. Additionally,
the energy may be changed to sound, and this may be wit-
nessed with mid-IR interaction with tissue and the «pop-
ping» sound often heard. True photoacoustic effects are used
elsewhere in medicine and surgery in procedures such as
lithotripsy where the kidney and gallstones are fragmented
using indirect shock waves; in maxillofacial surgery a similar
approach has been reported to assist in the fragmentation
and subsequent safe passage of sialoliths within the subman-
dibular gland [22, 23].

Given current limitations of laser emission parameters
and the consequence that by far the greater consequence of
laser-tissue interaction is photothermal shift and tempera-
ture rise, the ablation of target tissue can be severely compro-
mised by excessive thermal rise and a build-up of the ablation
residue that may rapidly overheat.

The effects of thermal rise can be both subtle and dra-
matic - depending on the rate of warming. @ Figure 3.8
provides a tabulated outline of the effects that temperature
rise may have, relative to both the visual change and the
biological change (the latter as may be applied to soft tis-
sue). In addition, the varying stages of thermal rise have
been investigated and provide opportunity to influence the
structural changes in the tissue and the effect of heat on
associated bacterial cells. Irradiated tissue should not be
regarded as sterile, although there will be significant patho-
gen reduction at the site of maximum laser-tissue
interaction.

Two concepts of ablation may be considered: a zone of
tissue removal/permanent change preceded by an «ablation»
front and a second advancing line denoting the permanent
effect of change rendered by thermal rise — a «thermal» front.
In an ideal situation, the «ablation» front will denote the pre-
dicted volume of ablated tissue, and through the correct
management of heat rise and debridement, the risk of
unwanted thermal damage can be avoided. In hard tissue
management, the concepts of ablation and thermal zones
will be discussed with specific reference to tooth cavity
preparation.

Thermal relaxation time can be deduced mathematically
[24] as the time taken for the irradiated tissue to dissipate
about 63% of the incident thermal energy. It is related to the
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O Fig.3.8 Effects of thermal
rise on (soft) tissue
Temperature Deg.

Visual Change
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o ~ Soft Tissue Temperature
37-60°C No visual change Warming
Hyperthermia
60-65 °C Blanching Coagulation —_— —
At 50°C.: most hon-
65-90 °%C White / grey Denaturation sporulating bacteria are
inactivated.
90-100 °C Puckering Drying
- Russel AD. Lethal effects of heat on
100°C Smoke plume Vaporisation bacterial physiology and structure.
Sci Prog 2003;86:115-37.
>200°C Blackening Blackening

At 600C.: coagulation and
protein denaturation occurs.

Knappe V, Frank F, Rohde E. Principles of
lasers and biophotonic effects. Photomed
Laser Surg 2004;22(5):411-417.

At 100°C.: vaporisation of water occurs,
ablating soft tissue.

McKenzie AL. Physics of thermal processes in laser-
tissue interaction. Phys Med Biol 1990;35( 9):1175-
1208.

area of the irradiated tissue and thermal diffusivity and bulk
of the tissue.

Thermal damage time is the time required, for the entire
target, including the primary chromophore (e.g., melanin)
and the surrounding target (e.g., gingiva), to cool by about
63%. It includes cooling of the primary chromophore as well
as the entire target.

Extinction length is the thickness of material necessary to
absorb 98% of incident energy.

3.8 Laser Photonic Energy and Target Soft

Tissue

Various laser wavelengths are available for clinical use with
target oral soft tissue and span the visible (blue) EM spec-
trum through to the far infrared. Examples of laser wave-
length currently available to the clinician are shown in
@ Fig. 3.9.

With current configurations of emission modes, power
limits and commercial technology application, all soft tissue
ablation achievable in clinical dentistry is primarily and
almost exclusively due to photothermolysis [25]; in general,
chromophore absorption is by pigmented molecules (heme,
melanin) with short wavelengths (532-1064 nm), whereas
longer wavelengths experience greater interaction with tis-
sue water components (H,0 and OH™ radicals), with peak
absorption occurring at approximately 3000 and 10,600 nm.
The emergence of commercially available laser units with
wavelength emissions at 450-490 nm offers the opportunity

of utilizing absorption in water with a diode-source active
medium. Protein as a structural component of oral soft tis-
sue appears to have moderate absorption of ultraviolet
wavelengths, together with peaks at 3.0 and 7.0 pm. Visible
and near-IR wavelengths have limited absorption in protein,
but as has been discussed above, secondary thermal rise
consequent upon time-related photonic energy exposure
will give rise to conductive heat changes in proteinaceous
material.

As such, oral soft tissue, high in water and protein with
varying degrees of pigment and blood perfusion, remains a
straightforward target tissue wherein low-dose irradiation
can be configured to deliver predictable laser-tissue interac-
tion with limited collateral damage.

Of practical interest to the clinician, the following factors
(B Table 3.3) will each and collectively affect the absorption
of laser light by a chosen target tissue [26]:

Shorter wavelengths tend to penetrate soft tissue to
depths of 2-6 mm [27] and scatter is a significant event, both
backscatter of photons as well as forward scatter into the tis-
sue. Longer wavelengths are attenuated at or near the tissue
surface, due to water content of cellular tissue. As tissue abla-
tion proceeds, short wavelength photonic energy causes pro-
tein denaturation and conductive effects as the tissue is
heated. A typical soft tissue zone of near-IR laser ablation is
surrounded by a zone of reversible edema and little evidence
of acute inflammatory response. Classically the progression
of near-IR laser ablation of soft tissue is through a crater-
shaped zone where depth and volume removed appear pro-
portional [28].
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O Fig. 3.9 Laser wavelengths
commonly available for use in
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dentistry

B Table 3.3
Factor

Laser wavelength

Laser emission mode

Laser power value

Exposure time

Tissue type
(composition)

Tissue thickness

Tissue surface wetness

Incident angle of the
laser beam

Contact vs. noncontact
modes

Thermal relaxation
factors

Laser wavelengths

Invisible thermal

Visible

Invisible ionising

radiation 400 nm 750 [ radiation
) Near Mid Far
Ultra-violet Infra-red Infra-red Infra-red
_ | 100 nm | 1000 nm | 2000 nm | 3000 nm -
| | | 1N | i i
v s | v
Alexandrite . v C0o,
(v2x) 377 nm | 5 ErCrYSGG 9.3 um
InGaN 405 nm ; 2780 nm 9.6 um
Y GaAl 820 nm Er-YAG 10.6 pm
KTP 532 nm GaAlAs 830, 2940 nm 1um=103
HeNe 632 nm 980 nm am
InGaAIP 680 nm GaAs 940 nm

Nd:YAG 1064 nm
AlGaAs 1064 nm
Nd:YAP 1340 nm

Individual factors associated with laser-tissue interaction that may affect the predictability of clinical use of a chosen laser

Comment

Individual wavelengths (visible extending to far-infrared nonionizing radiation) and inversely proportional to
the photonic energy

Inherently continuous wave (CW) or free-running pulsed (FRP), due to the excitation source or additionally
modified by the manufacturer to deliver gated CW and mode-locked CW or modification in pulse width
(>10 ps) with FRP

With increasing power delivery, there is potential for thermal rise. Below the ablation threshold, this may be
reversible (tissue warming/PBM)

Together with laser power, «spot size» and emission mode, this will affect power density and thermal relaxation

All oral tissue is heterogenous and the proportions of common chromophore content will alter the potential for
individual laser wavelength absorption

Thicker tissue will take longer to incise/ablate. Additional factor may be thermal diffusivity and longer thermal
relaxation times

Due to water or saliva — of note with longer wavelengths >approx. 1500 nm. — wetness will affect tissue
reflection (below)

Incident angle of beam to tissue of 90° will define maximum potential for interaction. As angle approaches the
reflection limit (TIR), this reduces potential for interaction to zero

Employed between laser delivery tip and the tissue. With visible and near-IR wavelengths, contact technique
may be essential to allow a «hot-tip» technique. Noncontact may have a focused beam, and distance of tip/
hand-piece to tissue may be crucial to maximize laser-tissue interaction

Exogenous (water spray, tissue pre-cooling, high-speed suction, pulsing/gating laser emission)
Endogenous (tissue type and density, blood supply)
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O Fig.3.10 Graphic representa-
tion of visible and near-IR laser
photonic energy interaction with
oral soft tissue (Graphics: S. Parker
after Fisher J.C. (1993))
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In B Fig. 3.10, the interaction and progression of near-IR
irradiation in soft tissue is graphically represented. In an
ideal fashion, the zone of ablation and conductive tempera-
ture spread occurs over time. The predominant scatter phe-
nomenon of these wavelengths gives rise to a complex
pattern of photon penetration wherein there may be indeter-
minate tissue effects, giving rise to the acronym of
WYDSCHY - «What You Don’t See Can Harm You,» coined
by Fisher in his 1993 paper [29]. In essence, visible and near-
IR laser wavelengths have deeper-penetrating effects on oral
soft tissue and demand that optimal and nonexcessive oper-
ating parameters are used in order to avoid unwanted tissue
damage.

Clinically, such interaction can be seen in @ Fig. 3.11,
during the removal of a fibroma from the lateral tongue,
using an 810 nm diode laser.

Certainly, even incisions will have a «U»-shaped cross-
sectional appearance, and this is due in part to progression
of photonic energy through scatter as well as some direct
conductive thermal spread [29]. A simple in vitro example
using pig mucosa with short and longer wavelengths pro-
vides an excellent example of the structure of the incision
and difference in laser-tissue interaction between the two
wavelengths (8 Fig. 3.12).

O Fig. 3.1
810 nm diode laser. The central ablation zone is surrounded by an area
of edema. The lack of carbon residue indicates a correct choice of laser
power parameters

Following removal of a fibroma lateral tongue, using an

With longer laser wavelengths (mid-IR approx. 3.0 pm -
Er,Cr:YSGG, Er:YAG - and far IR approx. 10 pm - CO,),
a more «V»-shaped cross-sectional appearance prevails
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O Fig.3.12 Histological
representation of two laser
wavelengths (diode 810 nm and
Er:-YAG 2940 nm) interaction with
pig mucosa in vitro. This dem-
onstrates the progressive crater-
shaped incision with shorter
wavelengths and a «V/»-shaped
incision with longer wavelengths

O Fig.3.13 Graphic represen-
tation of far-IR (and potentially
mid-IR) laser photonic energy
interaction with oral soft tissue
(Graphics: S. Parker after Fisher

J.C.(1993
( ) Coagulated charred rim

—
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(8 Figs. 3.13 and 3.14). The bulk of laser-tissue interaction
occurs at or within the confines of the tissue surface, and
as an incision is developed, the majority of excess energy
(thermal) is released through the escape of vaporized tissue
water [29]. This predominant effect reduces the conduc-
tive thermal rise into adjacent tissue. A risk exists with soft
tissue in that desiccation of target tissue can predispose to

. \
Tissue components \\
\

Er:YAG250mj/10pps
2.5 WAv. + H,0

Diode 810nm 1.2 W CW

CW CO, beam and soft tissue
——

Stationary gaussian quasi-
collimated beam

B

_—— __Tissue components

Crater contour at time t

Funnelling effect due to internal
reflection of beam

Minimal zone of thermal necrosis

the formation of carbonized tissue elements (surface char -
termed eschar) and the preferential absorption of this
material leading to very high temperatures that might cause
conductive collateral tissue damage and postoperative pain.
Various techniques have been developed to address this
risk; the eschar is loosely adherent and can be easily wiped
away with a damp gauze to allow fresh tissue exposure (this
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technique forms part of the so-called «laser peel» tech-
niques associated with surgical treatment of surface pathol-
ogy). Parameter manipulation may include the choice of
short-gated CW or pulsed laser emission modes or coaxial
water spray that may enhance tissue thermal relaxation.

Broad consensus would suggest that although laser soft
tissue incisions do not heal any faster than scalpel, there is
evidence that, with appropriate operating parameters, these
wounds appear to heal less eventually [30-32].

In terms of laser-tissue interaction and disregarding any
reduction in bacterial contamination, there will be a point at
some distance from the wound where both temperature and
photon scatter are reduced to a point of containment within
the tissue. By this, the temperature gradient reduces to a level
of tissue stimulation, tissue molecular energizing, and

B Fig.3.14 Clinical example of a mucosal incision using a CO, laser.
In the absence of a water spray, note the build-up of eschar which can
be easily removed with damp gauze to minimize thermal damage

@ Fig.3.15 At the point of
surgical ablation of tissue, two
intra-tissue gradients predomi-
nate. One is a thermal gradient,
and with distance a reduction in
temperature will define a point
where the temperature provides
tissue stimulation. The other
gradient - scatter — can produce a
similar point-at-distance stimula-
tion wherein biomodulation
effects predominate
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increased local blood flow [33]. In addition, a scatter gradient
exists where the energy delivered is reduced to that point
where biomodulation effects predominate [34]. For these
reasons, it may be seen that laser-assisted surgical wounds
respond in a positive and supportive framework that deliver
less-eventful healing (B Fig. 3.15).

Fisher [35] defines a comprehensive understanding of
photon scattering into deeper soft tissue areas that is seen
with the use of visible and near-IR lasers. With successive
interaction and as photons are absorbed, the possibility exists
for a scenario whereby the ablation threshold of the host tis-
sue at deeper sites is greater than the photonic energy. This
«energy gradient» phenomenon might provide explanation as
to how distant effects of (surgical) laser use may mimic essen-
tially low-level (photobiomodulation) stimulation of cells and
host tissue. Standard textbooks [36] provide authoritative and
evidence-based explanations of how the host tissue may
respond positively to low-level photonic energy, and the
reader is directed to such references for further information.

Positive healing effects following laser surgery: One of the
often-cited side effects of laser-assisted surgery is the lack of
postoperative inflammation and uneventful healing. Inasmuch
as many claims are anecdotal, often if not always, the need for
dressings or sutures can be avoided, and irrespective of the
laser wavelength employed, all soft tissue healing will be by
secondary intention in that it will be impossible to oppose the
cut tissue edges to their original alignment. Of note, however,
is the phenomenon of lack of postincisional contamination by
bacteria, due to a possible sterility of the cut surface [37] but
certainly through the protective layer of coagulum of plasma
and blood products - a tenacious film that allows early healing
to take place underneath [38]. Additionally, studies with lon-
ger wavelengths show that there is a lack of fibroblast align-
ment associated with the incision line and consequent reduced
tissue shrinkage through scarring [39]. Such findings are often
borne out in the clinical setting.

Phase limit

Temperature

Ablation threshold

Distance |
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3.9 Laser Photonic Energy and Target Oral

Hard Tissue

Oral hard tissue includes the cortical and trabecular (cancel-
lous) bone and components of deciduous and permanent
teeth (enamel, dentine, cementum). Within this group it
acknowledges the association of dental caries, being the pre-
dominant reason why teeth are subject to surgical
intervention.

In common with laser-tissue interaction mechanisms
described above, the current limitations of operating param-
eters of those lasers that are commercially available in den-
tistry centers on the targeting of chromophores within the
host tissue.

From the development of early lasers to ablate dental
hard tissue, the predominant chromophore has been water -
both interstitial «whole molecular» water and OH™ radicals
forming part of the carbonated hydroxyapatite molecule
([Ca), (PO,), ,(CO,),(OH),] + H,0). Prime tissue groupings
of oral hard tissue are listed by percentage of constituent
structural elements [40, 41] in B Table 3.4.

Absorption curves for both water and carbonated
hydroxyapatite between wavelengths of approximately 3.0
and 10 pm is graphically listed in B Fig. 3.16. The carbonated
hydroxymolecule (CHA) is a relatively complex inorganic
molecule with a parent calcium chain supporting radicals of
phosphate, carbonate and hydroxyl subgroups. Additionally,
within clinical specimens, there is whole-molecule free

O Fig.3.16 Absorption peaks
for water and CHA exist coin-
cident for both Er,Cr:YSGG and
Er:YAG wavelengths. High absorp-
tion exists in the phosphate
group of CHA, coincident with
CO, at 9300 and 9600 nm (Source
Parker S. BDJ. 2007;202(8);445-
54.)

Absorption
g cm-!

water; each radical is capable of preferential absorption and
peaks occur to indicate that laser interaction is possible,
assuming correct spatial and temporal operating parameters
are used [42].

B Table 3.4 Oral and dental hard tissues have structural
components that may be viewed as potential chromophores -
mineral, protein and water

Tissue Component (chromophore) as percentage
Mineral (HA/ Protein (collagen  Water
CHA) (%) Iand I1) (%) (%)

Cortical bone 65 25 10

Cancellous 55 28 17

(trabecular

bone)

Tooth 85-90 1-3 4-12

enamel

Tooth 47 33 20

dentine

Tooth 50 40 10

cementum

Dental caries >5 70 25

For each tissue, the percentage of each of these chromophores
will differ and define a level of laser-tissue interaction with a
suitable laser wavelength

Mid IR beam and dental enamel
(Carbonated Hydroxyapatite)
[Ca;g (PO46.y(CO3)7(OH),] + H,0

Free H,0

CO32_

Er,Cr:YSGG
2780 nm

Er:YAG

2940 nm €0, 9,600
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Aswas seen in the earlier table (8 Table 3.2), there is insuffi-
cient energy associated with an incident photon of erbium YAG
(2940 nm) whose value is 0.42 €V, to break the atomic bond
of a hydroxyl radical (value - 4.8 eV). By the same measure,
the dissociation energy within the crystal lattice of hydroxyapa-
tite, at 310 eV, is two orders of magnitude greater [14]. Given
that successive photons within a stream of irradiance will lead
to progressive molecular vibration in the target structure,
it follows that the chief goal of laser ablation of oral hard tis-
sue would be the induced phase transition of water to vapor
(steam), leading to the dislocation and explosive derangement
of the surrounding crystal lattice. Both erbium (erbium YAG,
erbium chromium YSGG) laser wavelengths have free-running
pulsed emission modes (pulse width 50-150 ps), which give
rise to high peak power levels (>1000 watts). Such power levels
result in an instantaneous, explosive vaporization of the water
content of enamel and dentine which leads to dissociation of
the tissue and ejection of micro-fragments [43].

The increased water content of caries results in rapid and
preferential ablation of such material compared to normal

O Fig.3.17
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enamel and dentine; to some extent this may allow cavity
preparation to be accomplished with a more-conservative
preservation of intact dental tissue.

Sustained exposure of hydroxyapatite and carbonated
hydroxyapatite to laser irradiance will quickly render the
structure to overheating, first to drive off any residual water
and then to rapidly melt the mineral and produce signs of
carbonization (B Fig. 3.17). It is evident that sufficient heat
may be produced to cause the melting of hydroxyapatite (sev-
eral hundred degrees Celsius) and associated thermal crack-
ing. Of course, such temperatures would lead to direct pulpal
damage through heat conduction.

In consequence, the interactions of high-intensity laser
irradiation with bone and dental hard tissues are the result of
a photothermal action [44] targeting both molecular and
interstitial water.

With an appropriate laser wavelength such as the
Er,Cr:YSGG (2780 nm) and Er:YAG (2940 nm) and operat-
ing parameters configured to maximize interaction, together
with adequate coaxial water spray, the outcome is completely

In vitro exposure of molar tooth to CO, laser irradiation and SEM examination. Globules of melted and resolidified (amorphous)
hydroxyapatite are present, with large voids and gross disruption of structure. Average power 1.5 watts CW with no water spray
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O Fig. 3.18 SEM examination of tooth structure exposed to Er:YAG
laser irradiation. Top images L and R — enamel structure showing evi-
dence of dislocation and some fragmentation of the cut surface. Lower

different. With both enamel and dentine, the outcome of the
«explosive» vaporization and ejection of tooth fragments
results in a clean cut surface, without smear layer often asso-
ciated with rotary instrumentation. Due to the outward dis-
sipation of energy, there is minimal thermal rise within the
structure of the tooth and conduction to the pulp.

The fragmented appearance of cut enamel (B Fig. 3.18)
especially was historically thought to enhance the facility for
bonding of restorative resins and composites without the
need for acid etching. However, many studies have high-
lighted the fragility of the cut margin in enamel and subse-
quent failure of the restoration margin as weakened tooth
fragments gave way under tensile stress, with resulting failure
and secondary caries risk [45, 46].

Mid-IR laser beam interaction with enamel (and to
some extent also with dentine and bone) is a combination
of temperature and pressure [47]. Both of which can be
seen to rise rapidly during the pulse train of a clinical abla-
tion procedure. The increase in volume as water vaporizes
(1:1600) is significant and will give rise to significant rise in

00005

"100pn

images L and R similar cut surface of dentine, showing the absence of
smear layer and open tubules

pressure just prior to the explosive dislocation of the
enamel structure. As pressure rises, the continued vapor-
ization leads to increase in temperature, resulting within
the micro-confines of the interaction in «superheating» of
the water and temperatures of several hundred degrees
Celsius.

Furthermore, there are additional characteristics of laser
ablation of hard tissue, surrounding the use of coaxial water,
a necessary component to aid both excessive temperature
rise and also to help wash away debris as a result of ablation.
In addition, commercial models of both lasers use coaxial
water spray to aid dispersal of ablated tissue and to cool the
target [48], in a process called «water augmentation» [49].
According to this study, when dental hard tissues are irradi-
ated with Er,Cr:YSGG and Er:YAG emission wavelengths
with an additional thin water layer, the cutting efficiency
increases at the same time that the pulp temperature
decreases. However, the thickness of water layer should be
well controlled to avoid a compromise in cutting efficiency
and the blurring of the visual field.
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O Fig. 3.19 Diagrammatic influence of the tip-to-tissue distance and influence of a contiguous water film, facilitating laser-induced cavitation

phenomena (Adapted graphics S. Parker from Mir et al. [50])

As a liquid, water has a moderately high surface tension
(72.8 millinewton per meter at 20 °C), and this accounts for
the intact film that may surround the tooth surface during
water-augmented laser irradiation. In a further study [50],
the influence of the water thickness was investigated.

During ablation, the stream of photons is emitted in a
free-running train of microsecond pulses (>100 ps), and any
water between the laser delivery tip and the target would be
vaporized during the first >30 ps of each pulse, allowing suc-
cessive photons to interact with the target. If the tip-to-target
distance is greater than the distance wherein the integrity of
the water meniscus is maintained, the photon stream will
pass through air before interacting with water at the surface
of the tissue.

However, in circumstances where the delivery tip is close
enough to the tissue surface and due to the surface tension of
the water a continuous envelopment of that distance occurs,
the vaporization of the water film happens as before, but the
vapor is contained within a rapidly expanding bubble; as it
collapses it gives rise to a cavitation phenomenon, and asso-
ciated pressure waves may be sufficient (50-100 MPa) to ini-
tiate laser-induced «tripsy» (disintegration) of the tooth
surface (B Fig. 3.19).

This concept is exciting and in common with the similar
phenomena of laser-induced cavitation in water using wave-
lengths at 3.0 microns that may occur in endodontic and
laser-assisted osteotomy procedures. With reference to the
study by Mir et al. above, the staging can be summarized as
follows:

Staging of laser-induced cavitation phenomenon

== Energy intensity in the first pulses leads to absorption
in the first um layers of water opposite to the tip.

= Bubble formation with higher output energy density
bubble dimensions was not clear, and a
cloud-shaped appearance of laser-water
interactions was recorded.

== |n, for example, 140 ps pulses, after approximately
20-30 ps of the start of the pulse curve, a plume of
vapor (comparable with a cloud) covers the tissue
surface.

== The suction force exerted by the collapsing bubble
and by the impact of the high-velocity jet generated
during bubble collapse results in tissue ablation.
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It remains to be seen to what extent this contributes to the
«classic» understanding of 3.0 pm-mediated hard tissue abla-
tion, but it is worthy of note that superheating of the vapor
and hyperbaric pressure phenomena play a part.

In consideration of the ever-changing nature of avail-
able technology and its incorporation into laser wavelength
choice, a precise irradiation parameter must be chosen in
order to avoid collateral damage. This has importance no
more than in terms of hard dental morphological damage,
such as surface carbonization or cracking, which could pro-
duce structural and esthetic damage and postoperative
complications such as transient pulpitis. Moreover, the
energy densities used must be safe with regard to pulp and
periodontal tissue vitality [51]. Studies have indicated that
temperature increments above 5.6 °C can be considered
potentially threatening to the vitality of the pulp [52] and
increments in excess of 16 °C can result in complete pulpal
necrosis [53]. In comparison with rotary instrumentation,
pulpal temperature rise is minimal when erbium laser
wavelengths are employed in cavity preparation [54].

Until recently, the commercially available CO, laser has
been predominately a soft tissue ablation tool. The CW and
gated CW emission modes of the 10,600 nm wavelength,
together with an absence of coaxial water to aid tissue cool-
ing and disperse ablation debris, give rise to rapid overheat-
ing of tooth tissue, cracking, carbonization and melting
which has made its use in restorative dentistry impossible
[55-57].

However, due to the «four-level» nature of photon gen-
eration within the laser cavity, three major wavelength emis-
sions occur — at 9300, 9600 and 10,600 nm. The longer
wavelength is easier to manipulate from a technical point of
view and has predominated the availability of the CO, laser
in clinical therapy. Absorption in water is a strong feature at
this far-IR range, but the shorter 9300 and 9600 wavelengths
are also strongly absorbed in the phosphate radical of the
hydroxyapatite molecule. Investigation into this laser—tissue
interaction has spanned almost 20 years [58], and in conse-
quence, with a shorter CO, wavelength and manipulation of
the emission to allow microsecond bursts together with a
coaxial water spray to minimize heat generation, the interac-
tion is both more positive and clinically acceptable [59].

If pulse durations in the range of 5-20 ps are used, effi-
cient ablation occurs with minimal peripheral thermal dam-
age [60, 61], and this has now resulted in a, for instance,
commercially available laser unit emitting at 9300 nm with a
specimen pulse duration of 10-15 ps and repetition rate of
300 Hz, demonstrating that enamel and dentine surfaces can
be rapidly ablated by such lasers with minimal peripheral
thermal and mechanical damage and without excessive heat
accumulation [62, 63].

Commercial pressures may dictate the direction and
speed of investigation into laser—tissue interaction with den-
tal hard tissue that is based upon concepts of power density
and pulse width as predominant factors to minimize

collateral thermal damage, as opposed to the pure selection
of chromophore-related laser wavelengths. By way of an
example, in a most recent published investigation, a diode-
pumped, thin-disc femtosecond laser (wavelength 1025nm,
pulse width 400fs) was used for the ablation of enamel and
dentine. Laser fluence, scanning line spacing and ablation
depth all significantly affected femtosecond laser ablation
efficiency and were predominant in comparison with the
intuitively inappropriate choice of a near-IR laser wavelength
of 1025 nm [64].

As may be seen with the erbium family of lasers at 3.0 pm,
there is also the potential for easy disruption and ablation of
composite restorative materials, and this has been the subject
of published data [65, 66].

3.10 Laser Interaction with Dental Caries

Key to the efficient and safe laser-assisted removal of caries
would be the facility to selectively ablate decayed dental tis-
sue without causing injury to surrounding tooth tissue or the
pulp. Caries removal should be within the desired outcome
of complementary esthetic restoration of the tooth.

Prior to the development of the erbium family of lasers,
the limited laser wavelengths and technology available within
dental application meant that only visible and near-IR lasers
(diode and Nd:YAG), together with CO, 10,600 nm wave-
length, could be investigated. Due to the rapid heat build-up
with the available laser delivery parameters, attempts to
remove (pigmented) dental caries received only limited suc-
cess [67-69].

With the use of 3.0 pm wavelengths, the high absorption
in water has transformed interaction. Caries as a demineral-
ized residue of bacteriogenic acid action on enamel and den-
tine has varied structure but predominately a much higher
water content than normal tooth structure. Interaction of
laser photonic energy with this material will allow some
selective ablation relative to the tooth tissue and this remains
a major advantage of lasers over more conventional rotary
instrumentation [70, 71]. Additional positive indications
support the development of the new generation of micro-
pulsed CO, lasers and the ability to utilize the absorption on
water at this wavelength. This has been the subject of intense
research and investigation by the group at UCSF in San
Francisco, USA [72, 73].

3.11 Caries Prevention

Laser-tissue interaction with hard dental tissue may pose dif-
ficult challenges relative to the wavelength and operating
parameters, and this has been outlined above. Peripheral to
the blunt outcome of thermal damage potential has been the
careful application of several wavelengths to achieve a ther-
mally mediated change in the carbonated hydroxyapatite
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O Fig.3.20 SEM representation of laser interaction with osseous tissue.
Top left, right and lower left images relate to ascending magnification of
Er:-YAG (2940 nm) with porcine rib bone in vitro. The cut is clean with mini-

structure of enamel to change the crystal lattice to a more
acid-resistant amorphous «glass-like» state. This change has
been shown to occur with injudicious laser use on hard tis-
sue, but with care a number of studies [74-78] have proposed
that many laser wavelengths may be manipulated to provide
caries resistance in nondiseased teeth.

3.12 Laser-Tissue Interaction with Bone

The structure of osseous tissue of the maxilla and mandible
resembles that of dentine in terms of proportional ratios of
mineral, protein and water (B Table 3.4). The bone is a much
more dynamic tissue with reference to cell activity and turn-
over, compared to tooth tissue, and care must be observed to
respect the potential for disruptive consequences of using
inappropriate laser parameters. Although early reports of
supportive use of CO, (10,600 nm) laser wavelength in surgi-
cal bone management are recorded [79], the potential for
photothermolysis and collateral damage remains high. Laser
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mal evidence of tissue disruption and thermal damage beyond the cut
margin. Compare this to the image at lower right, using Nd:YAG (1064 nm),
where apatite melting and large thermally induced voids are visible

ablation of bone with erbium laser wavelengths (2780 nm
and 2940 nm) with high absorption in water defines a level of
selective ablation through the vaporization of water and tis-
sue structure disruption, and in this way, laser ablation of the
bone proceeds in a similar fashion to that seen in laser-
mediated tooth tissue ablation. The higher water content and
lower density of bone compared to enamel allows faster cut-
ting, through dislocation of hydroxyapatite and cleavage of
the collagen matrix (B Fig. 3.20). This ease of cutting places
the use of Er:YAG and Er,Cr:YSGQG laser wavelengths as the
preferred choice for laser bone ablation when compared to
other wavelengths [80].

3.13 Laser-Tissue Photofluorescence

In an earlier section of this chapter, it was defined that fluores-
cence, as a form of sub-ablative laser-tissue interaction, is a
luminescence or reemission of light in which the molecular
absorption of a photon triggers the emission of another
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B Table 3.5 Common fluorophores found within the oral cavity and dentistry

Autofluorescence - wavelength?

Fluorophore Excitation nm Fluorescence peak Comments

Tryptophan 275 350 Protein

Collagen 335 390 Connective tissue (CT)

Elastin 360 410 CcT

Keratin 370 505 Surface analysis

Porphyrins 405, 630 590, 625, 635, 705 Cell mitochondria/metallo-, copro-, proto-porphyrins
Healthy enamel 405 533

Caries 405, 488, 655 580-700

Inorganic composites 655 Mean fluorescence intensity closely matched to healthy enamel

Gl composites 655 Mean fluorescence intensity closely matched to carious enamel

Source: Kim et al. [81]

Each fluorophore is capable of excitation at specific light wavelength and corresponding reemission measurement can prove helpful in

differential diagnosis of tissue change

photon with a longer wavelength. Please change to “In absorb-
ing incident photonic energy, some of that energy is expended,
and the difference between the absorbed and re-emitted pho-
tonic energy may be seen as molecular vibrations or heat.
With consequent energy loss, the re-emitted photons have a
longer wavelength”. This event is governed by the biophysical
nature of tissue molecules involved (termed fluorophores) and
as such can be the basis for optical scanning techniques used
in caries detection in enamel and dentine and tomographic
techniques in the scanning of soft tissue for neoplastic change.

The oral cavity provides substantial opportunity for scan-
ning and fluorescence techniques, due to the ease of access of
oral structures and the database of the excitation and emis-
sion wavelengths of individual tissue elements as well as non-
biologic materials that may have use in dentistry [81]. In
@ Table 3.5 it may be seen that through the choice of precise
monochromatic laser wavelengths, predominately in the vis-
ible spectral range, the resultant reemission would help to
provide analysis of the target composition. A specific exam-
ple might be that whereas healthy enamel exposed to a blue
incident irradiation reemits as a green color, the presence of
porphyrin (pigment component of dental caries) reemits at a
longer red-brown color and would allow differentiation diag-
nosis of dental caries to be made.

Fluorescent and photodynamic diagnosis may provide
screening facility or part of a hierarchical series of tissue
investigation and must be regarded as an adjunct to a range
of investigations — direct visual, microscopic and histologic
examination, genetic analysis - to provide support to the cli-
nician especially within the field of soft tissue health screen-
ing [82].

In oral soft tissue structure, disease changes the concen-
tration of the fluorophores as well as the light scattering and

absorption properties of the tissue, due to changes in blood
concentration, collagen content and epithelial thickness.
Such effects may be seen as:
Recorded fluorescence signal will be lower in the case of
hyperplasia — the epithelial layer shields the strongly
fluorescent collagen layer.
Excessive keratin production by lesions may produce an
increase in autofluorescence intensity.
Cell metabolism may increase with malignant changes,
which changes the balance between fluorescent NADH
(increase) and nonfluorescent NAD+ (decrease).

Many studies have been performed to investigate photody-
namic diagnosis and fluorescence techniques in the oral cav-
ity. These studies may be grouped in an attempt to address
specific criteria of relevance in clinical assessment of neo-
plastic soft tissue change:

1. Whether autofluorescence imaging is capable of
providing a higher contrast between a lesion and healthy
tissue than white light or tactile and visual inspection.
This is certainly the case for flat, early lesions [83, 84].

2. Whether autofluorescence imaging is helpful in
differentiating between different lesion types, in
particular between benign, dysplastic and malignant
lesions. Overall, the specificity of autofluorescence
imaging for distinguishing (pre)malignant from
benign lesions does not seem to be very promising
(85, 86].

3. The detection of unknown lesions and unknown
extensions of known lesions, which would be useful for
tumor demarcation. Indications have indeed been found
that autofluorescence imaging is capable of detecting
invisible lesions or invisible tumor extensions [87, 88].
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Autofluorescence imaging might be appropriate as an easy-
to-use, sensitive and inexpensive method for lesion detec-
tion, although further research is still necessary. In general,
autofluorescence imaging may give good results for the dis-
tinction of lesions from normal mucosa. However, suspect
lesions of the oral mucosa must be subjected to biopsy and
other investigations, and certainly, it is inappropriate to
place autofluorescence investigation in any role other than as
an adjunctive scanning technique. If possible, autofluores-
cence spectroscopy could be used to find the optimal, most
dysplastic location for biopsy, although the literature shows
that autofluorescence is not specific enough for this
purpose.

An allied area of laser-tissue interaction and spectro-
scopic analysis of reemission is Raman scattering. This is a
special, very weak form of light scattering in which energy is
lost or gained to a molecule through a phenomenon known
as inelastic scattering, where the frequency of photons in
monochromatic light changes upon interaction with a tissue
sample under investigation. The frequency (frequency and
photon energy are inversely proportional) of the reemitted
photons is shifted up or down in comparison with original
monochromatic frequency, and this is called the Raman
effect. This shift provides information about vibrational,
rotational and other low-frequency transitions in molecules.

Raman spectroscopy can be used to study solid, liquid,
and gaseous samples. Vibrational information is specific to
the chemical bonds and symmetry of molecules. Therefore, it
provides a fingerprint by which the molecule can be identi-
fied and has an important role within the area of tissue
photo-analysis as it impacts on disease versus health.

3.14 Laser-Tissue Interaction
and Photobiomodulation

Photobiomodulation (PBM) is the manipulation of cellular
behavior using low-intensity light sources and the delivery of
laser therapy (application of photonic energy at specific
wavelengths) to induce a biological response through energy
transfer. Sub-ablative photonic energy delivered into the tis-
sue modulates biological processes within that tissue and
within the biological system of which that tissue is a part. Key
to the limits of benefit is the restriction of laser operating
parameters to ensure that PBM has no appreciable thermal
effect in irradiated tissue.

Phototherapy is characterized by its ability to induce pho-
tobiological processes in cells [89]. This conforms to the first
law of photobiology (light absorption by specific molecular
chromophores). There is a so-called optical window in tissue
(approx. 650 nm-1100 nm), where the effective tissue pene-
tration of light is maximized. The use of LLLT in patients
almost exclusively involves red and near-infrared light (600
1100 nm) [90].

The absorption and scattering of light in tissue are both
much higher in the blue region of the spectrum than the red.
The principal tissue chromophores (hemoglobin and
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melanin) have high absorption bands at shorter wavelengths,
tissue scattering of light is higher at shorter wavelengths and
water strongly absorbs infrared light at wavelengths
>1100 nm.

Wavelengths in the 600-700 nm range are chosen for
treating superficial tissue, and those between 780 and
950 nm are chosen for deeper-seated tissues, due to longer
optical penetration distances through tissue with the latter
group. Beam coherence is maintained as the laser beam pen-
etrates the tissue and along with polarization may be an
important factor in allowing the laser to effectively treat
deeper tissues

Incident photons of wavelengths as referenced above are
absorbed into mitochondria and cell membranes of the tar-
get cells. Photonic energy is incorporated into a molecule to
increase kinetic energy, activate or deactivate enzymes or alter
physical or chemical properties of main macromolecules.

Growth factor response within cells and tissue may be
seen as a result of increased ATP and protein synthesis [91],
change in cell membrane permeability to Ca++ uptake and
cell proliferation, and overall a cascade of metabolic effects
results in physiological changes resulting in improved tissue
repair, faster resolution of the inflammatory response and a
reduction in pain [92].

In summary, the results of laser-tissue interaction that
promote PBM may be seen within three clinical areas of ben-
efit - anti-inflammatory effects [93], analgesic and pain sup-
pression effects [94] and effects that promote healing in the
irradiated tissue [95].

Investigation into pain response during surgical laser use
has revealed findings that are inconsistent with many anec-
dotal reports and may provide an opportunity for the essen-
tial subjective aspects of patient receptiveness to be accepted.
Pain is a defense mechanism and pain perception is innate
and subjective. Equally, all stimuli applied to excess will result
in pain.

Factors affecting the perception of pain

Pain perception is multifactorial and may be influenced

through the following, either singularly or in

combination:

== Emotion: fear, anxiety, stress syndrome, excitement

== Awareness: trust, previous experience, conditioning,
e.g., hypnosis, activity subordination

== Threshold potential: age, infirmity, drugs, alcohol,
social factors

The avoidance of pain during restorative and dental surgical
procedures remains a strong factor in promoting patient
acceptance of treatment, and many studies have been carried
out to evaluate this in terms of laser-tissue interaction [96—
98]. The use of the Nd:YAG (1064 nm) laser in developing
pulpal analgesia, possibly through interference with the «gate
theory» of neural stimulus propagation, was an early main-
stay benefit of this laser following its launch into dental
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O Fig.3.21 Summary of laser—
tissue interaction to demonstrate
the breadth of application, rela-
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practice in 1990. However, investigation into the subjectivity
or placebo effect has rendered its application inconsistent
[99-101]. Chaiyavej et al. found that Er:YAG laser use, simi-
lar to rotary bur cutting of tooth tissue, caused neural
response in both A and C intradental fibers [102].

Perhaps of greater significance in exploring this area may
be the lack of tactile and thermal stimulation compared to
rotary instrumentation during laser-assisted restorative den-
tistry. In seeking to understand the essentially anecdotal
reports of soft tissue surgery using laser photonic energy in
what is a thermally based interchange, there is the patient-
centered factor of trust in the operator, together with a pos-
sible harmonization of micro-pulsed free-running emissions
with regeneration potential of acetylcholine at synaptic junc-
tions within the sensory neurone.

It is without question that, when used correctly and with
recommended operating parameters to maximize laser—tis-
sue interaction, laser-assisted surgical procedures on soft and
hard tissue are less physically injurious when compared to
both scalpel and rotary bur. Patient acceptance, peer pressure
and a general acceptance of «hi-tech» approach to treatment
may all propose an enhancement of tolerance of sensory
stimulation.

Conclusion

An overview has been presented to explore the physical and
biological aspects of interaction of laser photonic energy
with target oral hard and soft tissue. Any inconsistency may
be viewed in terms of the precise mechanisms governing
molecular energy dynamics but also the great diversity in

tissue types and their close approximation within the oral
cavity. The clinician is faced with technical challenges in
manipulating any given laser wavelength to employ it as
broadly as possible during clinical procedures; the additional
facility of power density phenomena in helping to initiate an
essentially photothermal event may help to deliver predict-
able and precise surgical outcomes. In 8 Fig. 3.21 it is possi-
ble to appreciate the complex yet interconnected relationship
that exists between incident laser choice and operating
parameters, the consequent gradient of effects that result
from such choice and how the laser-tissue effects so pro-
duced can represent a breadth of clinical application - both
in terms of therapy and diagnosis. The photon distribution
and concentration (fluence) delivered will influence the
degree of (essentially) photothermal effect and consequent
reaction of the target tissue. At low fluences, the benefits can
be seen as diagnostic value and PBM (photochemical) effects;
at higher fluences (with the same laser wavelength or
another), the photothermal interaction predominates with
ablative and permanent structural tissue change. The over-
load of fluence values may give rise to destructive collateral
effects such as carbonization and consequent changes in tis-
sue optical properties and absorption potential.

In summary, laser photonic energy offers a degree of
«purity» through empirical properties — wave coherence and
single (mono)wavelength. Unique wavelength value confers
predictable photonic EM energy value through an inverse
proportional relationship.

All matter has constituent atomic and molecular energy,
consistent with intra-, inter- and extra-atomic and molecular
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binding forces. For any system, the «resting» gross energy
value determines a ground state physical form (solid, gas, lig-
uid) relative to temperature.

Predictable («pure») interaction with tissue can only occur
ifincident energy is absorbed by the tissue, although levels of
laser photonic energy may be viewed as being largely insuf-
ficient to overcome interatomic covalent or intra-lattice ionic
binding forces within target tissue.

A better explanation might emerge, based on chromo-
phore absorption of photonic energy leading to temperature
rise within the system and based on such assumption, laser
photothermolytic interaction with tissue is mainly due to the
indirect consequences of the conversion of EM photonic

energy into thermal energy.

Photoacoustic and photochemical effects may be viewed

as further consequential effects of primary photothermolysis.
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Core Message

New technologies introduced into clinical dentistry in recent
years have added immeasurably to the quality of care that
may be provided. Lasers, dental implants, CAD/CAM, and
motorized endodontics have all improved clinical outcomes
but require a significant investment in hardware and, most
importantly, education to understand concepts and proto-
cols. As with all medical instrumentation, it is not enough to
follow basic guidelines or «preset» parameters in approach-
ing each patient situation. A deep understanding of the tech-
nology, how it interacts with the patient’s tissues and what
variables are important to consider is necessary for a success-
ful clinical outcome.

Of the four technologies mentioned above, lasers are,
perhaps, the easiest to abuse. Without basic education, it is
nearly impossible for a clinician to accomplish the first suc-
cessful case of implant placement, CAM/CAD crown fabrica-
tion or motorized endodontic treatment. However, with a
manufacturer provided user’s manual, a dentist with a new
laser may push a button that says «gingivectomy» and
attempt a procedure.

The purpose of this chapter is to explore the parameters
that are important, and in some cases critical, to successful
laser therapy. This discussion then leads to insights into spe-
cific lasers and tissues.

As has been presented, various lasers can be used for sur-
gical treatment of both hard and soft tissues. In addition,
photonic energy can be injected into tissue to affect cellular
metabolism beneficially. In each of these therapies, applied
energy density, its wavelength, and the time over which it is
applied represent critical factors affecting the outcome.

4.1 Intrinsic Properties

A number of parameters are dictated by design decisions
during the manufacture of any clinical laser. They cannot be
chosen or controlled by the operator and must be accepted
with their benefits and shortcomings.

4.1.1 The Photon

A photon is a quantum of electromagnetic energy and has
been discussed extensively in previous chapters. All photons
are certainly not alike. The amount of energy in each photon
is determined by the wavelength, or more precisely, the wave-
length is determined by the photonic energy released.

The number of photons generated by a laser is mindbog-
gling. If an 810 nm diode laser is set to deliver 1 watt of out-
put power, 4.08 quintillion photons are produced every
second. That is, 4,080,000,000,000,000,000, photons are
released each second. On the other hand, an Er:YAG laser at
2940 nm must produce 14.799 quintillion photons in a sec-
ond [1]. Photons exert their influence on tissue through
absorption by cellular elements and that absorption is highly
dependent on wavelength.

4.1.2 Wavelength

As an electron drops from one orbital to one of lower energy, a
precise amount of photonic energy is released producing a
specific wavelength. Every laser is capable of and does generate
several wavelengths. The resonant cavity is designed to dampen
unwanted wavelengths through destructive interference leav-
ing only the desired output to be amplified and emitted.

4.1.3 The Laser

Every laser produces only one predominant wavelength of
photons. The laser is usually identified by its active medium
and host material. The active medium is a material that can
absorb photons of energy and then release them when stimu-
lated further by more photons. Many different materials have
been shown to produce this unique «stimulated emission.»
Lasers are designated therefore as solid state, gas, semicon-
ductor, and liquid, based on the material used.

Solid-state lasers are most commonly trivalent rare earth
ions such as neodymium (Nd) and erbium(Er). The host
material suspends the active ions and comprises the majority
of the laser crystal. They are most commonly grown crystal
structures such as yttrium aluminum garnet abbreviated as
YAG [2]. This combination of elements accounts for the
naming convention of Er:YAG, Nd:YAG, etc.

Gas lasers consist of a combination of gases. Carbon
dioxide lasers are actually a mixture of approximately one
part carbon dioxide combined with four parts nitrogen as the
active medium distributed in approximately five parts helium
as the host material.

Liquid or, so-called, dye lasers use fluorescein, malachite
green, coumarin, or rhodamine as the active medium sus-
pended in water, alcohol, or glycol as a host material. They
have the great advantage of being «tunable» from approxi-
mately 365 nm to 1000 nm and, because of the inherent cool-
ing provided by the liquid medium, can produce as much as
20 watts of continuous wave output and 1.4 kilowatts of pulsed
output. Unfortunately, they are bulky, complex, and expensive
and are not currently used in dental applications [3].

Finally, semiconductor lasers, represented by the diode
laser, are the most common laser available in dentistry today.
They are small, simple, and relatively inexpensive making
them very attractive. Most diode lasers are based on combin-
ing group IIT and group V compounds from the periodic
table. Those fabricated from gallium arsenide and its deriva-
tives typically lase at wavelengths between 660 and 900 nm
while those utilizing indium phosphide-based compounds
produce wavelengths between 1300 and 1550 nm [4]. Recent
advances in technology allow laser emission at wavelengths
ranging from as little as 370 nm to an amazing 15,000 nm.
Only a few of these have practical application in dentistry
and are limited to approximately 808 nm to 1064 nm [5].

All photons produced at a particular wavelength are the
same. While a laser manufacturer would like you to believe
that their photons are different and better than those of their
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competitor, it simply is not true. How they deliver those pho-
tons to the tissue and how you are able to control that process
is unique to each product and could be a factor in your deci-
sion to purchase that particular laser.

Free-Running Pulse Laser

Free-running pulse is a term applied to a laser, meaning that
the laser emission lasts as long as the pumping process is suf-
ficient to sustain lasing conditions. Lasers such as Nd:YAG,
Er,Cr:YSGG, and Er:YAG release photons as a train of pulses.
Most commonly, a flashlamp similar to a photographic flash
injects a large number of photons into the active medium.
This begins a cascade of events that has been described previ-
ously. As long as the flashlamp is injecting photons, lasing
will continue. Therefore, the pulse width or length of time
that photons will be emitted is controlled by how long the
flash lasts. Usually the duration of the flash in dental lasers
and, therefore, the laser output of photons is in the range of
50 microseconds to 1000 microseconds. Complex control
electronics usually allow the operator to select this vital
parameter through a touch screen.

The amount of energy in each of these pulses is controlled
by the intensity of the flashlamp. If the flash-lamp injects
twice as many photons to stimulate the active medium,
approximately twice as many coherent laser photons will be
produced in the resonant cavity and be emitted within the
same selected time frame or pulse width.

Flashlamp
output

Lasing is not a continuous activity during the duration of
the pulse. It takes some time measured in microseconds for
the process to build. As energy is released, the number of
stimulated photons is depleted and drops below the state of
population inversion. As more photons continue to be
injected by the flashlamp, the critical level is again exceeded,
and laser photon production again occurs. This process
repeats itself about every five microseconds. @ Figure 4.1 is a
representation of actual laser activity.

Continuous Wave Lasers

Lasers such as the KTP, diode, and many CO, emit photons
on a continuous basis rather than in pulses. The flashlamp is
replaced by an electric current which injects electrical energy
instead of photons into the active medium. However, the
result is still the release of photons in the familiar stimulated
emission mode. As long as the laser is energized, a continuous
stream of photons will be emitted. An LED (light emitting
diode) is not capable of laser activity but is a common exam-
ple of electrical energy being converted to photonic energy.
All diode lasers rely on this direct energy conversion.

The CO, laser is a bit different. Electrons are passed
through a gas starting the lasing process using a high-voltage
transformer that can operate continuously. As long as the gas
is energized, lasing will occur. Using control circuits, the out-
put can be continuous wave, variable gated continuous wave,
pulsed, super-pulsed, gain-switched, or Q-switched.
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In super-pulsed mode, the pulse peak power driving the
laser discharge can be several times the average continuous
wave power. A super-pulsed CO, laser is gated «on» for about
one-third of the time. This allows it to be driven three times as
hard when «on» to produce the same average power while still
avoiding overheating. The pulse width is usually in the
5-1000 us range with peak power reaching triple that of its
continuous wave counterpart [6]. Super-pulsed lasers available
in dentistry usually operate at a wavelength of 9.3 or 10.6 um.

Gain-switched CO, lasers can produce megawatts of peak
power, while Q-switched lasers with pulse widths in the
nanosecond range can produce peak powers that are several
100 times the average output. These lasers are not currently
applied in dentistry.

Variable Gated Continuous Wave Lasers

Continuous wave lasers may be turned on and off repeatedly
by an electronic circuit generating what is commonly called a
variable gated continuous wave. The term «variable» suggests
that the ratio of on-time to off-time is not fixed but each
parameter can be varied independently. Currently, on-times
and off-times can be selected in the range of approximately
10 ms to 1000 ms. One laser manufacturer has developed a
unique system that allows on-times of as little as 18 micro-
seconds with pulse repetition rates of up to 20,000 pulses per
second.

Clarification of Pulsed Laser Concept

Confusion continues regarding very important differences in
the nature of laser photon emission. Continuous wave output
is inherently different than pulsed output.

Variable gated continuous wave lasers are often incor-
rectly designated as «pulsed lasers.» Continuous wave lasers
produce the same number of photons in each microsecond
whether they are gated or not. Gating simply represents an
on-oft switch. If the on-time is twice as long, twice as many
photons will be emitted. Of course, no photons are delivered
to the target tissue during the off-time. This concept is illus-
trated in @ Fig. 4.8 below.

The most important characteristic of a pulsed laser is the
ability to store and release energy very rapidly. This creates
very high peak powers. Pulsed lasers, as described in » Sect.
4.1.3.1, emit a predetermined amount of energy during the
pulse. If a pulse is half as long, the same total number of pho-
tons will be emitted but all must be emitted in half the time.
Therefore, twice as many photons will be emitted in each
microsecond during the pulse. It should be evident that, if
the pulse width is made very short, very high peak powers
will result - a very large number of photons will be emitted in
each microsecond. This concept is illustrated in B Fig. 4.9
below.

The best way to illustrate this dramatic difference between
pulsed and continuous wave emission is to compare two
lasers that, on the surface, appear to be nearly the same.
O Table 4.1 shows the large difference in actual output.

O Table 4.1 Comparison of pulsed Nd:YAG and variable gated
continuous wave lasers adjusted to what appear to be identical
settings. The resulting pulse energy, average power, peak power
and peak power density are calculated to be dramatically
different

Laser type Nd:YAG Diode

Wavelength 1064 nm 1064 nm

Mode Pulsed Variable gated
continuous wave

Delivery fiber 600 um 600 um

diameter

Power displayed on 5 watts 5 watts

screen

Pulse width 100 us 100 us

Pulse repetition rate 50 pps 50 pps

Pulse energy 100 mj 0.5 mj

Average power 5 watts 0.025 watts

Peak power 1000 watts 5 watts

Peak power density 353,678 w/cm? 1,768 w/cm?

4.1.4 The Photon Beam

As photons leave the resonating chamber through the par-
tially reflective mirror, they are gathered by a series of lenses.
These lenses collimate the photons making them all travel
parallel to each other in a common direction or they focus
the beam to the correct spot size to be fed into the delivery
device.

Beam Profile

The spatial profile of the laser beam is often, erroneously,
assumed to be homogeneous with energy output uniform
across the entire beam. Most lasers emit in the «fundamental
transverse mode» also called the «TEM, mode.» This output
is Gaussian in cross-section as it leaves the resonator as
depicted in @ Fig. 4.2.

The density of the photons is significantly higher at the
center of the beam. Cells directly on the beam axis are irradi-
ated at a very high fluence, while those cells on the periphery
of the incident beam receive insufficient cellular energy to
produce any surgical effect. Laboratory measurement of the
actual output from a diode laser reveals that the power density
at the beam center is more than twice the average calculated
from the applied power, while power density on the periphery
is as low as 5% of applied power. Significant amounts of sub-
ablative energy are deposited into tissue on the fringes caus-
ing heating and dehydration instead of the desired ablation.

By the time the light is emitted, imperfections in the laser
tip and the fiber optic bundle can cause further variation
from this theoretical output as shown in @ Fig. 4.2c.
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O Fig. 4.2 The output from the laser fiber in a is obviously nonuni-
form.The plot in b depicts power density at different points across the
beam and is approximately Gaussian in cross section. 8 Figure 4.2¢

4.1.5 Delivery System

Laser energy exiting the resonant chamber and passing
through collimating and sizing lenses is delivered to one of
three devices for transportation to the tissue: optical fiber,
semiflexible waveguide, or articulated arm.

Optical Fiber

The propagation of light in fibers depends on the principle of
total internal reflection [7]. The core layer of the fiber, made
of fused silica, has a larger refractive index than the outer
claddinglayer. The incident laser energy is reflected off of this
boundary layer and is trapped inside the core. The core and
cladding are coated with a buffer material, such as polyamide
which has a refractive index slightly greater than that of the
cladding and has the additional advantage of mechanically
protecting the fiber.

depicts the output profile of an Er:YAG quartz. The vertical axis indi-
cates relative energy density (Photo courtesy of Frank Yung DDS)

Optical fibers are exceptionally flexible as shown in
O Fig.4.3a, b. Even with a severe bend, they continue to reflect
photons off the boundary and continue to travel inside the
fiber. @ Figure 4.3b illustrates this phenomenon. However,
even a slight nick in the fiber will result in an instantaneous
fracture. The polyamide plastic coating surrounds the entire
fiber to prevent damage from accidental contact.

For dental use, these fibers are produced in diameters
from 100 microns to more than 1200 microns. The signifi-
cance of selecting a particular size will be discussed later in
this chapter. These optical fibers are very attractive to use
since their flexibility and light weight make them easy to
maneuver when accessing challenging areas in the oral
cavity. However, they are only able to be used with short
wavelength lasers such as diode and Nd:YAG. Longer
wavelength photons are strongly absorbed in all optical
fibers.
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O Fig. 4.3 a A 400 um diameter optical fiber can be tied in a knot
and still transmit most of the laser energy. The red color visible in the
knot indicates a small number of photons are escaping. b As long as

Semi-Rigid Hollow Waveguides

Photons of longer wavelength travel easily through an air
medium. Most erbium wavelengths deliver energy through a
hollow, semirigid waveguide with inner diameters of typically
300-1000 pm. The inner surface is coated with a silver mirror
finish and then with silver halide, creating a very efficient
dielectric reflector for infrared wavelengths.

Photons traveling down the lumen of this tube reflect oft
the sides and continue to the exit portal. However, while
bouncing back and forth, photons lose any semblance of col-
limation and, also, assume a Gaussian distribution. Therefore,
lenses are again needed to collimate the output and direct it
into the final delivery handpiece. From there it is delivered to
the tissue, using a variety of end attachments, such as a tipless
handpiece, a sapphire or quartz tip, and metal or ceramic
«guides.»

These waveguides have very limited flexibility and a large
diameter making them somewhat unwieldy to maneuver
within the oral cavity. There are also some limitations on the
power level that may pass through without damaging the sil-
ver coating.

Articulated Arm Waveguides

For even longer wavelengths such as CO,, rigid, hollow wave-
guides are used. Light is redirected using articulated arms
and reflective mirrors. These usually consist of seven seg-
ments connected with joints containing carefully aligned
mirrors. The mirrors move in such a fashion that the beam is
always directed down the center, no matter how the joint is
turned. Photons entering each segment are transmitted in a
straight line down the center of the tube. When they reach
the end, they strike a mirror and are reflected precisely down
the center of the next segment.

the protective polyamide coating is present, the same fiber can be
bent at nearly a 90° angle without breaking

At the end of the last segment, the photons are presented
to mirrors in the handpiece and then on to the delivery tip. In
many cases, they are delivered, instead, to a final lens to be
focused at some distance away from the handpiece for deliv-
ery to the tissue. The distance is usually 6-10 mm to allow
vision around the handpiece to the underlying hard or soft
tissue. This distance creates some difficulty in precise appli-
cation of the laser energy although aiming beams provide
considerable guidance.

Semirigid hollow waveguides and articulated arm wave-
guides are used almost exclusively for longer wavelength
lasers such as Er:YAG, Er,Cr:YSGG, and CO,,. While bulkier
and more difficult to maneuver than optical fibers, they over-
come the problem of transmission through a solid medium.

4.1.6 Emitting Device

The final tip or lens through which the laser energy passes
has a very significant impact on interaction with target tis-
sues. An optical fiber has a flat end and will emit in the pat-
tern shown in @ Fig. 4.4a. The beam immediately diverges as
will be discussed in » Sect. 4.1.7 below. This pattern also
applies when using a removable flat-ended tip with an
Er:YAG or Er,Cr:YSGG laser. These tips are constructed of
either quartz or sapphire.

Erbium and CO, lasers using a tipless delivery will emit
as shown in @ Fig. 4.4b. A lens is the last element in the path
of the beam and focuses it. The normal distance between the
lens and the focal point is 6-10 mm.

Maximum power density is achieved by positioning the
handpiece so that the tissue surface is at the system focal
point. In practical terms, the most efficient ablation occurs at
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Flat end of an
optical fiber or a
laser tip

|

a

Collimating Lens

-/

Focusing Lens

Focal Point

\

Cone shaped laser tip

B Fig. 4.4 The output from different laser devices is not the same. a Optical fiber or laser tip, b Tip-less delivery system c laser pointer or flat-top

hand-piece, d radial-firing laser tip

this distance. A significant advantage of this system is that, as
the tip is moved either nearer or further away than this dis-
tance, the beam diverges, spot diameter increases, and power
density decreases. This technique is often referred to as
«defocusing» the beam and is of value when the aim is to
inject energy into the tissue without the consequences of
high power density such as ablation. This point is further dis-
cussed in > Sect.4.2.7.

Laser pointers use a collimating lens as shown in
B Fig.4.4c. This allows the beam to have a consistent diame-
ter at a large range of distances. This system is not used in
surgical lasers for safety reasons since a misaimed beam
could accidently interact with a distant tissue with the same
power density as at the intended target. Also, if the beam
were to reflect off of a mirror, it could ablate other tissues in
random locations. Instead, by using the patterns in @ Fig. 4.4a
or @ Fig. 4.4b, the beam safely loses its power density and,
consequently, its surgical ability with distance.

The exception to this rule is seen in the newly developed
«flattop» handpiece used in photobiomodulation. In this appli-
cation, a predictable power density that is independent of tip-
to-tissue distance is extremely desirable and important.

However, the power levels used are very low, thus mitigating
the risk of inadvertent tissue damage.

There are many instances when it is desirable to direct the
laser energy laterally. Examples would be when irradiating
into dentinal tubules or the threads of a failing implant. A tip
has been developed by several manufacturers with a conical
terminal end. Energy is internally reflected from this surface
and then passes through the opposite side. Practical consid-
erations allow redirection up to approximately 60° from the
original forward axis as shown in @ Fig. 4.4d.

4.1.7 Beam Divergence

As laser energy exits any optical fiber or flat-ended hand-
piece tip, the beam diverges at a predictable angle. In practi-
cal applications this is usually on the order of 8-15° per side
angle. While this may seem to be a small amount, the area on
which the delivered photons impact increases rapidly with
distance. The influence of this divergence on power density is
of great significance and will be discussed in detail later in
this chapter.
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4.2 Adjustable Parameters

The parameters discussed above are all intrinsic to the particu-
lar laser being used. They are determined by the laser manu-
facturer and begin the process of optimally matching the
photon delivery to the tissue of interest. The operator has con-
trol of a number of parameters that profoundly affect the inter-
action and, therefore, the outcome of laser therapy. Fluence,
irradiance, and peak power are parameters critical to effective
laser treatment. However, determining and controlling these
parameters is not as straightforward as it would at first seem.

In order to discuss the scientific basis of parameters, it is
necessary to have an understanding of definitions:

== Power (measured in joules per second or watts) is the
measure of how much energy is delivered in 1 s of time.
1 watt is an abbreviation and equivalent of 1 joule per
second.

== Power density (measured in W/cm?) is the power

delivered to a unit area of target tissue, usually here

1 cm?.

Irradiance is another term for power density.

Energy density (measured in J/cm?) is calculated as the

power density in W/cm? multiplied by the total time of

illumination.

== Fluence is another term for energy density.

Each laser manufacturer displays a different group of parame-
ters on the control interface. In addition, some manufacturers
do not provide direct control of every variable. B Figures 4.5,
4.6, and 4.7 are representative of dental lasers currently pro-
duced by different manufacturers. Throughout the remainder
of this chapter, these three lasers will be used as the basis for
discussion and calculation. The parameters available to be
directly controlled are different in each case. Therefore, a
unique set of equations must be used in each instance to deter-
mine the critical parameters. Examples of all appropriate cal-
culations will be provided in » Sect. 4.7 of this book.

Programmable

Indicates ~sets of
gated
output

Power level

during

on-time

parameters

On-time

O Fig. 4.5 This 810 nm diode laser has a limited number of variables
that may be controlled directly

O Fig. 4.6 This 2780 nm Er,Cr:YSGG laser has a choice of two pulse
widths. It allows control of average power but energy per pulse and
peak power must be calculated. Levels of auxiliary air and water are
set as percentage of arbitrary values determined by supply to the
individual dental suite

4.2.1 Average Power

Power and energy are often confused. Energy is, classically, a
measure of the ability to do work. It is a «quantity» and is
measured in joules. It is important to remember that a joule
of energy is produced by a variable number of photons since
each photon contains a different amount of energy based on
its wavelength.

Power is the rate of producing energy. It is the number of
joules created in each second of time and is designated in
joules per second. A watt is simply an abbreviated word to
mean «Joule per second.» If 1 joule per second or watt is pro-
duced and continues to be produced for 10 s, then 10 joules
of total energy will have been produced. If energy continues
to be produced at this rate for 60 s, 60 joules of total energy
will have been produced. If instead, the power (the rate of
doing work) is increased to 6 joules per second (watts) and is
applied for just 10 s, the same 60 Joules of total energy will
have been produced.

Since average power, peak power, energy per pulse,
pulse width, and pulse frequency are so interrelated, they
will be discussed as a parameter group interspersed with
examples.

Average power represents the total energy produced in 1
s, no matter how uniformly that happens within that length
of time. A continuous wave laser produces a constant num-
ber of photons for each time increment that it is activated,
while a pulsed laser produces photons in short bursts ranging
from femtoseconds to milliseconds.

The average power would seem to be provided on two of
the three laser control displays in 8 Figs. 4.5, 4.6, and 4.7, but
a very important distinction must be made. With a diode
laser, the power displayed is usually (but not always) the peak
power. The diode laser in B Fig. 4.5 allows direct control of the
output power, but the power displayed is the «continuous
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O Fig. 4.7 This laser contains
both a 2940 nm Er:YAG laser

and a 1064 nm Nd:YAG laser. In
erbium mode, it allows selection
of six different pulse widths. How-
ever, the operator must refer to a
manual to find the value. It allows

Indicates erbium
laser has been
selected

Pulse width
SSP =50 usec

H14 handpiece
usually with 600um
or 1300um tip

Average power
3 watts

control of pulse energy and pulse
frequency. The resulting aver-
age power is displayed but not
directly selectable
200mj
per pulse

15 pulses
per second

wave» output rather than the average power. Any time that
this laser is emitting photons, it is emitting 2 watts of peak
power.

In variable gated mode, independent selection of oft-time
and on-time is provided and results in vastly different aver-
age power for a given indicated power. If the laser is «on» for
20 ms and «off» for 80 ms, then it is on for 20 percent of the
time:

Percentage of “on —time” = 20ms / (20ms + 80ms)
=20ms/100ms = 0.2 =20%

Average power is then calculated as

_ 113 : Lt}
Power,,, = POWeT, jieq X Percentage of “on — time

=2 Watts x 20% = 0.4 Watts

If the length of the on and off periods are changed but stay in
the same ratio, average power will be the same. @ Figure 4.8
illustrates these concepts.

Peak power will always be the same as that indicated on
this display, no matter what magnitude or ratio of «on» and
«off» times are selected.

While B Figs. 4.6 and 4.7 are both erbium lasers, their
control features are distinctly different. The Er,Cr:YSGG
laser shown in B Fig. 4.6 allows control of average power.
The pulse width is selected as «H» for hard tissue and repre-
sents a pulse width of 60 us. The laser displays the pulse rep-
etition rate (15 pulses per second). The peak power is
adjusted by the laser to provide this output although it

Water flow
arbitrary units

Air flow
arbitrary units

cannot be directly controlled. There is no indication of the
energy produced in each pulse.

The Er:YAG laser in @ Fig. 4.7 allows control of energy
per pulse and pulse frequency. While average power is
indicated on the display, it is not directly controllable. If
the amount of energy contained in each pulse and the
number of pulses in each second are known, the average
power is calculated as the total of all of these pulses in 1
second.

Power,,, = energy per pulse x
number of pulses per second

4.2.2 Peak Power

Peak power represents the maximum instantaneous power
that the laser produces at any single time. In a continuous
wave laser, the peak power does not change from that selected
on the user interface, no matter what other parameters are
changed. As has been discussed, it is the value displayed by
the diode laser in @ Fig. 4.5.

With pulsed lasers such as all dental erbium and Nd:YAG
lasers, peak power is dramatically affected by the interrelated
control of average power, energy per pulse, pulse width, and
pulse frequency. If these parameters are not known, they can
be calculated.

Peak power can be calculated as:

Power,,,, = energy per pulse/pulse width
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O Fig. 4.8 Calculated peak
and average power produced at
the settings with the diode laser
shown in B Fig. 4.5

2W
1w

Variable gated continuous wave

On-time = 20ms

Peak power = 2 watts
Off-time = 80ms

Average power = 0.4 watts

2W
1w

Variable gated continuous wave

Peak power = 2 watts
Average power = 0.4 watts

On-time = 80ms
Off-time = 320ms

Continuous wave

On-time = continuous

Peak power = 2 watts
Average power = 2 watts

4.2.3 Pulse Energy

Some manufacturers allow direct control of the total amount
of energy in each pulse instead of controlling the average
power. By necessity, if the pulse energy is held constant, alter-
ing the pulse width will change the peak power. @ Figure 4.9
illustrates this concept. It is based on the Er:YAG laser shown
in @ Fig.4.7. In each case, the energy per pulse is the same. If
that energy is delivered in one-half the time, the peak power
or rate of delivery must be doubled.

Some pulsed lasers do not allow direct control of pulse
energy but, instead, provide selection of average output
power. This output results in vastly different pulse energy and
peak power as illustrated in the following example.

In @ Fig. 4.6, if average power is set to 4 watts and there
are 15 pulses per second:

Energy / pulse = total energy persecond /
number of pulses containing
that energy

Energy / pulse = 4 Joules persecond /
15 pulses persecond
=0.267J/ pulse = 267mj/ pulse

At the same time, if average power were to be set to 8 watts
and there were 30 pulsed per second:

Energy / pulse = 8 Joules persecond /
30pulses persecond
=0.267J/ pulse = 267mj/ pulse

The energy per pulse is the same even though the average
power is doubled.

4.2.4 Pulse Width

In most pulsed lasers, selection of several different pulse
widths is provided. As an example:

For the control panel shown in B Fig. 4.6,

«H» = «hard tissue» = 60 us

«S» = «soft tissue» = 700 us

For the control panel shown in 8 Fig. 4.7,

«SSP» = «super short pulse» = 50 us

«MSP» = «medium short pulse» = 100 us

«SP» = «short pulse» = 300 us

«LP» = «long pulse» = 600 us

«VLP» = «very long pulse» = 1000 us

«QSP» = «quantum square pulse» = a unique pulse train
not relevant to this discussion.

4.2.5 Pulse Repetition Rate

Doubling the number of pulses that are delivered in a second
will double the total amount of energy delivered to the target
tissue. If the pulse width and energy per pulse are left
unchanged, the peak power will be unchanged. Since there
are twice as many pulses applied in a second, the average
power will double.
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10,000 w Er,Cr,YSGG
Er:YAG
Nd:YAG
3,000 w 0.5j/300usec = 1,667 watts peak power
0.5j/600usec = 833 watts peak power

0.5j/100usec = 5,000 watts peak power

0.5j/50usec = 10,000 watts peak power

0.5j/1,000usec = 500 watts peak power

Energy per pulse = 0.5 joules

B Fig. 4.9 The peak power emitted by a laser changes with changes in pulse width if the energy per pulse is constant. This graph shows
examples of free-running pulsed lasers, but some variable gated pulsed laser use a similar concept

In the Er:YAG laser example of @ Fig. 4.7:

Power,,,

=0.200Joules / pulse x 15pulses /s
= 3.0 Watts( joules per second )

If the pulse repetition rate were doubled to 30 pulses per second:

Power,,, =0.200Joules / pulse x 30pulses /s
= 6.0 Watts(joules per second )

In each case, the peak power would be 4000 watts, if the laser
were set to SSP mode.

4.2.6 Diameter of the Final Emitting Device

The number of photons that strike an individual cell and
their associated energy is one of the primary determinants of
tissue effect. Power density or fluence is a critical factor in
determining laser-tissue interaction.

Power density is, by definition, the number of photons
passing through a specific area in each second of time. A 400
micron laser fiber has a cross-sectional area of:

Area =7 X r* =3.14159 x (0.02cm)’ = 0.0013¢m”

A seemingly small output of 1 watt, if passed through this
fiber, results in a power density striking an individual cell of
796 watts/cm?.

Power density = Power / area =1 Watt / 0.0013 cm?
=796 W /cm®

The same 1 watt passing through a 200 um diameter fiber
would have a power density of 3185 Watts/cm?.

Each of these outputs will have a profoundly different
effect on a target cell. @ Table 4.2 shows the dramatic range of
power densities that occur with different optical fiber diam-
eters at average power outputs routinely available in den-
tistry. It is evident that the choice of fiber diameter has a
critical effect on the delivered power density. Simply choos-
ing a 200 um diameter fiber instead of a 1200 um fiber makes
a 36-fold difference.

The combined influence of pulse width and fiber or tip
diameter looms as an overwhelming determinant of laser-
tissue interaction. In the example of the Er:YAG laser in
@ Fig. 4.7, using an 800 um diameter tip, producing 1000 mj
of energy per pulse with a pulse width of 50 us and 50 pps
will deposit a mind-boggling peak power density of
4,000,000 W/cm? into the target tissue with an average power
density of 10,000 watts/cm?. These calculations are illustrated
in » Sect. 4.7.
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O Table 4.2 Average power density in watts/cm? with different fiber size and power setting

Power density (watts/cm?)

Fiber diameter 200 um 400 um 800 um 1200 um 1.15cm
0.5 1591 397 99 44 0.5
Power (watts) 1 3185 795 198 88 1
2 6370 1591 397 176 2
4.2.7 Tip-To-Tissue or Focus-to-Tissue Distance
10 mm

Under many circumstances, the optical fiber tip, quartz tip or
sapphire tip is held at some distance away from the tissue. In
addition, there are a number of erbium and carbon dioxide
lasers that are routinely used without a tip but rely on focused
laser energy as discussed in » Sect. 4.1.6 above. With a tip-
less system, the smallest spot diameter and, consequently,
highest power density, exists at the point of focus. All mea-
surements of distance are referenced to that point.

Tip-to-tissue distance, or the comparable focus-to-tissue
distance, provides yet another parameter that dramatically
affects the density of photons striking an individual target
cell. As laser energy exits an optical fiber or a quartz or sap-
phire tip, it diverges quite significantly.

The applied energy is distributed over an increasing
area as the tip-to-tissue distance increases, dramatically
affecting power density at a cellular level as shown in
O Fig. 4.10. Power density can be diminished by 95 percent
with only 5 mm of tip-to-tissue distance. This is further
demonstrated in @ Fig. 4.11. When using this standard
delivery system, the repeatable application of an appropri-
ate energy density is extremely technique-sensitive and
operator-sensitive.

O Table 4.3 illustrates how significantly the power density
changes with just minor changes in the tip-to-tissue distance.
It is also apparent that the effect of beam divergence is far
greater with smaller diameter emitting devices. A collimated
beam eliminates this destructive divergence but is only pos-
sible to produce if a lens is the final element in the path of the
laser energy as it is emitted.

All concepts associated with beam divergence from a
flat-ended tip apply to tipless systems with distances being
measured from the focal point as demonstrated in
@ Fig. 4.12.

4.2.8 Auxiliary Water

All erbium lasers, together with the 9300 nm CO, laser, have
the ability to spray water on the tissue during treatment. In
the case of hard tissue, this spray is used to cool the tooth or
bone and remove debris from the ablation site. Without

8 degree

divergence

400 um
diameter fiber  34%
100% 274 w/cm?

796 w/cm?

5%

39 w/cm?
1.5%

12 w/cm?

B Fig. 4.10 The effect of tip-to-tissue distance on spot diameter and,
therefore, on power density. These calculations are based on a beam
divergence of 8° per side angle

extrinsic water, the tooth will overheat under repeated pulses
and ablation may cease.

Er:YAG laser energy is absorbed in approximately 0.8
microns of water [8-10]. Logic suggests that, if auxiliary
water is used, all energy will be absorbed by overlying water
before it can reach the tissue surface and no ablation will
occur. On the other hand, without extrinsic water, charring
will rapidly occur and ablation will cease with significant
damage to the tooth.

In practice, other principles resolve this issue [11]. When
laser energy strikes the surface of a water film, it is rapidly
absorbed causing vaporization. This rapid phase change
occurring in a few microseconds creates a shock wave of very
significant magnitude generating pressures of a few hundred
atmospheres. This shock wave displaces water at the point of
contact creating an open channel to the underlying tooth
surface [12] as shown in @ Fig. 4.13.

If the laser tip is completely submerged, water is evacu-
ated from the laser path by a slightly different phenomenon.
When laser energy strikes the water directly in front of the
tip, it once again causes vaporization. An air bubble is cre-
ated, as shown in @ Fig. 4.14, which pushes the water out of
the way allowing energy from the remainder of the pulse to
strike the tooth surface and cause ablation.
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274 w/cm?2

1.6 w/cm?

B Fig.4.11 Power density at tip-to-tissue distances of 30 mm a and 1 mm b with an identical 1 watt of applied diode laser power

O Table 4.3 Average power density at 1 watt laser output for different tip diameters and tip-to-tissue distances assuming an 8° per side
beam divergence

Power density (W/cm?)

T-T distance Contact 1 mm 2mm 5mm 10 mm
400 um 796 275 138 39 12

Tip diameter 800 um 199 109 69 26 10
8 mm 2 1.9 1.7 1.4 1.1
1.15cm 1 0.92 0.88 0.76 0.62
1.15 cm (collimated) 1 1 1 1 1

B Fig.4.12 The effect of
focus-to-tissue distance on spot Focal Point
diameter and, therefore, on
power density. These calculations
are based on a beam divergence
of 8° per side angle. It is evident
that all of the distances from the
focus point are the same as those
from the tip in Fig. 4.10. Conse-
quently, the calculated values are
identical

Focus-to-tissue distance
9mm

8 degree
divergence

100%

1.5%

Focusing Lens
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O Fig. 4.13 Ultra-speed macrophotograph of Er:YAG laser energy
interaction with a superficial water layer. The shock wave generated by
the laser pulse displaces the water on the tooth surface

Nahen and Vogel [13] showed that such a bubble forms in
the first 10-20 microseconds of the laser pulse. The balance
of the pulse energy is then able to ablate as though no water
is even present. Nearly all of the laser energy strikes the tooth
surface unimpeded allowing excellent ablation. As the bub-
ble collapses between each pulse, the newly ablated surface is
bathed in water thus cooling, cleaning and rehydrating the
structure.

Within limits, the thickness of the water layer is of little
consequence. The bubble formed has a finite size estimated
by the author from ultra-speed photographs, such as
O Fig. 4.15, to be approximately 3 mm in length.

When only a water mist is used, any droplets in the path
of the laser energy are rapidly vaporized allowing passage of
subsequent energy.

In an experiment to verify the theoretical concepts dis-
cussed above, the flow rate of irrigation water was controlled
at 1, 2, 4, 8, 16, and 24 ml/min, while the tip-to-tissue
distance was held at 0.5 mm. Other samples were ablated
completely submerged in water at the same controlled dis-
tance [11].

@ Figure 4.16 shows that Er:YAG ablation efficiency is
essentially independent of irrigation water flow rate. In
addition, applying energy with the tip completely sub-
merged in water has no detrimental effects on ablation effi-
ciency as long as the laser tip is within about 2 mm of the
tissue surface.

At low irrigation water flow rates, the possibility of
dehydration and charring is significant. Without water
coolant, residual heat quickly dehydrates the enamel
making further ablation inefficient or impossible. At the
same time, a layer of exploded hydroxyapatite particles
covers the enamel surface and absorbs some of the energy

L

O Fig. 4.14 Ultra-speed macrophotography of Er:YAG laser energy
interaction when the tip is completely submerged in water. Vaporiza-
tion of the water in front of the tip creates a bubble forming a channel
for ablation

t
——__  ErYAGlasertip
completely submerged
in water

Vapor bubble

O Fig. 4.15 Ultra-speed macrophotography of the bubble
formed surrounding an Er:YAG laser tip when it is completely
submerged in water. The vaporization bubble in this picture has a
diameter of approximately 1.5 mm and a length of more than 3 mm
beyond the tip

of the next energy pulse heating this unwanted layer
significantly.

O Figure 4.17 shows enamel ablated without water.
Thermal damage results in carbonization, cracking, and a
loss of laser ablation effectiveness. Water spray both cools the
tooth and washes away the debris. Irrigation also serves to
enhance ablation rate and efficiency, improve surface mor-
phology, alter chemical composition, and enhance adhesion
to restorative materials.

A flow of at least 8 ml/min is needed to minimize adverse
effects. Since flows of up to 24 ml/min have been shown to
have no negative effect on laser ablation efficiency, it is pru-
dent to use 8-24 ml/min to ensure adequate hydration.
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O Fig. 4.16 Effect of irrigation water flow rate on Er:YAG laser abla-
tion of enamel. Tip-to-tissue distance was constant at 0.5 mm. The
volume of irrigation water has a minimal effect on ablation efficiency

DO Fig.4.17 Effect of irrigation water flow rate on Er:YAG laser abla-
tion of enamel. Without irrigation, hydroxyapatite absorbs laser energy
causing progressive desiccation, overheating and carbonization

In fact, it can be argued that using the maximum amount of
water possible is an appropriate strategy. However, ultimately,
site visibility by the dentist as well as patient tolerance for
large water volumes will dictate the water flow rate used.

Super-pulsed CO, lasers also use auxiliary water to cool
the tooth or bone and remove debris from the ablation site
and it is vital to effective use of this modality. Water is not
used with continuous wave CO, lasers since it would absorb
all the energy in the scenario discussed in the second para-
graph of this section.

4.2.9 Auxiliary Air

Auxiliary air is also provided by all erbium lasers. However,
its value and effect are not as well understood. Certainly, air

may help dissipate accumulated thermal energy but its pri-
mary function is to remove debris from the path of the laser
energy.

4.2.10 Speed of Movement

Energy is being dispensed as long as the laser is activated.
The speed which with the tip is moved across the target tissue
will dictate how much energy strikes each individual cell.
Moving too quickly will not allow sufficient energy absorp-
tion to initiate ablation and the tissue will be detrimentally
heated. Moving too slowly or maintaining the tip in one posi-
tion will, ablate the tissue but also cause overheating. A
method of calculating energy density with movement is illus-
trated in @ Fig. 4.18.

4.3 Further Calculated Parameters

Having adjusted laser parameters in accordance with an
established protocol, it is instructive to understand the nature
of the resulting energy applied to the target. Average power,
peak power, fluence (energy density), and irradiance (power
density) all have a very significant effect on the target tissue.
Further parameters are also important.

4.3.1 Spot Area at the Tissue

The spot area at the tissue surface must be determined
before fluence and irradiance can be calculated. Incor-
porating the effect of beam divergence and tip-to-tissue
distance can often make this a confusing calculation.
Further confusion arises regarding even the definition of
spot size.

In physics and engineering, spot size refers very specifi-
cally to the radius of the laser beam [14], while in many med-
ical publications, it is used to describe the beam diameter or
even the area. While the exact definition is of minor impor-
tance, knowledge of the author’s intent is critical. It is prefer-
able to use the more specific terms of «spot diameter at
tissue» and «spot area at tissue.»

4.3.2 Average Power Density

Average power density is determined by dividing the average
power by the spot area at the tissue surface. Since spot area is
generally very small as shown in » Sect. 4.2.6 above, average
power densities can be surprisingly large.

4.3.3 Peak Power Density

Peak power density is simply determined by dividing the
peak power by the spot area at the tissue surface. Once again
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O Fig.4.18 The energy den-
sity striking individual cells is
calculated by dividing the total
energy delivered by the total area
irradiated

Power = 2 watts = 2j/sec
Tip diameter = 400um

Speed of movement = 2mm/sec

Treatment time = 30 sec

I

2mm/sec * 30 sec = 60mm = 6cm

Total energy = power * time = 2j/sec * 30 sec = 60 joules

Area = width * length traveled in 30 seconds

Area = .04cm * 6cm = 0.24cm?

Energy density = Total energy/area = 60J / 0.24cm?2 = 250 joules/cm?

with a small spot area, it is possible to get a stunning
4,000,000 W/cm? as shown in » Sect. 4.2.6.

4.3.4 Total Energy Applied

The total energy applied to the tissue is simply the average
power multiplied by the total number of seconds of
treatment.

The discussion in this chapter highlights the importance of
understanding and controlling the exact nature of the parameters
selected in any clinical protocol in order to effectively interact
with either hard or soft tissue. While the necessary calculations
are not complicated, they need to be precise. » Section 4.7
assembles all relevant information and provides calculations
based on the settings shown in @ Figs. 4.5, 4.6, and 4.7.

44 Hard Tissue Considerations

4.4.1 Most Appropriate Laser for Hard Tissue
Procedures

In the past, erbium lasers were the only devices appropriate
for ablation of hard tissues. In recent years, super-pulsed car-
bon dioxide lasers have been developed that are capable of
ablating dentin, enamel, and bone effectively and safely. In
addition, research has shown that almost any wavelength of
laser energy can be used if the pulse width is short enough
and the peak power high enough. The next decade will, no
doubt, see the development of practical nanosecond and
femtosecond pulsed devices.

4.4.2 Mechanism of Hard Tissue Ablation

Mechanism of Ablation for Erbium
Lasers

While a hydrokinetic theory was originally proposed to
explain tissue interaction with Er,Cr:YSGG laser energy, a dif-
ferent mechanism is now most widely accepted [15-17]. All
erbium lasers interact with tissue in a similar fashion. Ablation
of enamel, dentin, and bone occurs through the explosive
removal of tissue in a thermo-mechanical event. Because laser
energy at erbium wavelengths is very highly absorbed by
water, molecules in the target tissue are rapidly superheated
[18]. When the steam pressure within the tissue exceeds the
structural strength of the overlying material, micro-explo-
sions occur, ejecting particles of fractured material as shown
in @ Fig. 4.19. This explosive phenomenon is initiated long
before melting of the carbonated hydroxyapatite occurs.

Considerable pressure is needed to fracture enamel and
dentin so temperatures much higher than the intuitive 100 °C
must be generated. A study suggests that ablation actually
occurs at superheated temperatures of approximately 600 °C
for enamel and 500 °C for dentin [19].

Mechanism of Ablation for Carbon Dioxide
Lasers

Ablation at CO, wavelengths is predominantly a photo-
thermal phenomenon [19]. Laser energy is directly
absorbed by the carbonated hydroxyapatite. Melting of the
mineral is nearly instantaneous, occurring in less than a
picosecond, and is followed rapidly, with increased tem-
perature, by vaporization and the expulsion of molten
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O Fig. 4.19 Ultra-speed microphotography of Er:YAG laser energy
interaction with an enamel surface

mineral droplets [20]. This liquid mineral quickly resolidi-
fies into characteristic globules routinely seen in SEMs.
Lesser absorption by water and protein at these wave-
lengths only has a minor effect on the ablation process.
Iflaser energy at CO, wavelengths is applied in a continu-
ous wave mode, the principal interaction consists of melting
of carbonated hydroxyapatite and massive transfer of thermal
energy to the surrounding tooth structure. Charring and pulp
death are the inevitable outcome. However, applying this
energy in super-pulsed mode with very short pulses, ablation
as described above still occurs but most of the thermal energy
is ejected with the molten carbonated hydroxyapatite. Water
spray directly removes further amounts of diffused energy.

Mechanism of Ablation for Femtosecond
Lasers

Femtosecond lasers emit energy in extremely short pulses
with durations of less than a nanosecond. Even with pulse
energy as low as 20 microjoules per pulse, a 400 fs pulse
width produces peak power of 50 million watts. This is suffi-
cient to ionize carbonated hydroxyapatite directly to plasma.
The plasma then quickly dissipates, carrying virtually all
energy away and transferring almost none to surrounding
tissues. Residual thermal energy and collateral damage are
almost nonexistent. The wavelength of the applied laser
energy is of little consequence as a study of efficient enamel
ablation using a 1025 nm laser shows [21]. Ablation simply
relies on plasma formation. It should be noted that this wave-
lengthis nearlyidentical to that of the Nd:YAGlaser(1064 nm).
Peak ablation efficiency occurs at approximately 5 j/cm?.
Clinical femtosecond lasers are not currently available in
dentistry but show great promise.

4.43 Role of Hydroxyapatite in Ablation

To further clarify the discussion above, carbonated hydroxy-
apatite is a major absorber of carbon dioxide laser energy and
is the primary vehicle of ablation. It absorbs energy, injecting

heat into the enamel or dentin promoting dehydration and
structural change. If sufficient energy is absorbed to raise the
temperature to about 1280 °C, melting followed by vaporiza-
tion of the enamel will occur. Melting is a short-lived change
in physical state and there is a new solid created upon cool-
ing. This new solid has a modified structure and composition
and will interact with subsequent laser energy differently.

This is a completely different phenomenon than that seen
with erbium lasers where water is the primary vehicle of abla-
tion. With these lasers, ablation is the explosive removal of
tissue using thermal energy to vaporize internal water. In
either case, if the enamel temperature is sufficiently elevated,
some of the thermal energy will diffuse into the interior of
the tooth compromising pulp vitality. Femtosecond lasers
have the potential to nearly eliminate this problem.

A simple experiment illustrates this point. Directing erbium
laser energy at a dried extracted tooth with no water spray
using 240 mj at 25 pps (commonly recommended parameters
for enamel ablation) from a distance of 10 mm results in sub-
ablative irradiation. After about 10 s the tooth becomes too hot
to hold having reached about 200 °C. No ablation has occurred
but a significant amount of energy has been absorbed [18].
Moving even closer (5 mm) causes melting, charring, and over-
heating of the enamel as depicted in @ Fig. 4.16 above. No true
explosive ablation occurs under these conditions.

4.4.4 Cautionary Considerations

Interaction with Non-biological Materials
in the Oral Cavity

In the course of applying clinical lasers to intraoral struc-
tures, a number of non-biological restorative materials will
be encountered. Each of these may lead to reflection, absorp-
tion, scattering, refraction or transmission of energy.
Research on the potential negative results of accidental or
intentional interaction has been sparse.

Many publications have asserted that laser energy is
reflected off of the surface of metal restorations and so is of
little consequence except to use caution with reflective sur-
faces. In fact, laser energy of most wavelengths is absorbed by
metals. Lasers are routinely used in industrial situations to
both cut and weld steel, copper and aluminum.

0 Figure 4.20a illustrates the interaction with existing
amalgam restorations. Some might suggest that the interac-
tion is due to adsorbed water, but B Fig. 4.20b shows the
interaction with dental amalgam powder in the absence of
water and Figure 4.20c displays the destructive effects of the
interaction on the laser tip. @ Figure 4.21 shows the interac-
tion of energy from different lasers with composite and
acrylic dental materials.

All of these photographs represent the effect at commonly
used laser parameters. This suggests that these negative side
effects will likely occur any time restorative materials are
inadvertently exposed to laser irradiation.

Laser tips and fibers can become coated with exploded or
melted debris making them ineffective for future use. Techniques
have been developed to alleviate this problem [21].
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O Fig.4.20 aThe erbium laser energy produces a significant interac-
tion with amalgam restorations. b Interaction with amalgam powder
suggests that it is not interaction with adsorbed water. Any such inter-

Other Considerations

As discussed earlier in this chapter, applying erbium energy
to enamel, dentin, or bone without adequate irrigation will
almost always be disastrous. The significant thermal energy
absorbed by the target will cause irreversible changes. A min-
imum of 8 ml/min is the recommended level.

Marjaron [23] showed that maintaining a gap of 0.3-
0.7 mm between the tip and tissue increased enamel ablation
significantly. Theoretically, this would allow more water in to
flush accumulated debris, allow debris to exit the gap, and
remove thermal energy that had been absorbed by the
hydroxyapatite. As the distance exceeds 1 mm, decreases in
energy density as well as absorption and refraction from
interposed water will minimize these advantages.

4.5 SoftTissue Surgery Considerations

4.5.1 Most Appropriate Laser for Soft Tissue
Procedures

All of the existing dental lasers can surgically incise soft tissue.

The diode laser is the most popular dental laser with
thousands in use in dental offices around the world. They are
attractive because they are small, lightweight, low mainte-
nance, durable, and relatively inexpensive.

action will severely damage the laser tip. ¢ An erbium laser was applied
at 240 mj and 25 pulses per second

While a valuable tool, these devices are plagued by a
very significant shortcoming. They are very poorly absorbed
in soft tissue. With diode lasers ranging from approximately
808 to 1064 nm, melanin, hemoglobin, and protein are the
primary chromophores. However, water which makes up
more than 70% of most tissues is not a chromophore and
produces almost no interaction at diode wavelengths. This
suggests that the diode is a poor laser for incising soft
tissue.

Since the laser energy spreads through a large area of tis-
sue, the risk of significant collateral damage is high. On the
other hand, this energy is highly absorbed in blood and
causes excellent coagulation and hemostasis.

The Nd:YAG laser at 1064 nm suffers from the same poor
absorption as all diode lasers, again suggesting that this is not
a good laser for incising soft tissue. Its advantage lies in its
very high peak power with short pulse width providing ther-
mal containment and moderate ablation with very good
hemostasis. Nd:YAG lasers are more complex and consider-
ably more expensive than diode lasers.

Erbium lasers have a primary chromophore of water
which is the most abundant constituent of biological tissue
making them an excellent choice to perform surgical soft tis-
sue procedures. Both the Er:YAG and the Er,Cr:YSGG lasers
are absorbed efficiently in a few of microns of tissue. Since
little energy is transferred to the surrounding area, little
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O Fig. 4.21
used power levels

collateral tissue damage occurs. Because of this same prop-
erty, these lasers do not produce significant hemostasis from
thermal absorption at the incision margins.

Finally, the CO, laser has primary chromophores of water
and collagen making it a useful soft tissue laser. Its action is
very superficial but produces melting of collagen as well as
explosion of tissue through steam generation. Since this
energy is delivered via a noncontact hand-piece, precision is
more difficult to achieve.

4.5.2 Fiber Initiation Consideration

While diode lasers are poor soft tissue lasers, they are small
and relatively inexpensive. The optical fiber delivery system
is flexible and very maneuverable allowing access to hard-to-
reach areas of the oral cavity. Fiber initiation provides a tech-
nique to circumvent this laser’s shortcomings.

An energy absorbing material is applied to the end of the
fiber as shown in @ Fig. 4.22 in a process called initiation or
activation. Material is transferred to the fiber end creating a
thin layer that absorbs subsequent laser energy.

Energy from both erbium lasers a and b and diode lasers c interacts with composite resins and dental acrylic materials at commonly

When the laser is activated, this thin layer absorbs the
emitted photons and is rapidly heated to several hundred
degrees. This «hot tip» is used to melt proteins thus separat-
ing the tissue. The argument is often made that this technique
is similar to electrosurgery or applying a heated instrument.
However, because only the thin layer of absorbent material is
heated, the thermal energy is concentrated, and there is sig-
nificantly less collateral thermal damage than with these
other modalities.

While each laser manufacturer has suggestions for proper
fiber initiation, the following technique has been shown to
provide superior results:

== Adjust the laser to a very low power setting of less than
0.5 watts.

== Touch the fiber tip to articulating paper without
activating the laser.

== Activate the laser momentarily until a perforation is

seen in the articulating paper.

Repeat at least 8 times.

Observe the aiming beam against a surface. If it is still

clearly visible, repeat more times.

B Fig.4.22 The technical process of initiation is shown in a, while the resulting coat on the fiber end is shown in b
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O Fig. 4.23 During clinical application, tissue adheres to the fiber tip.
It, in turn, is heated causing collateral tissue damage

4.5.3 Effect of Fiber Size

As has been discussed in » Sect. 4.2.6 above and @ Table 4.2,
smaller fiber diameters significantly increase power density
and positively affect the ability of the laser to incise tissue.
However, fibers with a diameter smaller than 400 um are very
flexible affecting the ability to cut precisely and are at higher
risk of spontaneous fracture.

4.5.4 Effect of Debris Accumulation

In the course of clinical treatment, cellular debris adheres to
the warm fiber tip as shown in @ Fig. 4.23 This material
absorbs laser energy and is progressively heated increasing
the risk of collateral thermal damage. It is prudent to remove
this debris repeatedly during a surgical procedure. This is
best accomplished with wet gauze.

4.5.5 Precooling of Tissue

O Fig. 4.24 Three cuts all performed with a 940 nm diode laser at

1 watt, CW. The bottom cut is done with no precooling, air, or water
irrigation. Note the significant collateral damage. The middle cut was
performed with air directed over the surface. Speed of cut was slower
but as effective with much less collateral damage. Applying an air/
water spray during treatment in the top cut caused significant surface
cell death (Courtesy of Dr. Mark Cronshaw)

tissue surface scalding a superficial layer as shown in
O Fig. 4.24.

4.5.6 Cautionary Considerations

The preceding discussions illustrate the need for careful
attention to tissue response during even the most rudimen-
tary procedure.

46 Photobiomodulation Considerations

Collateral damage occurs through the prolonged heating of
cells. A study by Simanovskii et al. [23] asserted that mam-
malian cells can survive a temperature increase to 42-47 °C
for prolonged periods of time. Above this point, the length of
time at higher temperatures becomes a critical variable. Cells
can only survive 70 °C for about 1 s and 130 °C for 300 micro-
seconds. Since optical fiber tip temperature can exceed
800 °C, it becomes apparent that this is the source of
damage.

The margins of a surgical excision will be rapidly heated
although not to this level. It has been shown that approxi-
mately 350 um of collateral tissue death may occur [25].
Precooling the tissue with an air/water spray can reduce
but, certainly, not eliminate collateral damage. Frequent
cooling during procedures is also considered to be of ben-
efit. However, using a constant flow of water during surgery
is not recommended. Vision will be compromised, and,
more importantly, thermal energy will be diffused over the

It is well established that, in general, photobiomodulation
can have a positive effect on tissue [26-28]. However, pho-
tonic energy must reach target cells at the appropriate inten-
sity to be effective. This energy density is widely accepted to
be between 3 and 10 J/cm?, relative to the individual cell sur-
face, in accordance with the Arndt-Schultz law [29, 30]. At
less than 3 J/cm?, there is insufficient energy absorbed by the
cell to increase its metabolism, while densities of more than
10 J/cm? appear to inhibit cellular function.

While energy is applied on a macroscopic level, the inter-
action with tissue occurs on a subcellular level [31]. Ideally,
each individual cell in the path of the applied energy should
be illuminated with the same number of photons within this
range. The positive effects of photobiomodulation are very
strongly associated with the density of photons striking the
cells. Unfortunately, a method of delivering photons to a
group of individual cells, often deep within a tissue mass, in a
uniform and predictable manner has been lacking.
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4.6.1 Most Appropriate Laser
for Photobiomodulation

Between approximately 600 nm and 1200 nm, very few
absorbing chromophores exist allowing laser energy to pen-
etrate deeply into the tissue mass. This range of wavelengths
has been labeled the «optical window» and is exploited in
most photobiomodulation protocols. In general, diode lasers
are the most appropriate laser for this application.

4.6.2 Recommended Parameters

Further chapters will explore the intricacies of dosage in pho-
tobiomodulation. The energy density at the cellular level is a
key determinant of biostimulation and appears to be between
3-10 J/cm? depending on the cell type and should be applied
at a rate of approximately 100 mW/ cm?.

For lesions on the surface of tissue, calculation of the
appropriate dose is rudimentary. However, as energy enters
tissue, it is moderately absorbed and highly scattered reduc-
ing the effective dose.

4.6.3 Distribution of Applied Energy
in a Tissue Volume

As energy penetrates a tissue mass, it is absorbed and widely
scattered. Bashkatov [32] asserted that photons are 100 times
more likely to be scattered than to be absorbed. When treat-
ing a muscle or a temporomandibular joint, energy reaching
the target cells is predictably and drastically reduced.
O Figure 4.25 is a presentation of energy reaching cells deep
within the tissue.

4.6.4 Effect of Lesion Depth and Tissue Type
on Parameter Calculations

Many of the anatomic structures that are purported to ben-
efit from low level laser therapy such as the TM] or joint
bursa are located at some distance within the surrounding
tissue. @ Figure 4.26 suggests that, at 5 mm into representa-
tive tissue ranging from beef muscle (similar to human
muscle) to beef liver (similar to highly vascularized tissue),
energy density has decreased to about 10% of its surface
value.

4.6.5 Cautionary Considerations

Arany et al. [33] state that a skin temperature increase to
greater than 45 °C is phototoxic. While it is tempting to
apply large amounts of energy in a short period of time in
order to stimulate deep structures and to speed treatment,
very negative unintended consequences may occur in over-
lying tissues.

Of all the protocols for laser use in dentistry, photobio-
modulation is at the greatest risk of misunderstood tech-
nique and unintended consequences. Unfortunately, there is
no direct visual feedback of effectiveness leaving the clinician
to rely on an understanding of parameters.

While not settled science, the currently accepted guide-
lines recommend applying a fluence of 100 mw/cm?* and a
total cellular dose of 3-10 j/cm?

There are several unique devices available for applying
therapeutic doses including large diameter (8 mm to 10 mm)
optical fibers, rectangular therapy /bleaching handpieces,
and flattop hand-pieces. Many clinicians use the expedient of
a surgical optical fiber held at a distance from the tissue sur-
face as a perceived equivalent. However, these devices can
produce very different tissue exposure.

If 1 watt of power is applied through a 400 pm fiber from
a distance of 10 mm for 30 s as it is moved over a tissue area
of 2 cm?, the result is:

Fluence = lw /2cm? = 0.5w /cm? = 500mw / cm?

Irradiance = 0.5w / cm” *30s =15) / cm?

Applying the same parameters through an 8 mm diameter
PBM hand-piece in contact without movement results in:

Fluence =1w/0.5cm? = 2w /cm? = 2,000mw / cm?

Irradiance = 2w / cm? #30s = 60J / cm?

Finally, applying the same parameters through a rectangular
therapy/bleaching handpiece with dimensions of 8 mm by
35 mm results in:

Fluence = 1w /2.8cm? = 0.36w /cm? = 360mw / cm?

Irradiance = 0.36w / cm? *30seconds =10.7] / cm?

It is easy to understand that, while using identical laser
parameters, each of these common delivery systems will have
a vastly different effect on the target tissue.

Whichever means of energy delivery is chosen, it is
incumbent on the clinician to carefully calculate the tissue
dose and to adjust parameters appropriately. To achieve the
recommended protocol:

The 400 pm fiber should be applied at 0.2 watt for 50 s
from a distance of 10 mm

The PBM hand-piece should be applied at 0.05 watt (an
impossibility) for 100 s

The therapy hand-piece should be applied at 0.3 watt for 90 s.

Summary

Knowledge of actual laser energy being applied to the target
tissue with any laser is vital to achieving positive results. This
chapter has focused on understanding the meaning and the
effect of each of the variable parameters available to the clini-
cian when making a decision to apply laser technology for
the benefit of a patient.
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8mm 7mm 1mm center  1mm

Insignificant Biostimulation
tissue warming

O Fig. 4.25 All tissue areas in red exceed the optimal range and semicircular band about 4 mm wide directly in front of the hand-piece
experiences bioinhibition and perhaps even irreversible cellular dam- tapers down to about 1 mm wide on the periphery. Beyond that band,
age. This zone extends about 3.5 mm into the tissue. Biostimulation the tissue cells would be perhaps warmed a little bit with no discern-

would occur from 10 J/cm? to about 3 J/cm? as depicted in yellow. This able photobiomodulation effect

4.7 Laser Photonic Energy - Examples of

1000 Mathematical Quantification and

_ Calculation

E 800

3 \\\ Calculation of parameters is provided for each of the lasers

£ 600 shown below. While some readers may find this rudimentary,

2 \\I\\\ others will appreciate the review of physics and mathematical

é 400 calculations.

o] ) Please note that, for calculations to be valid, it is neces-

E 500 \\WMH‘ L sary to convert all dimensions to centimeters, all times to

Beef liver T seconds, all energies to joule, and all powers to watts before

0 \-\'\\;\‘\‘\1 computation. This standardized system allows the state-

ment of parameters as watts/cm?, joules/cm? and joules/
second.

Because of basic differences in variable gated continuous
wave and true pulsed lasers, each needs a different set of
O Fig.4.26  Power density diminishes rapidly as the laser energy equations to calculate the same set of variables.

penetrates the tissue. Beef muscle and liver are representative of the
range of tissues seen in the oral cavity

0 1 2 3 4 5 6 7 8 9

Tissue thickness (mm)
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4.7.1 Variable Gated Continuous Wave Laser

@ Figure 4.27, below, shows the graphic user interface for a
variable gated continuous laser.

Programmable

Indicates sets of parameters

gated o /
output

Power level

during on-time On-time

Off-time

O Fig. 4.27 This 810 nm diode laser has limited variables that may be
controlled directly. It is used here with a 400 um diameter optical fiber

Emission Cycle

If the laser is «on» for 20 ms and «off» for 80 ms, then it is on
for 20% of the time:

Percentage of «on-time» =20ms/ (20 ms +80 ms)
=20ms/100ms
=0.2=20%

Average Power

This diode laser allows direct control of the output power,
but the power displayed is the «continuous wave» output
rather than the average power. Any time that this laser is
emitting photons, it is emitting 2 w. Average power is calcu-
lated as:

Poweravg = POWECTiygicated

= 2wx(20ms/(20ms +80ms)) =0.4W

x percentage of «on-time»

If the length of the on and off periods are changed but stay in
the same ratio, average power will be the same.

Power,,, = POWer, giueq X Percentage of «on-time»
= 2wx(80ms/(80ms+320ms))=0.4w

Peak Power

For this diode laser, peak power will always be the same as
that indicated on the display, no matter what magnitude or
ratio of «on» and «off» times are selected.

=2W

Powerpeak = POWEL, dicated

Pulse Width

Pulse width, in this case, is simply the «on» time:

Pulse width = 20 ms

Pulse Repetition Rate

One repetition is the same as one emission cycle or the sum
of one «on» time and one «off» time. So:

Emission cycle = 20ms («on») +80ms («off»)
=100ms

Then, the number of these events that occur in 1 s represents
the pulse repetition rate.

Pulse repetition rate =1s/100ms
=10pulses per second

Beam Divergence

Beam divergence is a function of the fiber construction and
the numerical aperture. For optical fibers used with diode
and Nd:YAG lasers, the numerical aperture is commonly
0.22. This results in a divergence of 12.7° per side angle.

Tip Area
Tip area is the radius of the tip squared multiplied by pi:

Tiparea = 200um *200um *3.14159
=0.02cm %0.02cm*3.14159 = 0.00126 cm?

Spot Diameter at Tissue

Diode lasers are used in contact for surgical procedures.
Therefore, the spot diameter at the tissue surface is the same
as the tip diameter:

Spot diameter at tissue = 400 um = 0.04 cm

Spot Area at Tissue

Similarly, the spot area at the tissue surface is the same as the
area of the optical fiber tip.

Spot area at tissue = 0.00126 cm?

Power Density

Power density is the total energy, in joules passing through a
specific area in 1 s of time. With the attached 400 p laser fiber,
this diode laser produces:

Power density,,, =power,,, /arca
=0.4 Watt/0.00126 cm’
=318 w/em?

Power density ., =power,

=2 Watt/ 0.00126 cm?
=1587 w/cm?

/area
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O Fig. 4.28 When the optical
fiber or emitting tip is moved
across the tissue during treat-
ment, the energy produced is
distributed over a larger area
based on the speed of move-
ment. When determining energy
density received by an individual
group of cells, it is necessary to
calculate the entire area that is
irradiated

power,,q = 0.4 watts

Tip diameter = 400um

Speed of movement = 2mm/sec
Treatment time = 30 sec

Total Energy

The total amount of energy delivered to the tissue during a
30 s treatment is:

Total energy =power,,, *time = 0.4 W*30s =12]J

Energy Density

If the fiber tip is held stationary in one location, the energy
density is calculated as:

Energy density,,, = power,,, * time/area
= 0.4W* 305/0.00126cm’
= 9,540J/cm’

Energy density ., = power,,., * time/area
= 2W*30s/0.00126cm’
= 47,610 j/cm?

Movement of the Tip

If the fiber tip is moved through the tissue at a speed of
2 mm/s, the applied energy is distributed over a much larger
area affecting energy density. This may be calculated as
shown below B Fig. 4.28:

mm Energy Density with Movement

Area = width * length traveled in30s
Area =.04cm*6cm = 0.24cm?
Energy density = 0.4 W *30s/0.24cm* = 50 J/cm?

2mmy/sec * 30 sec = 60mm

4.7.2 True Pulsed Laser with

Control of Average Power

@ Figure 4.29, below, shows the graphic user interface for a
true pulsed laser with control of average power.

O Fig. 4.29 This 2,780 nm Er,Cr:YSGG laser has a choice of two pulse
widths. It allows control of average power, but energy per pulse and peak
power must be calculated. Levels of auxiliary air and water are set as percent-
age of an arbitrary value (Courtesy Waterlase MD Biolase, Irvine California)

Average Power

This erbium laser allows direct control of the average output
power. In this case, it has been adjusted to 4 w.
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Pulse Width

Pulse width is established by choosing one of the two values
available — «H» = «hard tissue» = 60 usec or «S» = «soft tis-
sue» = 700 usec. In this case, 60 usec has been selected.

Pulse Repetition Rate
Pulse repetition rate is selected as 15 pulses per second (pps).

Emission Cycle

The emission cycle indicates the percentage of time that the
laser is actually emitting energy. With any true pulsed laser,
this is a very small amount. It is calculated as the length of
time that the laser is emitting during each second or the sum
of the width of all pulses:

Emission cycle = (pps * pulse width/Isec)*100%
Emission cycle = (15+0.00006s)*100%
Emission cycle = 0.09%

Energy per Pulse

If 4 w is produced in 1 s, then 4 J/s are produced. If this
energy is divided equally between 15 pulses, then:

Energy per pulse = energy per second/
number of pulses per second
Energy per pulse = 4J/s/15pps
=0.267 J per pulse
=267 mj/pulse

Note: A key point must be considered here. With any pulsed
laser that allows control of average power, the energy per
pulse changes if the pulse repetition rate changes. As an
example, if the laser in @ Fig. 4.29 has the pulse repetition rate
changed to 5 pulses/s, while the average power is unchanged,
the energy per pulse changes to:

Energy per pulse =41J/s/5pps
= 0.8 Joules per pulse
=800mj/pulse

This concept applies to any Er:YAG, Er, Cr:YSGG, or Nd:YAG
laser that provides control of average power instead of energy
per pulse.

Peak Power

Peak power represents the maximum instantaneous power
that the laser produces.
Peak power can be calculated as:

Power,,,, = energy per pulse/pulse width
Power,,. =0.2671/0.00006s = 4,444 W

Tip Area
Commonly available tips for this laser are cylindrical,
tapered, and chisel shaped. While calculating the area, diver-
gence, and spot area for chisel tips is beyond this discussion,
the diameter of the output end of a tapered tip can be treated
the same as a cylindrical tip as calculated below.

Assuming use of a 600 um diameter cylindrical tip allows
the following calculations:

Tip area is the radius of the tip squared multiplied

by pi:

Tip area =300um+300um+3.14159
=0.03cm*0.03cm=3.14159
=0.00283cm’

A tip that tapers from 1200 to 600 um at the output end
would have the same tip area of 0.00283 cm?.

Spot Diameter at Tissue

Erbium lasers are usually used in contact for soft tissue surgi-
cal procedures. Therefore, the spot diameter at the tissue sur-
face is the same as the tip diameter:

Spot diameter at tissue = 600 um = 0.06 cm

Spot Area at Tissue

For this scenario, the spot area at the tissue surface is the
same as the area of the optical fiber tip.

Spot area at tissue = 0.00283 cm?

Beam Divergence

When this or any laser is used out of contact, the effect of
beam divergence has a critical effect on spot diameter at
the tissue surface and, therefore, energy and power
density.

Beam divergence is a function of the particular tip cho-
sen. For tips used with this laser, it is commonly 12° per side
angle. For a tip-to-tissue distance (A) of 2 mm and an angle
(x), from geometry as shown in @ Fig. 4.30:

Opposite (O)

Ang| o
ngle 90

Adjacent (A)

O Fig.4.30 Basic geometry establishes the relationship between
different variables in a right triangle
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O =A*tan(x)

0= 2mm*tan(12°)

O0=2mm#*0.2126 =0.425mm

Spot radius at tissue = tipradius + Opposite
=0.03+0.0425=0.0725cm

Spot diameter at tissue =0.145cm

As shown B Fig. 4.31, at a tip-to-tissue distance of 2 mm
with a 12° beam divergence per side angle:

Spot area at tissue = pi * 1’
=3.14159%0.0725cm *0.0725cm
=0.0165cm’

The effect of divergence on parameters is similar to that with
an optical fiber.

Power Density

Power density is the total energy, in joules passing through a
specific area in 1 second of time. With the attached 600 p
laser fiber and a tip-to-tissue distance of 2 mm, this erbium
laser produces:

Power density,, =power,,, /area
=4W/0.0165 cm® =242 w/cm’

O Fig.4.31 Thisis a depiction
of the various values calculated
to determine the spot area at the
tissue with a divergent beam

Power density ., = power,,, /area

= 4,444 W/0.0165cm’
= 269,333 w/cm’

This peak power calculation should make it clear how a
pulsed laser can ablate enamel.

Total Energy

The total amount of energy delivered to the tissue during a
30 second treatment is:

Total energy = power,, * time =4 W *30s =120]J

Energy Density
If the fiber tip is held stationary in one location, the energy
density is calculated as:

Energy density,,, = power,,, *time/ area
=4W+*30s/0.0165cm’
=7,273]/em’

Energy density ., = power,,, *time/area

= 4,444 W %305/0.0165cm’
=8,080,000 J/cm®

At a tip-to-tissue distance of 2 millimeter

J0.42mm = 0.0425cm

R =0.03+0.0425
= 0.0725cm



84 W. Selting

4.7.3 True Pulsed Laser with
Control of Pulse Energy

@ Figure 4.32, below, shows the graphic user interface for a
true pulsed laser with control of pulse energy.

Indicates erbium
laser has been
selected

Pulse width
SSP =50 psec

Average power
3 watts

H14 non-contact
tip being used

200mj B SSP . MSP . SP
per pulse ™~ W= mi

Water flow
arbitrary units

200
et 3,00 8o

Power

15 pulses W Hz g

N 15

second Air flow
-+

+ arbitrary units

w TGl 4y 4
.

SO

Comfort

B Fig.4.32 This laser contains both a 2,940 nm Er:YAG laser and a
1,064 nm Nd:YAG laser. In erbium mode, it allows selection of six differ-
ent pulse widths. However, the operator must refer to a manual to find
the value. It allows control of pulse energy and pulse frequency. The
resulting average power is displayed but not directly selectable

Pulse Width

Pulse width is established by choosing one of the six values
available — choosing the SSP mode selects a pulse width of
50 usec.

Pulse Repetition Rate
Pulse repetition rate is selected as 15 pulses per second (pps).

Emission Cycle

The emission cycle indicates the percentage of time that the
laser is actually emitting energy. With any true pulsed laser,
this is a very small amount. It is calculated as the length of
time that the laser is emitting during each second or the sum
of the width of all pulses:

number of pulses persecond *

width of each pulse/ls

Emission cycle =15pps *0.00005s/1s
=0.00075%100 = 0.075%

Emission cycle = ( J *100%

Energy per Pulse
The energy per pulse is directly selected as 200 mj.

Average Power

This erbium laser indicates an average output power of
3 w. In this case, it is not directly adjustable but is inter-
nally calculated by the laser. It can be calculated as shown
below:

power,,, = energy per pulse * number of pulses per second
power,,, =0.2 Joules perpulse *15pulses per second =3.0 W
Peak Power

Peak power represents the maximum instantaneous power
that the laser produces.
Peak power can be calculated as:

Power,,,, = energy per pulse/pulse width
Power,,, =0.200j/0.00005sec = 4,000 W

Tip Area
As with the Er,Cr:YSGQG laser discussed above, commonly
available tips for this laser are cylindrical, tapered, and chisel
shaped. All calculations below are based on use of a 600 mm
diameter tip at a tip-to-tissue distance of 2 mm. The resulting
calculations will be identical as those above.

Assuming use of a 600 um diameter cylindrical tip allows
the following calculations:

Tip area is the radius of the tip squared multiplied by pi:

Tiparea =300 um *300um=*3.14159
=0.03cm#0.03cm #3.14159 = 0.00283 cm?

A tip that tapers from 1200 to 600 um at the output end
would have the same tip area of 0.00283 cm?.

As before, at a tip-to-tissue distance of 2 mm with a 12°
beam divergence per side angle:

Spot area at tissue = pi *
=3.14159+%0.0725cm*0.0725cm

=0.0165cm?

Power Density

Power density is the total energy, in joules passing through a
specific area in 1 s of time. With the attached 600 p laser fiber
and a tip-to-tissue distance of 2 mm, this erbium laser produces:

Power density,,, = power,,, / area
=3W/0.0165cm” =182w /cm’

Power density,,,, = power,,, /area

cal

= 4,000 W/0.0165cm>
=242, 424 w/cm?
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Total Energy

The total amount of energy delivered to the tissue during a
30 s treatment is:

Total energy = power,, * time =3 W *30s =90J

Energy Density

If the fiber tip is held stationary in one location, the energy
density is calculated as:

Energy density,,, =power,, * time/area
=3W#30s/0.0165cm”

=5,455]/cm?
Energy density ., =power,,, *time/area

=4,000 W #305s/0.0165cm’
=7,272,727 J/em?

Assumptions

Several assumptions are made in these calculations:
Output is assumed to be uniform over the radiated area.
In practice, this is rarely true since a Gaussian output is
normally produced.
Output is assumed to be uniform over time. That is, each
pulse is assumed to rise instantaneously from zero to the
peak power being produced. Again, this is rarely true.
Output is assumed to be constant over the duration of
the pulse. In fact, as shown in » Chap. 4, @ Fig. 4.1, of
this text, the true output varies significantly and must be
averaged for these calculations.
The output is assumed to be the same as that displayed
on the interface screen. Laser manufacturers as careful
to point out in their technical specifications that most
parameters are only guaranteed to be within about 20%
of the stated value.
Actual spot diameter is as calculated. Because of the
Gaussian nature of the beam cross section, a portion of
the photons will strike tissue outside of the calculated
area.

Summary

The calculations presented here are based on representative val-
ues as shown on actual dental lasers for all parameters. By sub-
stituting actual known values for the laser being used into the
equations, it is possible to determine appropriate parameters. In
general, all continuous wave lasers can be assessed using the set
of calculations in » Sect. 4.7.1, while true pulsed lasers can be
analyzed using calculations in » Sects. 4.7.2 and 4.7.3 depend-
ing on which parameters are displayed or can be selected.

References

1. » http://www.pveducation.org/equations/photon-energy-ev.
Accessed 17 Feb 2011.

2. » https://www.rp-photonics.com/rare_earth_doped_gain_media.
html. Accessed 17 Feb 2011.

3. » https://www.rp-photonics.com/dye_lasers.html?s=ak. Accessed
30 July 20176.

4. » http://www.laserdiodesource.com/. Accessed 30 July 2016.

5. » http://www.olympusmicro.com/primer/java/lasers/diodelasers/
index.html. Accessed 30 July 2016.

6. » https://spie.org/membership/spie-professional-magazine/
spie-professional-archives-and-special-content/jan2010-spie-
professional/co2-laser. Accessed 30 June 2016.

7. » http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/totint.html.
Accessed 20 Sept 2015.

8. Hale G, Querry M. Optical constants of water in the 200 nm to 20 um
wavelength region. Appl Optics. 1973;12:555-63.

9. Vogel A, Venugopalan V. Mechanisms of pulsed laser ablation of
biological tissues. Chem Rev. 2003;103:577-644.

10. Niemz M. Laser-tissue interactions, 3rd ed. Berlin/Heidelberg:
Springer; 2007.

11. Selting W. Fundamental erbium laser concepts; Part Il. J Laser Dent.
2010;18(3):116-22.

12. Ith M, Pratisto H, Altermatt HJ, Frenz M, Weber HP. Dynamics of laser-
induced channel formation in water and influence of pulse duration
on the ablation of biotissue under water with pulsed erbium-laser
radiation. Appl Phys B. 1994;59:621-9.

13. Nahen K, Vogel A. Plume dynamics and shielding of the abla-
tion plume during Er:YAG laser ablation. J Biomed Opt. 2002;7(2):
165-78.

14. » http://vlab.amrita.edu/?sub=1&brch=189&sim=342&cnt=1.
Accessed 14 June 2015.

15. Hibst R, Keller U. The mechanism of Er:YAG laser induced ablation of
dental hard substances. Proc SPIE. 1993;1880:165-2.

16. Farrar SR, Attril DC, Dickinson MR, King TA, Blinkhorn AS. Etch rate
and spectroscopic ablation studies of Er:YAG laser-irradiated den-
tine. Appl Optics. 1997;36(22):5641-6.

17. Niemz M. Investigation and spectral analysis of the plasma-
induced ablation mechanism of dental hydroxyapatite. Appl Phys
B. 1994;58:273-81.

18. Selting W. Fundamental erbium laser concepts; Part 1. J Laser Dent.
2009;17(2):89-95.

19. Fried D, Zuerlein M, Featherstone J, Seka W, Duhn C, McCormack
S. IR laser ablation of dental enamel: mechanistic dependence on
the primary absorber. Appl Surf Sci. 1998;127:852-6.

20. Majaron B, Sustersic D, Lukac M, Skaleric U, Funduk N. Heat diffusion
and debris screening in Er:YAG laser ablation of hard biological tis-
sues. Appl Phys B. 1998;66:1-9.

21. Selting W. The effect of tip wear on Er:YAG laser ablation efficiency.
J Laser Dent. 2007;15(2):74-7.

22. Majaron B, Prosen T, Sustercic D, Lukac M. Fiber-tip drilling of hard
dental tissue with Er:YAG laser. In: Featherstone JBD, Rechmann P,
Fried DS, editors. Lasers in dentistry IV, January 25-26, 1998, San
Jose, Calif. Proc. SPIE 3248. Bellingham, Wash. SPIE-The International
Society of Optical Engineering, 1998:69-76.

23. Simanovskii D, Mackanos M, Irani A, O'Connell-Rodwell C, Contag
C, Schwettman H, Palanker D. Cellular tolerance to pulsed hyper-
thermia. Phys Rev. 2006;74:011915, 1-7.


http://www.pveducation.org/equations/photon-energy-ev
https://www.rp-photonics.com/rare_earth_doped_gain_media.html
https://www.rp-photonics.com/rare_earth_doped_gain_media.html
https://www.rp-photonics.com/dye_lasers.html?s=ak
http://www.laserdiodesource.com/
http://www.olympusmicro.com/primer/java/lasers/diodelasers/index.html
http://www.olympusmicro.com/primer/java/lasers/diodelasers/index.html
https://spie.org/membership/spie-professional-magazine/spie-professional-archives-and-special-content/jan2010-spie-professional/co2-laser
https://spie.org/membership/spie-professional-magazine/spie-professional-archives-and-special-content/jan2010-spie-professional/co2-laser
https://spie.org/membership/spie-professional-magazine/spie-professional-archives-and-special-content/jan2010-spie-professional/co2-laser
http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/totint.html
http://vlab.amrita.edu/?sub=1&brch=189&sim=342&cnt=1

86

24,

25.

26.

27.

28.

W. Selting

Angiero F, Parma L, Crippa R, Benedicenti S. Diode laser (808 nm)
applied to oral soft tissue lesions: a retrospective study to assess
histopathological diagnosis and evaluate physical damage. LIMS.
2012;27(2):383-8.

Turner J, Hode L. Low level laser therapy, clinical practicle and scien-
tific background, prima books. Grangesberg: Prima Books; 1999.
Karu T. The science of low-power laser therapy: Gordon & Breach
Science Publishers; Amsterdam 1998.

Karu T. Is it time to consider photobiomodulation as a drug equiva-
lent? Photomed Laser Surg. 2013;31(5):189-91.

Woodruff L, Bounkeo J, Brannon W, Dawes K, Barham C, Waddell D,
Enwemeka C. The efficacy of laser therapy in wound repair: a meta-
analysis of the literature. Photomed and Laser Surg. 2004;22(3):
241-7.

29.

30.

31.

32.

33.

Huang YY, Sharma SK, Carroll J, Hamblin MR. Biphasic dose response
in low level light therapy-an update. Dose Response. 2011;9(4):
602-18.

Jacques S. Optical properties of biological tissues: a review. Phys
Med Biol. 2013;58:R37-61.

Huang Y-Y, Hamblin M. Biphasic dose response in low level light
therapy. Dose-Response. 2009;7:358-83.

Bashkatov A, Genina E, Kochubey V, Tuchin V. Optical properties of
human skin, subcutaneous and mucous tissues in the wavelength
range from 400 to 2000nm. J Phys D Appl Phys. 2005;38:2543-55.
Khan |, Tang E, Arany P. Molecular pathway of near-infrared laser
phototoxicity involves ATF-4 orchestrated ER stress. Sci. Rep.
2015;5:10581.



87

Laser Safety

Penny ]. Parker and Steven PA. Parker

5.1

5.2

5.3

5.4

5.5

5.6

5.7

Introduction - 88

Regulatory Framework - 89

Laser Classification - 90

Hazards of Laser Beams - 91

Laser Safety Within the Dental Operatory — 97
Training of Staff Using Lasers - 102

Local Rules - 103

References - 105

© Springer International Publishing AG 2017
D.J. Coluzzi, S. Parker (eds.), Lasers in Dentistry—Current Concepts, Textbooks in Contemporary Dentistry,
DOI 10.1007/978-3-319-51944-9_5



88 P.J. Parker and S.P.A. Parker

Core Message

Laser use in general dental practice has grown considerably
over the past 25 years, both in numbers of machines and the
scope of usage. General and specific measures must be
employed to ensure the safe use of lasers in dentistry.
Regulations - specific to lasers or within the licenced scope of
practice — apply a duty of care to all dental healthcare profes-
sionals in the application of lasers in clinical practice. Such
laser regulations may exist through international standards
and/or through national or regional legislation. The duty of
care extends to all staff as well as patients. The registered
laser owner or lead clinician is responsible for ensuring that
all staff personnel have a thorough knowledge of laser safety.
Additional devolved responsibility may be applied to the
laser safety officer.

Laser safety is applicable according to the class of laser
being used. Within the classification of lasers, there is a range
from Class | to Class IV, with subclasses relevant to laser oper-
ation using optical magnification (loupes, microscope, etc.).
Specific risks apply to the unprotected eye and skin, accord-
ing to the laser class and wavelength. Nonbeam risks exist,
including those posed by the laser plume.

It is mandatory therefore that those personnel involved in
the delivery of laser photonic energy that is capable of risk to
unprotected ocular and nontarget tissue should undergo
training sufficient to alert them to their responsibility. Prime
amongst this responsibility is to any patient receiving such
therapy.

5.1 Introduction

LASER - coherent nonionizing electromagnetic radiation is
an intense form of energy and a potential may exist for such
energy, directed at the biological tissue to be absorbed, in
part or totally, and give rise to structural change within the
tissue. Lasers used in dentistry are configured to deliver pho-
tonic energy that would mostly convert to thermal energy
within the tissue, and it is this thermal rise that may be suffi-
cient to progress through tissue warming to a level and above,
where irreversible change such as protein denaturation and
water vaporization may occur.

To deliver controlled, predictable, and positive laser-
assisted change represents the ideal of the dental clinician in
providing treatment. However, inappropriate energy levels
and/or delivery of laser photonic beam to nontarget tissue
can represent a risk, sufficient to cause irreparable and per-
manent damage. This may occur within the oral cavity, to
circumoral and facial skin structure or most importantly to
the structures of the unprotected eye.

As the purchase and use of lasers in dentistry continues to
grow, so must concern for laser safety. Failing to wear available
eye protection is one of the most frequent contributing factors
to laser injuries [1]. Within such risk and pertinent to the use
of lasers in general, laser safety measures are delineated for

interpretation and application in the workplace, such as the
dental operatory.

In a systematic review of papers relevant to beam and
nonbeam medical laser hazards, together with access to the
Rockwell Laser Industries Laser Accident Database, it was
concluded that occupational hazards associated with medical
laser applications remain poorly understood and uncharac-
terized. There are relatively few published accounts of laser
accidents; they tend to suffer from the problem of reliance on
self-reporting. Eye injuries, skin burns, injuries related to the
onset of fires, and electric shock have been reported in rela-
tion to medical laser use. It is probable that both acute and
chronic health effects have been experienced by medical per-
sonnel as the result of exposure to laser-generated air con-
taminants (plume) [2].

A more substantial study of laser-related injuries
reported on risk factors, but was not limited to medical
laser application [3]. Four database sources within the
USA - Center for Devices and Radiological Health of the
US Food and Drug Administration (FDA), Rockwell Laser
Industries (RLI), the US Army’s Laser Accident and Incident
Registry (LAIR) and the Federal Aviation Administration
(FAA) safety reporting system — revealed a total of 869 inju-
ries and deaths. Of these where injury or death occurred, a
total of 663 (52%) were located in some type of medical
facility.

It may seem innocuous to the dental professional new
laser user that safety is a key objective to protect the patient
and clinical team. Useful lessons can often be learned from
studying laser accidents, and although most countries require
such accidents to be reported to the relevant authority, often
such information is not accessible to laser users. The risk of such
accidents may be reduced by performing a risk assessment
and this is often a legal requirement, such as in the countries
of the European Union [4, 5].

In a paper that reported laser-associated accidents within
medical practice [6], 12 incidents were reported. Simple
errors relating to the operation of laser equipment accounted
for five of the reported incidents; in four incidents there was
temporary or permanent damage to the operator’s eye, but of
greater significance was the reporting of three incidents
where the laser emission caused either direct inflammation
of gauze and drapes or damage to endotracheal tubing that
led to potentially fatal airway fires in an anesthetized patient.
The paper suggested that operator error was at fault in 67%
of the incidents reported and that equipment fault (25%),
laser-induced fire (25%) and broken delivery fiber (17%)
constituted the (avoidable) risks in these unfortunate
accidents.

It is only when viewed in the context of permanent and
possibly life-threatening risk to the clinician and attendant
staff but more so the patient that the importance of knowl-
edge and appreciation of laser safety issues must be acknowl-
edged. @ Table 5.1 provides a glossary of terminology
associated with aspects of laser safety.
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O Table 5.1
Laser safety term

Laser classifications -1V

Aversion response

Accessible emission limits (AEL)

Maximum permissible exposure (MPE)

Nominal hazard zone (NHZ)

Controlled area
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Glossary of terminology associated with aspects of laser safety

Explanation

Laser/LED unit capability of ascending laser beam emission power, relative to the safety
risk posed. |, low; IV, high

Blinking of the eye or movement of the head to avoid exposure to a bright light,
approximately 0.25 s

Maximum accessible level of laser radiation permitted within a particular laser class

The level of laser radiation to which a person may be exposed without hazardous effect
or adverse biological changes in the eye or skin

Aka nominal ocular hazard zone. Area within which the level of the direct, reflected or
scattered radiation during normal operation exceeds the applicable MPE

Area within which occupancy and activity are subject to control and supervision for the

purpose of protection from laser radiation hazards

Intrabeam viewing
Specular reflection

Diffuse reflection

Exposure of the eye to all or part of a laser beam
A mirror-like reflection of a laser beam, with or without loss of beam fluence

Change in the spatial (area) distribution of a laser beam when it is reflected in multiple

directions by a rough or matt surface

American National Standards Institute (ANSI)
ANSIZ136.1,2,3,4,7.)

US regulations governing areas of laser safety pertinent to clinical laser dentistry
Z136.1 - Safe Use of Lasers

Z 136.2 - Safe Use of Optical Fiber Communication Systems Utilizing Laser Diode and

LED Sources

Z 136.3 - Safe Use of Lasers in Healthcare
Z 136.4 - Recommended Practice for Laser Safety Measurements for Hazard Evaluation
Z 136.7 - Testing and Labeling of Laser Protective Equipment

International Electrotechnical Commission
(IEC) IEC 60825 + updates

5.2 Regulatory Framework

The regulatory framework governing the safe use of lasers
may be seen as a hierarchical devolvement, most referenced
through the IEC (International Electrotechnical Commission)
and ANSI (American National Standards Institute). From
these organizations and their representation, national regula-
tions may apply - either as specific statutory instruments or
more often as part of laws and regulations that might apply
within the workplace [7, 8, 9].

IEC, formed in 1906, is responsible for the development
of world standards for the electrical and electronics area and
is composed of the national committees from countries
around the world. In 1930 the IEC established electrical
units under a system commonly known as the «Systeme
International», or SI for short. In 1974, the IEC created
Technical Committee 76, to address standards relating to
lasers, with a particular focus on safety. This committee
developed a four-class system for lasers that was the global
reference, later modified in 2002.

The American National Standards Institute (ANSI) devel-
oped in parallel, although initially unconnected, to the
IEC. ANSI was originally established in 1919 as the American

Broad range specifications relating to laser manufacture and use

Engineering Standards Committee and created the International
Standards Association (ISA), an organization that would even-
tually become the International Organization for
Standardization (ISO). In 1969 ANSI adopted its present name.

The ANSI Federation also initiated what has now become
an annual series of discussions with the European Committee
for Standardization (CEN), the European Committee for
Electrotechnical Standardization (CENELEC) and the
European Telecommunications Standards Institute (ETSI).

The USA has always had its own regulation on lasers
(known as FDA CFR 21 1040.10). This is a US government
regulation and is written into US law. As an interpretation of
recommendations, the ANSI Z136 series is recognized by the
Occupational Safety and Health Administration (OSHA) as
the authoritative series of laser safety in the USA.

An important ANSI Federation member and accredited
standards developer, the Laser Institute of America (LIA) is
the professional society dedicated to fostering lasers, laser
applications and laser safety worldwide. In 2005, the LIA
published ANSI Z136.4 - Recommended Practice for Laser
Safety Measurements for Hazard Evaluation. This provides
guidance for optical measurements associated with laser
safety requirements.
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In addition, the US Food and Drug Administration (FDA)
informed laser product manufacturers that the US FDA
would henceforth accept IEC classification and labeling [10].

In addition to other activities, IEC publishes International
Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PASs) and Guides. Most
pertinent to laser and (some aspects of) light-emitting diode
(LED) safety is the publication IEC 60825 (European variant
EN 60825) which has been published in several formats with
revisions from 1994 to 2014 [11].

The Standard IEC (EN) 60825-1 «Safety of laser products,
Part 1: Equipment classification, requirements and user’s
guide» sets out regulation governing the following:

To introduce a system of classification of lasers and laser

products emitting radiation in the wavelength range

180 nm to 1 mm according to their degree of optical

radiation hazard in order to aid hazard evaluation and to

aid the determination of user control measures

To establish requirements for the manufacturer to

supply information so that proper precautions can be

adopted

To ensure, through labels and instructions, adequate

warning to individuals of hazards associated with

accessible radiation from laser products

To reduce the possibility of injury by minimizing

unnecessary accessible radiation and to give improved

control of the laser radiation hazards through protective
features

From such broad regulation, safety and risk assessment when
using lasers and LED equipment in clinical dental surgery
can be devolved to include [12]:

== Suitability for use and clinical parameters

== Administrative code and record-keeping

== Safety features of laser and laser maintenance
== Environment safety and patient safety

== Laser safety officer and laser protection advisor

5.3 Laser Classification

Lasers and laser systems are divided into four major classifi-
cations according to their potential to cause biological dam-
age to the eye or skin. The purpose of these classifications is
to warn users of the hazards associated with the laser and
LED relative to accessible emission limits (AEL). These limits
are based on laser output energy or power, radiation wave-
lengths, exposure duration and cross-sectional area of the
laser beam at the point of interest.

Prior to 2002, the classification of lasers ran from I to IV,
with Class IV to include surgical lasers.
Class I: Laser products are generally exempt from radiation hazard

controls during operation and as such do not pose any specific risk in
normal usage.

Class II: Low-powered visible lasers that emit above Class | levels but
at a radiant power not above T mW. The concept is that the human
aversion reaction (blink response) to bright light will protect a person.
Only limited controls are specified.

Class IllA: Intermediate-powered lasers. Some limited controls are
usually recommended.

Class I11B: Moderate-powered lasers. In general Class llIB lasers will not
be a fire hazard, nor are they generally capable of producing a
hazardous diffuse reflection. However, specific controls are
recommended.

Class IV: High-powered lasers are hazardous to view under any
condition (directly or diffusely scattered) and are a potential fire hazard
and a skin hazard. Significant controls are required of Class IV laser
facilities.

From 2002, this classification has been refined and adopted
by the IEC. The revision was prompted by increasing sophis-
tication in laser technology, together with the increased
adoption of magnification devices as adjuncts to operative
medicine and dentistry - operating microscopes, loupes,
etc. In general, LEDs would be in the lower classes (1, 1M, 2,
2M, 3R), but very exceptionally may be Class 3B. As such,
this classification will be examined in greater detail.
The IEC laser classifications are summarized as follows:

Class 1: Class 1 lasers are safe under all operating conditions. There is
no risk to the eyes or skin. This means the maximum permissible
exposure (MPE) cannot be exceeded when viewing a laser with the
naked eye or with the aid of typical magnifying optics (e.g., telescope
or microscope). To verify compliance, the standard specifies the
aperture and distance corresponding to the naked eye, a typical
telescope viewing a collimated beam and a typical microscope
viewing a divergent beam. Class 1 lasers may consist of a
higher-powered laser housed within an enclosure.

Class 1M: Class 1M lasers are not capable of producing hazardous
exposure under normal operating conditions, but may be hazardous if
viewed with the aid of optical instruments - magnifying optics such as
microscopes and telescopes.

Class 1M lasers produce large-diameter beams, or beams that are
divergent. The MPE for a Class 1M laser cannot normally be exceeded
unless focusing or imaging optics are used to narrow the beam.

Class 1C: Under IEC 60825:2014, a new Class 1C is defined where C
stands for «contact» but in some interpretations also stands for
«conditional» [13]. Currently the class is limited to products intended
for treatment of the skin or internal tissue in contact or close to the
skin where the product is designed to be safe for the eye.

Class 2: Class 2 lasers are limited to T mW continuous wave or more if
the emission time is less than 0.25 s or if the light is not spatially
coherent. A Class 2 laser is safe because the blink reflex will limit the
exposure to no more than 0.25 s. It only applies to visible-light lasers
(400-700 nm). Intentional suppression of the blink reflex could lead to
eye injury. Many laser pointers and measuring instruments are Class 2.
There is no hazard from exposure to diffuse radiation.

Class 2M: Low-powered lasers (CW up to 1 mW) in visible wavelength
range (400-700 nm). Class 2M lasers are not hazardous under normal
operating conditions because of the aversion reaction (blink reflex).
Class 2M lasers may be hazardous if viewed with the aid of optical
instruments. As with Class 1M, this applies to laser beams with a large
diameter or large divergence, for which the amount of light passing
through the pupil cannot exceed the limits for Class 2.

Class 3R: Moderate-powered lasers (CW up to 5 mW) for visible
wavelengths (400-700 nm) up to a factor of five over maximum
allowable exposure of Class 2 lasers for other wavelengths. A Class 3R
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laser is considered safe if handled carefully, with restricted beam
viewing. With a Class 3R laser, the MPE can be exceeded, but with a low
risk of injury. Visible continuous lasers in Class 3R are limited to

5 mW. For other wavelengths and for pulsed lasers, other limits apply.

Since the exposure limits (MPEs) for the eye are the direct basis for
the AEL (accessible emission limits) for the laser product safety classes
Class 1, 1M, 2, 2M, and 3R, any changes in the MPE will also result in
equivalent changes of the AEL values and thus in the permitted output
powers for these classes [14].

Class 3B: Moderate-powered lasers (CW up to 500 mW, pulsed up to
30 mJ) in wavelength range of 300 nm to far infrared. Direct eye
exposure to Class 3B lasers is hazardous; however, diffusely scattered
radiation is generally safe. Direct exposure to skin is a potential hazard.

The AEL for continuous lasers in the wavelength range is from
300 nm to 500 mW far infrared. For pulsed lasers between 400 and
700 nm, the limit is 30 mJ. Other limits apply to other wavelengths and
to ultrashort-pulsed lasers. Protective eyewear is typically required
where direct viewing of a Class 3B laser beam may occur. Class 3B
lasers must be equipped with a key switch and a safety interlock.

Class 4: High-powered lasers (CW above 500 mW). Class 4 is the
highest and most dangerous class of laser, including all lasers that
exceed the Class 3B AEL. By definition, a Class 4 laser can burn the
skin or cause devastating and permanent eye damage as a result of
direct, diffuse or indirect beam viewing. Class 4 lasers are also a
potential fire hazard.

These hazards may also apply to indirect or nonspecular reflections
of the beam, even from apparently matt surfaces, and therefore, great
care must be taken to control the beam path. Class 4 lasers must be
equipped with a key switch and a safety interlock.

A summary of laser classes commonly used in clinical den-
tistry is shown in @ Table 5.2.

5.4 Hazards of Laser Beams

A laser injury can be defined as an event causing (a) physical
harm or damage; (b) physiological dysfunction; (c) an adverse
surgical outcome, resulting directly from the laser energy, or a
consequence of the device’s inherent technology; or (d) a sec-
ond treatment procedure to correct the first procedure.
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The risk posed by coherent light irradiation may be
assessed with regard to the following:

The laser wavelength

The power intensity of the incident laser irradiation
Optical risks

Nontarget oral tissue

Nontarget skin

Inhalation and laser plume risks

Other associated risks: hazards — mechanical,
chemical, fire, sterilization

The laser wavelength: In clinical dentistry, the range of
laser wavelengths falls within 370 nm and 10,600 nm, i.e.,
from the blue visible limit to the far infrared, nonionizing
spectrum. All laser-tissue interaction may be viewed as
photothermal in that incident photonic energy is
absorbed by chromophore molecules, raising the
molecular energy level and leading to disruption. With
regard to laser safety, it must be appreciated that
absorption is but one of the basic physical phenomena
associated with laser-tissue interaction. Absorption
confers the maximal interaction, with scatter as an
associated, quantitatively less precise energy transfer.
Additional phenomena not associated with energy
transfer to the exposed tissue are laser beam reflection
and transmission. All four interactions may occur
simultaneously in the nonhomogenized tissue and pose a
mixture of threats that must be nullified through
adequate safety measures.

The power of the irradiation: This will be related to the
amount of energy delivered over time, together with
consideration of the area of tissue that is exposed to the
beam. In consequence, the power density of the beam
may represent a threshold above which irreversible
change may occur in the tissue exposed to the beam. As

O Table 5.2 A summary of laser classes commonly used in clinical dentistry

Laser class Maximum output Use in dentistry
Class | 40 pW (blue) Integral scanning, laser
Class IM 400 pW (red) caries detector
Class I 1.0 milliwatt (mW) Laser caries detection,
Class IIM aiming beams
Class IlIR Visible 5.0 mW Invisible Some low-level lasers,
Class I 2.0 mW aiming beams

500 mW (0.5 W) Low-level lasers
Class IV No upper limit All surgical lasers

Possible hazard Safety measures

No implicit risk Blink response
Possible risk with magnified Laser safety labels
beam

Possible risk with direct
viewing, significant risk with
magnified beam (Class IIM)

Sight aversion response
Laser safety labels

Eye damage

Eye damage - direct or
specular, maximum output
may pose slight fire/skin risk

Safety eyewear, safety
personnel, training for Class
IlIR and lIB lasers

Eye/skin damage, nontarget
tissue fire hazard, plume
hazard, possible ionizing
effects with UV lasers

Safety eyewear, safety
personnel, training/local rules,
possible registration with
national regulations
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was seen in B Table 5.2, the classification of lasers sets
out the upper limit of power delivered. In addition, the
potential for the laser to deliver pulsed irradiation may
influence the maximum power achievable (peak power).

3. Optical risks: The unprotected eye is generally regarded
as the organ at greatest risk from accidental laser
exposure. Several cases of laser-induced eye injuries
have been documented [15-18]. For any given laser
beam that exceeds an output value in excess of the MPE
of ocular tissue, a risk pertains that must be anticipated
and safety protocols of eye protection employed.

An important natural reflex in limiting the potential for con-
tact and injury to the eye is blinking. The eyelid response
time is of the order of 0.2 and 0.25 seconds and is cited as a
significant natural aversion response to visible lasers within
Class I and II. Of course, key to this protective mechanism is
the word «visible». It will have no beneficial effect with beams
of wavelengths outside the visible spectrum, and in addition,
some laser beam intensities are so great that injury can occur
faster than the protective action of the lid reflex [19].

Laser hazards to the eye depend most predominantly
upon wavelength [20, 21] as shown in B Fig. 5.1.

As described above, laser photonic energy cannot damage
the tissue unless the light energy is absorbed within that
structure. Visible and near-infrared wavelengths which can be
transmitted through clear ocular media can, subject to MPE
levels, be absorbed in the retina and cause significant damage.
Lasers operating between 400 and 1400 nm are particularly
dangerous; the high collimation of the incident beam permits
the rays to be focused to an extremely small spot on the retina
with most of the light being absorbed by melanin pigments in

O Fig. 5.1 Risk associated with
varying laser wavelengths in
anterior and posterior structures
of the unprotected eye

700-1,400 nm Retina
and Lens

400-700 nm Retina

1,400-3,000 nm Cornea,
Aqueous and Lens

3,000-1,000,000 nm
Cornea

the pigment epithelium just behind the photoreceptors [22],
causing burns in the retina. This spectral band of wavelengths
is often referred to as the retinal hazard region, since the
increased concentration of light after entering the eye and
falling on the retina is of the order of 100,000 times. Hence, a
collimated beam of 1 W/cm? at the cornea will focus to an
area on the retina with an irradiance of 100 kW/cm?

Due to the action of the lens, incident beams will be
focused on the macula and its fovea; if these areas are dam-
aged by laser radiation, substantial loss of vision can result.

Laser wavelengths outside the retinal hazard region
(1400-10,600 nm) may give rise to injury to the anterior
region of the unprotected eye. Injury to the cornea is nor-
mally very superficial, involving only the corneal epithelium,
and with the cornea’s high metabolic rate, repair occurs
within a day or two and total recovery of vision will occur.
However, if significant injury occurs in deeper corneal layers,
in the stroma or endothelium, corneal scars can result, lead-
ing to possible permanent loss of vision.

The types of damage sustained by nonprotected ocular
structures exposed to laser beams of varying wavelengths are
listed in @ Table 5.3.

Optical risks therefore assume a «worst-case» scenario,
and the choice of maximum permitted exposure values
defines objective quantifiable levels of risk, expressed in irra-
diance terms (W/cm?) that would be measured at the cornea
[23]. @ Table 5.4 provides a range of values by wavelength. In
order to provide perspective, the values are expressed within
three possible time-related scenarios that may be applicable
to laser use in dentistry:

0.25 s: The human aversion time for bright-light stimuli (the blink reflex).

Laser beam optical risks
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10 s: The time period chosen by the ANSI Z 136.1 committees
represents the optimum «worst-case» time period for ocular exposures
to infrared (principally near-infrared) laser sources.

30,000 s: The time period that represents a full 1-day (8 h)
occupational exposure.

According to regulations, for lasers operating in a pulsed
emission mode, the MPE value was calculated by considering
the most restrictive amongst the following conditions: (a) the
MPE from a single pulse within a train of pulses does not
exceed the MPE for a single pulse; (b) the average exposure
for a complete pulse train (of constant amplitude) during a
time interval shall not exceed the MPE values for a single
pulse as given in the standard [24].

Of particular note is the substantially higher value of MPE
in the region of 3.0 pm - Er:YAG laser. This may be accounted
for through the intensely high absorption of this wavelength
in water — <1.0 microns in corneal surface depth [25].

In summary, coherent laser photonic beams pose signifi-
cant risk to the unprotected eye and to some extent the non-
target tissue and skin. The length of exposure may be

D Table 5.3 Types of damage sustained by nonprotected
ocular structures exposed to laser beams of varying incident
wavelengths

Incident laser
wavelength

Pathological effect

315-400 nm (UV-A) Photochemical cataract (clouding of

the eye lens)

400-780 nm (visible) Photochemical damage to the retina,

retinal burn

780-1400 nm (near-IR) Cataract, retinal burn

1.4-3.0 pm (mid-IR) Aqueous flare (protein in the
aqueous humor), cataract, corneal

burn

3.0 um-10.6 pm (far IR) Corneal burn
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instantaneous or may be cumulative over a period of time.

Direct exposure to the laser beam would maximize the risk,

but of concern would be those instances where the beam may

be reflected. @ Table 5.5 provides an overview of risk in these
events.

4. Nontarget oral tissue: The oral cavity may present
significant challenge in terms of access and
nonintentional/function-related movements of structural
components in the conscious dental patient. Often the
visualization and access for treatment of individual teeth
and areas of supporting tissues is compromised by
restriction in space together with involuntary movement
of the cheeks, lips, and tongue. Care should always be
taken to ensure free and easy identification of and access
to the treatment site, together with planned manipulation
of the laser delivery handpiece and tip prior to operation
and firing of the laser.

The oral tissue is nonhomogeneous and this may impact the
absorption characteristics when using a laser and certainly
may pose a risk where adjacent nontarget oral tissue has a
higher absorption coefficient than the target tissue. Examples
are high-peak-powered mid-IR irradiation of a cervical tooth
cavity encroaching and causing collateral damage to the adja-
cent gingival tissue and unintentional transmission of near-IR
and visible wavelengths through the tooth tissue to the pulp.

Additional risk may be posed to nontarget oral tissue
through reflection phenomena. Many instruments used in
dentistry are metal and in many instances the clinician will
operate using a mouth mirror. Direct reflection or specular
(diffuse) reflection of the incident laser beam may expose
nontarget oral tissue to ablative beam fluences and may not
be detected at the time of the treatment. Moist oral tissue
may lead to specular reflection.

Care should be taken when using hollow metal delivery
tips where such may come to lie against nontarget structures
such as the lips or tongue. It is likely that such tips may become
extremely hot when no coaxial water spray is used and may
cause direct thermal burns to the tissue being retracted.

O Table 5.4 MPE values for unprotected eye exposure to laser wavelengths. Note: blink reflex applies only to visible wavelengths

MPE level (W/cm?)

Laser type Wavelength (um) 0.25s

KTP (CW) 0.532 16.7 x 10°°
HeNe (CW) 0.633 2.5%x 1073
GaAs (CW) 0.810

Nd:YAG (FRP) 1.064

Er:YAG? 2.94

o, (CW) 106

2Source ANZI Z 136.1. Schulmeister and Sliney [25]

10s 30,000 s
1.0x 107
17.6 x 10°°
1.9x1073 610.0 x 10°°
17.0% 10°° 23%x 107
1.0x 1072 1.0 x 1072
100.0 x 10~3 100.0 x 103
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O Table 5.5 List of laser classes (IEC post-2002) with attendant risk that each may pose
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5. Nontarget skin: The potential for risk to the skin from
laser photonic energy is considered low in terms of
dental treatment. There may be specific scope of
practice limits to a dentist delivering clinical (surgical)
treatment beyond the vermillion border of the patient’s
lips. As such, the need for protective measures is not as
high as would be applicable to facial cosmetic and
dermatological laser procedures.

Notwithstanding, the varying absorption coeflicients of pig-
mented and nonpigmented structures will predispose to
varying depths of penetration, as shown in @ Fig. 5.2. The
greater level of depth is seen with near-IR wavelengths and
the additional phenomenon of high photon scatter at these
wavelengths may compound the risk.

The most common transdermal exposure using lasers
that may affect dentists may occur during sub-ablative pho-
tobiomodulation techniques as adjunct to TM] and associ-
ated muscular dysfunction conditions. In view of the use of
near-IR wavelengths as preferred in these treatments, some

recommendations suggest relatively high fluences to allow
the deep penetration of the energy into the TM]J area. Care
should therefore be taken to ensure surface irradiance of
the skin does not lead to structural damage and dosage
modified to accommodate differing skin types, racial differ-
ences and those who may have drug-associated skin
hypersensitivity.

6. Inhalation and laser plume risks: A by-product of the
surgical ablation of the target oral tissue is the
production of the «laser plume». This represents a
significant hazard from breathing airborne
contaminants produced during the vaporization of
tissues. Studies of the production of both the chemical
toxicity of photothermolysis products and the potential
viability of infectious particulates (e.g., viral fragments)
have shown cause for concern unless efficient
aspiration, local exhaust ventilation, and operating staff
facial protection measures are employed. Although
many associated factors may provide some influence,
the amount of plume produced and volume of
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O Fig.5.2 Schematic showing
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contaminants will be related to incident laser power,
nature of target tissue, laser emission mode (CW, FRP),
and coaxial supplies such as water and air spray
[26-29].

Investigation into the components of the laser plume has
shown a number of chemicals — water vapor, hydrocarbon
gases and carbon monoxide and dioxide, together with metal
fumes, particulate organic and inorganic matter, bacteria,
and viral bodies [30-33]. The hazard presented by the laser
plume may include eye irritation, nausea, and breathing dif-
ficulties, together with the possibility of transfer of infective
bacteria and viruses [34, 35].

In dentistry, additional aspects of plume production
and control may be seen in terms of the site of interaction
and potential for airborne chemicals and bacteria [36], the
use or otherwise of coaxial water spray [37] and the poten-
tial for using near-IR lasers that could be operated on the
soft tissue within a film of water that acts as a shield [38]. In
any event, to combat the risks associated with the laser
plume, eye protection, specific fine-mesh face masks capa-
ble of filtering 0.1 micron particles should be worn and the
spread of the plume minimized through the use of high-
speed suction aspiration that is capable of closed-circuit
filtration [39]. In addition, normal surgical protective
clothing must also be employed.

O Figure 5.3 provides a summary of the mechanisms
associated with surgical ablation of the target tissue and vari-
ables that might influence the degree of laser-tissue interac-
tion. The components of the plume produced will depend
upon the type and constituent structure of the target tissue.
Effects on the operator, support staff and patient will be mini-
mized through adequate protective measures
(vii) Other associated hazards:

== Service Hazards
Most laser systems involve high-potential, high-current elec-
trical supplies. Early lasers used three-phase mains electrical
supply, but this is no longer necessary for units used in den-
tistry. However, even with compact units, the risk from elec-
trocution is significant and the most serious accidents reported
with lasers have been due to electrocution [40]. Safe manufac-
turing practices offer adequate protection from these hazards,
and insulation, shielding, grounding and housing of high-volt-
age electrical components provide adequate protection under
most circumstances from electrical injury. No attempt should
be made to access internal parts of the machine during use.
Installation of laser equipment should always be per-
formed by qualified personnel and not by the dentist. The
laser should be serviced regularly according to manufactur-
er’s recommendations and only by qualified personnel.
Many surgical lasers will have electrical, water, air and
supply cabling, connectors and filters in close proximity.
Coaxial air or water supply may be under pressure. The prac-
titioner should inspect the supply lines and cables, clean and
maintain the external portions of the laser and change neces-
sary filters or other user serviceable items.

== Mechanical Hazards
As referenced earlier, the construction and safe operating
of all laser machines is governed by strict criteria [11, 41].
Engineering controls are normally designed and built into
the laser equipment to provide safety. Modern laser
machines employ multilevel safety features (fusible plugs,
interlocks, pressure relief valves, warning lights, etc.) to
inactivate the machine in the event of a component
failure.

Mechanical hazards and safety mechanisms may be listed
as follows [12]:
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O Fig.5.3 Laser plume
production, composition and
effects

Plume production
factors - laser

Laser wavelength
Emission mode
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Tissue type
Duration of
exposure
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present

Plume
components

Polycyclic Aromatic
Hydrocarbons -
benzene, toluene,
formaldehyde,
acrolein

Steam Carbonised
tissue, Blood

Effects of
plume

Eye irritation -
buring, watery

eyes
Potential Virus / Nausea
Bacteria Systemic

absorption of
Hard Tissue toxins, bacteria,
Fragments etc.

Absorption
Coagulation
Ablation
Vaporisation
Spallation

Laser Device Hardware

== | ocked unit panels to prevent unauthorized access
to internal machinery.

== Control panel to ensure correct emission
parameters.

== Emission port shutters to prevent laser emission until

the correct delivery system is attached.

Covered foot switch, to prevent accidental operation.

Remote interlocks to govern against accidental

access to the operatory by unauthorized and

nonprotected personnel.

== Casters, if present, must be lockable.

During Laser Use

= Key or password protection. When disabled (key or
code removed), the laser cannot be operated.

Laser software diagnostics and error messages.
Display of parameters.

Audible or visual signs of laser emission —
recommended as an area control for Class IlIB laser
operation. Such a warning system is mandatory for
Class IV lasers.

Specific standby and laser emission modes.
Time-lapsed default to standby mode Class IV lasers
requires a permanently attached beam stop or
attenuator which can reduce the output emission to
a level at or below the appropriate MPE level when
the laser system is on «standby».

= Emergency «stop» button.

Plume
Target Tissue

Additional hazards may exist, however, due to heavy articu-
lated arm delivery systems or the risk of needlestick injury
with fine quartz optic fiber cables.

== Chemical and Fire Hazards

In the presence of flammable materials, lasers may pose sig-
nificant hazards. The high temperatures that are possible in
the use of Class IV and certain Class IIIB lasers can them-
selves either cause ignition of material and gases or promote
flash-point ignition. Some of the common flammable materi-
als found in the dental treatment areas are clothing, paper
products, plastic, waxes and resins. Liquids used as adjuncts
to restorative materials may include ethanol, acetone, methyl
methacrylate, and other solvents.

Toxic fumes released as a result of combustion of
flammable materials present an additional hazard. With
regard to certain lasers, e.g., gas lasers, there are risks
associated with possible leakage of active medium com-
ponents [42, 43].

With general anesthetic or gaseous anesthetic-sustained
conscious sedation techniques, significant risks exist relative
to the sustainability of explosion or fire [44]. Any combus-
tion requires an ignition source and a Class IV surgical laser
is an example; the field temperature during soft tissue abla-
tion may reach several 100°, and the build-up of debris on
delivery tips may exceed that temperature to a point above
the flash point of chemicals and equipment. Such high-
temperature ignition may burn with a blue flame and this
may be very difficult to spot under intense operating lights.
Additionally, and more dangerously, the ignition may occur
within the respiratory airway and be delivered deeper
through forced inhalation.
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With a laser as an ignition source, the presence of fuel
sources (gauze, drapes, prep fluids, alcohol, and anesthetic
gases) may be commonplace items within a dental operatory.
Greater risk is further posed when an oxygen-enriched
atmosphere (above 20%) is used in anesthetic and sedation
techniques.

Rubber-based endotracheal tubes should be avoided to
prevent the possibility of combustion of the material and
subsequent airway burns, either through coatings of nonre-
flective, nonabsorbent material or cuffed tubes to prevent
leakage of anesthetic gases. With gaseous conscious seda-
tion procedures, such as the use of a nosepiece to deliver
oxygen/nitrous oxide mixtures, it is reccommended to use a
closed-circuit delivery system and scavenging system. A
summary of risk and hazards associated with laser use is
provided in @ Table 5.6.

== Other Hazards: Sterilization

There exists a risk of damage posed by those personnel work-
ing in close proximity to the laser. Care should be shown to
the possibility of contamination of all laser hardware and
protective sleeves and screens used where possible, any com-
ponents that may contact the surgical site subject to bagging
and autoclaving or disposal in a safe container. Especially,
care must be exercised in the manipulation of quartz optic
fibers and details of safety measures should be entered in the
local rules.

B Table 5.6 Areas of risk and
hazards associated with laser use

Chemicals

Non-ionising
radiation
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It is considered a «best practice» approach to utilize a tray
system for instruments used during laser-assisted procedures
and to rotate such through a «sterile» to «operation» to
«unsterile» status before disposal or re-sterilization.

Staft should consider the wearing of disposable gowns
during surgical procedures.

5.5 Laser Safety Within the Dental

Operatory

By far the provision of primary dental healthcare occurs
within privately run bespoke practices. These small-to-
medium businesses are run as self-sufficient establish-
ments, and it will be well known to those involved, the
breadth of regulation and compliance that allows the pro-
vision of dentistry to be such an efficient and safe health
profession available to the patient. Such efficiency mirrors
those public healthcare establishments that are bigger clin-
ics and hospitals. Within such a framework of efficiency
and safety, a protocol is necessary to allow all laser instru-
ments, from low-powered units up to those high-powered
Class III and IV lasers, to be used with predictable regard
for acknowledgement of risks, planning to anticipate
and avoid such risk, and in a way that is readily appli-
cable to all staff and patients who may be exposed to laser

irradiation.
‘ Toxic fumes

é! !é g Obstacles

High Voltage

Explosive
materials
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For all operators using lasers within the delivery of

dental care, the concept of this protocol may be seen

within four areas:

= The physical dimensions of the care delivery
area - the «controlled area» and «nominal ocular
hazard zone». «Laser protection advisor» role

= The duties of the «laser safety officer» in determining
and enforcing safety within the controlled area during
delivery of dental care to patients

== Physical laser protection of the eyes and skin and
general sterility within the controlled area

== | ocal rules, record-keeping and adverse reaction
protocols

== Controlled Area

The «controlled area» is any location or area where there are
one or more lasers and where activity of personnel is subject
to control and supervision. In many cases, such an area will
be a dental operatory, with physical barriers — walls, doors
and windows - by/through which any laser beam shall be
attenuated. Control of such an area can be achieved through
display of notices, remote interlocks, etc.

The controlled area must be indicated and marked by
laser warning signs that specify the risk and conform to
national regulations. Within the controlled area, all surfaces
should be nonreflective and suitable measures should be
employed to ensure that all laser supply cables and delivery
systems (optic fibers) are protected from inadvertent dam-
age. A secure designated place for the (applicable) laser oper-
ating key should be assigned together with a designated place
for all laser accessories. A suitable fire extinguisher should be
sited for easy access.

Those dental clinics that operate a multi-chair, open-
plan environment would need to address the physical
dimensions and administration of the controlled area in
greater detail.

The defining goal is to provide an area for treatment of
dimension beyond which laser irradiation falls below MPE
value. This may be a primary laser beam or reflected, scat-
tered, and diffuse photonic energy that may pose a danger to
the unprotected eye.

Having regard to permissible MPE levels, the controlled
area may be also referenced as the «nominal ocular hazard
zone» (NOHZ). Calculation of the MPE has been discussed
earlier and appropriate values for exposure of the unprotected
eye at 0.25, 10 and 30 x 10 [3] seconds periods determined.

The NOHZ is a complex calculation that can be done by
a medical physicist, but for practical purposes a concept of
a controlled area should be applied, whereby a combina-
tion of the NOHD and physical barriers can minimize risk
[45]. The following factors are required in NOHZ
computations:

Wavelength and maximum/minimum laser energy

output

Emission mode (CW and pulse repetition if applicable).
Maximum exposure duration

Beam diameter, beam optics, beam path and beam
divergence

Lens: focal length

Subject to federal or national regulations that may apply,
dental practices offering Class ITII(B) and IV laser treatment
must appoint a laser protection advisor (LPA) and/or a laser
safety officer (LSO). The LPA is usually a medical physicist
who will advise on the protective measures required, MPE
and NOHZ calculations and additional measures to provide
attenuation of lasers being used and generally provide assis-
tance and advice regarding all laser, LED and intense pulsed
light units within the practice of dentistry.

mm Laser Safety Officer

The LSO is appointed to ensure that all safety aspects of

laser use are identified and enforced. Ideally, the LSO could

be a suitably trained and qualified dental surgery assistant.
The LSO standing duties refer to the minimum level of
responsibility:

1. Read the manufacturers’ instructions concerning
installation and use of the laser equipment and. confirm
the class of the laser.

2. Be familiar with and oversee maintenance protocols for

laser equipment.

Train other staff in the safe use of lasers.

4. Maintain an adverse effect reporting system.

©

LSO responsibilities during laser use include:

1. Define and oversee the controlled area specific to the
laser being used and limit unauthorized access.

2. Post appropriate warning signs at all points of access to
the controlled area.

3. Make sure that laser equipment is properly assembled for
use, together with all disposables. Carry out or supervise
a «test fire» of all laser equipment before the patient
enters the controlled area.

4. Recommend appropriate personal protective equipment
such as eyewear and protective clothing (suitable face
masks, gowns, etc.).

5. Maintain a log of all laser procedures carried out, to
include the patient details, the procedure performed and
laser operating parameters employed.

6. Assume overall control for laser use and interrupt the
procedure if any safety measure is infringed.

mm Laser Protection and Sterility

Earlier sections of this chapter have dealt with the beam haz-

ards that exist to the unprotected biological tissue. Key mea-

sures to be adopted should include the following:

1. The test fire procedure is designed to allow all working
components of the laser to be checked before attempting
the clinical procedure on the patient. It is obligatory for
the LSO or dentist to carry this out before admitting the
patient to the operatory and all safety measures - warning



Laser Safety

signs door/window protection and interlocks employed,
to prevent unauthorized access as though a laser
procedure was being performed. All personnel within the
controlled area shall wear appropriate eye protection
before the laser device is switched on. The laser delivery
system is assembled and minimum operating parameters
are chosen. The laser is directed away from the eyes and a
suitable absorption medium should be used. The laser is
fired within that medium so that the beam is attenuated.

Some authorities believe that this would be an ideal oppor-
tunity to establish the level (if any) of power loss through the
laser delivery system. The use of an approved laser power
meter allows the LSO to check the parameter display on the
laser control panel and to check the value against the meter
reading. Associated with this check is the opportunity with
many laser units to use a calibration port on the laser as part
of the set-up procedure.

For visible and near-infrared wavelengths, a suitable medium
would be pigmented/dark articulating paper, and for longer
mid- and far-infrared wavelengths (erbium family and carbon
dioxide), the suitable medium should be water. See @ Fig. 5.4.
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The objectives of the laser test fire are to check the
following:
== Test operational ability of the machine.
== Test cleavability of fiber (where appropriate).
== Demonstrate patency of delivery mechanism.
== Demonstrate patency of aiming beam/coaxial air/water.

In this way, it can be satisfied that the laser is in operating

mode for the chosen clinical procedure.

2. Skin protection may not be a prime risk factor for the
dentist working within the oral cavity. For those
ablative procedures within the vermilion border of the
lips, care should be observed to avoid encroaching
beyond the target tissue, especially with mid-,
far-infrared, and shorter wavelengths operating at high
power. Shielding of the skin can be employed, using
damp gauze, to minimize the possibility of collateral
damage.

@ Figure 5.5 provides an example of laser handpiece selection
(Lumenis Corp. Israel). Metal delivery conduits are potentially
liable to overheating, and care should be taken when using

DO Fig.5.4 Laser test fire. Using minimum laser operating parameters, the beam is directed into a suitable attenuation medium. Top center, for
visible and NIR wavelengths pigmented articulating paper. Bottom left, water for (mid-IR) Erbium YAG; bottom right, water for CO, wavelengths
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Eye protection during laser use can be summarized as
follows:
A protocol as to use is mandatory, including «patient
on first — off last» as a maxim to represent the safety of
the patient as paramount. With the patient considered
first, each member of the clinical team within the
controlled area would be obliged to similarly wear eye
protection.
Glasses/goggles must cover the entire periorbital region,
be free of any surface scratches or damage and be fitted
with suitable side panels to prevent diffuse laser beam
entry.
Eyewear should be constructed of wavelength-specific
material to attenuate the laser energy or to contain the
energy within MPE values.
Glasses or goggles should be marked with the wavelength
for which protection is given, either as a specific
wavelength value or range of wavelengths within which
protection may be afforded by the chosen eyewear.
The level of protection is specifically expressed in terms
of optical density (OD). This quantitative measurement
represents the ability of the eyewear lens material to

reduce laser energy of a specific wavelength to a safe level
these delivery mechanisms for intraoral soft tissue surgery and below the MPE. The OD value is measured as a

the metal conduit rests against the lips and perioral skin.

3. Eye protection for all persons within the controlled area
is mandatory with all Class IV lasers and any other laser
classes as advised by individual manufacturers and
regulatory agencies. (See @ Table 5.5.) Regulations that
specify the nature and suitability of laser protective
eyewear are contained in ANSI Z136.1 and IEC 60825
(EN 207/208) documentation.

B Fig. 5.5 Examples of dental laser handpieces. Center: this metal
CO, delivery tip is liable to overheating, and care should be exercised
to avoid contact with perioral skin tissue

log10 scale of laser beam attenuation and should be «5.0»
or above for adequate protection [46]. See @ Fig. 5.6.

Worldwide, minimum information that must be present on
protective eyewear (laser wavelength or a range of wave-
lengths that are covered by the material and OD value) may
be further enhanced according to the nature of the eyewear,
its specific intended use and other factors pertinent to

O Fig.5.6 Examples of laser
safety eyewear, with relevant
optical density (OD) values appli-
cable to specific wavelengths.
OD scores of 5.0 and above are
considered explicitly safe in
protecting the wearer’s eyes. This
information may be found on the
eyewear lens or on the sidebars
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national, regional or continental regulations. This additional

information can be referenced against laser safety require-

ments (ANSI/IEC/EN) for individual laser clinicians, and

laser protection advisors/laser safety officers may provide

additional advice. Examples of supplemental eyewear data

may include:

== «DIR» defines the emission mode of the laser for which
the eyewear is intended. «D» signifies continuous-wave
emission (CW), «I» pulsed mode and «R» Q-switched
mode. The significance of this is further enhanced in
respect of

== «DIN»: direct impact number - this is the ability of the
eyewear material to attenuate direct laser beam energy
within MPE limits. This ability may be applied to
exposure to a train of 100 pulses when the emission
mode is gated or free-running pulsed, or to withstand
direct exposure to a continuous-wave emission for 10 s.

== «L6A»: a protective grade which defines a suitability for
use of the protective eyewear within an intended clinical,
industrial or research condition.

== «CE» logo: «Conformité Européenne» will indicate a
licence approved for distribution and use within the
countries of the European community.

== Manufacturer’s identification mark

An increasing number of dental practitioners use loupes dur-
ing clinical work, and such magnification may significantly
increase the risk to the unprotected eye. For those procedures
and laser classes of risk to the eye when using loupes (laser
Classes IM, II, IIM, IIIR, IIIB and Class IV), the clinician
must wear the appropriate protective insert or shield that is
specific to the wavelength being used. See @ Fig. 5.7.

In the same manner and with the same breadth of laser
classes, dental practitioners using an operating microscope to
facilitate high-definition observation of laser surgery must fit
the appropriate filters and maintain close eye contact with the
oculars. The following is taken from a published paper (Saegusa
et al. 2010) to investigate the effectiveness of wavelength-
specific ocular filters with an operating microscope [47]:

» The aim of this study was to investigate the safety of
laser use under the dental microscope. Nd:YAG, Er:-YAG
and diode lasers were used. The end of the tips was
positioned at a distance of 5 cm from the objective lens
of a dental microscope. Each eye protector was made
into a flat disc, which was fixed on the lens of the
microscope. The filters were placed in front of the
objective lens or behind the eye lens. Transmitted
energy through the microscope with or without the
filters was measured. No transmitted laser energy was
detected when using matched eye protectors.
Mismatched eye protectors were not effective for
shutting out laser energy, especially for Nd:YAG and
diode lasers. None or very little laser energy was
detected through the microscope even without any
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B Fig.5.7 Example of surgical loupes with wavelength-specific
inserts, designed to fit on the inner aspect of the eyewear between
the loupe lens and the operator’s eye. Picture courtesy Dr. D. Coluzzi

laser filter. Matched filters shut out all laser energy
irrespective of their positions.

The current trend in dental hard tissue surgical abla-
tion has witnessed a growing development of ultrashort-
pulsed irradiance of target tissue. The delivery of femto- and
picosecond pulses of 0.4-3.0 pm range coherent EM waves
takes us far away from conventional understanding of
wavelength-targeted chromophore absorption in target tis-
sue. Although average power delivery of laser photonic
energy may be very low, such is the peak power achieved by
individual photon bursts within 10712 and possibly 1071% s
of fluence values and hence ablation capability is trans-
formed. With such developments, laser-tissue interaction
becomes evermore plasma mediated as opposed to photo-
thermal in nature. Some investigation has shown that the
modern laser eye protection seems to be robust except for
the irradiance possible with ultrashort laser pulse exposure
[48]. As always, it is incumbent upon the laser protection
advisor and laser safety officer to ensure that protective eye-
wear is appropriate to the laser being used and the proce-
dure being carried out.
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5.6 Training of Staff Using Lasers

As has been seen throughout this chapter, in accordance with
all federal, national and local regulations that may pertain,
the responsibility of the lead clinician shall be to ensure the
protection of the patient and operatory personnel and pre-
vent inadvertent exposure of others during laser emission. In
some countries, this responsibility is part devolved through
the senior personnel in charge of the dental clinic, as part of
broader overreaching statute governing care standards in
healthcare [49]. Despite the nature of assumed responsibility
for patient safety, the day-to-day approach to its observance
must be measurable in qualitative and quantitative terms.
Through this approach, not only should a written protocol
exist, but also staft performance within such protocol should
continue to develop a «best practice» approach to laser safety
with audit-driven refinement at regular intervals. The prime
tenet of any structured laser safety program should be the
protection of the patient from inadvertent harm during laser-
mediated clinical dental care. It is vital that all staff involved
in the patient’s/client’s treatment are aware of each other’s
role during treatment. Good communication between staft is
essential.

Regulatory agencies recognize the essential nature of
appropriate training in laser use, and there is an implied
necessity that clinicians should receive training as part of
their duty of care and dental licensing [50]. It would be
incumbent upon the laser users to acquaint themselves with
how their laser use is regulated in their country or region,
and in many countries, laser manufacturers and suppliers
have a legal duty to inform. The support of a laser safety advi-
sor would overcome any doubts.

All healthcare establishments should have written local
rules specific to each clinical application and for each
laser, IPL (intense pulsed light) and LED device. All staff
involved in the use of these devices should read the local
rules and sign them to indicate that they have been under-
stood. This should be undertaken before staff use the
equipment.

The following summarizes a «best practice» approach to
laser safety in dental practice:

Appointment of a laser safety officer (LSO), suitably

trained and aware of responsibilities. As referenced

earlier, general responsibilities of the LSO shall include
the reading and understanding of the laser operating
manual, with specific regard to suitability as to use,
operating settings by procedure, «set up» and «set down»
procedures as applied to a specific laser and laser safety
features.

Above all, the class of laser being used must be

established, together with the nature of visual operating

enhancement (loupes/operating microscope) as they may
impact upon the safe nonrisk (relative to MPE) levels and
need for specific laser safety measures.

The LSO (under direction of the LPA if required by

national regulation) must define the nominal hazard

(safe ocular) zone (NHZ). In practice, any operatory

confined by (nontransparent, physically intact) walls and
doors would satisfy this requirement, but any
«open-plan» operatory should adopt a protocol, whereby
adjacent areas are marked by signs to limit traffic and
alert others to the need for caution.

The LSO should ensure the laser is appropriate to the
proposed clinical procedure and is properly maintained
and assembled. Accessories (optical fibers, tips,
connectors, etc.) must be suitable for both the make and
model of device that they are to be used with. Only use
the accessories in accordance with the manufacturer’s
instructions. Additionally, equipment error messages or
fault should be recorded in the equipment fault log. The
log should be regularly reviewed and appropriate action
taken to inform the laser protection advisor or laser
protection supervisor of all issues.

Identify and eliminate all environmental risks. Apply laser
warning signs, at the boundaries of the controlled area. Such
laser warning signs must meet approved standards as
applied through IEC/ANSI regulations and might include
the laser wavelength being used, the need for eye protection
as well as overriding precaution against unauthorized
access. Arm all remote interlocks if applicable.

Test fire the laser prior to admission of the patient within
the controlled area. Following this, the laser is
deactivated and the patient admitted.

The surgeon/practitioner shall choose the laser operating
parameters appropriate for the intended treatment,
commensurate with a policy of minimal power values to
achieve the desired clinical outcome. The LSO shall
closely monitor and assess the procedure and advise or
adjust those operating parameters.

Commensurate with need defined by laser class, the
patient and personnel within the controlled area (NHZ)
shall wear appropriate eyewear. Adjunctive safety
measures — suitable filtration masks, gloves and
high-speed suction - shall be employed. Nontarget tissue
shall be suitably protected (tissue retraction, use of
nonreflective instruments, wet gauze).

The LSO shall be authorized to abort the procedure in
the event of detected risk. The prime responsibility shall
be the safety of the patient.

An adverse effect is defined as one that causes injury or
death through direct use of the laser and will involve
regulatory agency notification, according to national use.
Additional effects reporting may require access to
emergency clinical services in the event of eye or skin
damage.

Suitable sterilization control measures should be
employed. Reasonable measures should be employed to
minimize risk of cross infection, but minimally to
include the use of protective barriers and chemical and
autoclaving sterilization procedures.

The standard of care dictates that any part of the dental
laser that contacts the oral tissues and/or the
bloodstream must either be heat sterilized or, if a
single-use device, be properly disposed. Portions of the
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laser that can contact the oral tissues must be disinfected
with a suitable chemical agent.

Optimally, instruments should be employed through a
tray system. Most clinicians will be used to employing
specific protocols to recognize «dirty», «clean» and
«sterile» in relation to dental instrumentation. Steam
autoclaves are mandatory as part of a recycling of
adjunctive nonconsumable instruments, and most will
use metal trays which can be used as part of the correct
storage of sterile elements. Additional to some
recommended sterilization protocols, «dishwasher» style
disinfecting units may deliver pre-autoclave cycles
capable of destroying prions and removing proteinaceous
debris. It should be the responsibility of the lead clinician
to avail of all supporting advice as would apply to which
parts of the laser may be disposable and, if reusable, what
cleansing, disinfecting and sterilization treatments are
recommended and applicable.

With those delivery systems that use quartz optic fibers,
thorough cleaning before autoclaving and appropriate
cleaving techniques should be employed to remove
damaged or contaminated elements. The cleaved piece
must be disposed into the «sharps» container and regard
given to disposal of plastic delivery tips. Many fiber
delivery units have optic cabling as part of the assembly,
and the outer sheath will require regular checking to
ensure sufficient quartz fiber is available to pass through
the handpiece. This checking should be done prior to
«bagging» (if applicable) and autoclaving of the delivery
cable. Other laser units have fiber tip inserts which may
be deemed as single use or reusable. In these cases, the
manufacturers’ recommendations must be followed to
minimize the risk of cross-contamination between
successive patient treatment sessions.

Smoke plumes - minimizing harmful effects [9]. The
LSO shall take precautionary action to reduce, if not
remove, the plume. The amount of smoke plume and
other deleterious matter generated varies with the
procedure being undertaken, nature and type of target
tissue, technique employed, duration of energy applied
to tissue and laser emission mode used to vaporize the
tissue. Staff involved in procedures resulting in smoke
plumes should be educated on how they are produced
and how to reduce or eliminate exposure.

Training by suitably qualified in-house personnel or
smoke evacuator manufacturers should be considered.
The most effective way of protecting clinical personnel
and patients from inhaling the constituents of the smoke
plume is to use either a stand-alone smoke evacuator or
an evacuation system that is incorporated into the laser
system. All smoke evacuators should have a
high-efliciency filter that collects all smoke generated
during the procedure.

Medical vacuum systems (operating theater wall
suction systems) are not suitable for smoke plume
removal. The accumulation of particles over time
eventually decreases suction capability in theater
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evacuation systems. All evacuated airborne

particles are deposited into a central vacuum system,
which can become blocked, and bacteria can then
multiply.

All clinical staff within the controlled area and especially
involved in the clinical procedure should wear
well-fitting, high-filtration efficiency face masks (e.g.,
particulate respirators that filter particles of 0.1 pm in
size) during all laser procedures. Standard surgical face
masks are not sufficient to act as the primary method of
particle filtration.

Record the laser-assisted procedure in the patient’s notes.
It is advisable and may be mandatory to keep an
additional log of laser use, to record each clinical
procedure according to laser, wavelength, operating
parameters and clinical outcome.

5.7 Local Rules

The following is taken from the 2015 publication «Lasers,
intense light source systems and LEDs in medical, surgical,
dental and aesthetic practices» in which the author acted as
dental consultant to the United Kingdom Medicines and
Healthcare products Regulatory Agency [51].

Local rules should be related to a risk assessment. They
should contain the working practices, procedures and infor-
mation required to address the hazards and risks identified in
that assessment.

The local rules should be prominently displayed in the
laser/IPL room or the theater office.

All authorized users, assisting staff or other individuals
who work within the delivery of laser treatment should read
the local rules, then sign the associated form to show that
they have understood them and agree to follow them.

Example of local rules:

s Local Rules for the Use of the “X” Laser in “X” Dental
Practice/Dental Clinic Premises:
Dental Surgery: NAME, ADDRESS

= Nature of hazards to persons
The laser can injure the skin and eyes from both the direct
and scattered beams. The aiming beam may also be hazard-
ous. Safe use of the laser depends on people strictly following
the rules:
The operating beam(s) is (are): X laser type, at operating
wavelength(s) of X nm. It (they) constitutes an
appreciable hazard.
The device(s) aiming beam is a low-powered diode laser
and operates in the visible region of the EMS (X nm). It
is designated as a Class I laser.
(Other wavelengths to be specified)

m Laser device(s):
1. Name of the laser
2. Any other Class IV laser (unspecified)
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= Laser authorized users:
Dr. NAME
2. Manufacturer’s/ supplier’s representative(s)

m Laser protection advisor:
1. Asappointed by regulatory authority

= Laser safety officer:
1. NAME

= Personnel authorized to assist in the operation of the
laser(s):

1. NAME

2. Any other assistant, following training by laser
protection supervisor(s)

m  Controlled Area Designation and Access

The room in which the laser is used is designated a «con-
trolled area» and the laser should only be used in this area.
Approved warning signs should be fitted to the door.

A notice should be fixed to the laser indicating that its use
is subject to the local rules.

The controlled area is the dental surgery in which the
laser(s) is (are) installed. The controlled area shall be that
area as designated by the laser protection adviser, in accor-
dance with the safe use of laser(s) and respective nominal
ocular hazard distance(s). The controlled area shall be
enforced only during such times as the laser is in clinical use.
A sign shall be placed on the outside of the surgery door dur-
ing the periods when the laser(s) is (are) in use.

Protective spectacles or goggles must be worn by the
operator, assistant, patient, and visitors whose presence is
required. Eyewear must be wavelength specific to attenuate
emitted laser light of laser in use. The laser safety officer shall
be responsible for ensuring that protective eyewear shall be
worn prior to activation of the laser and during all emission
periods.

m  Restriction of Use to Authorized Persons
The equipment should only be used by an authorized user.
Responsibilities and duties of laser protection supervisors
shall be to:
Ensure that the local rules are followed
Inform the laser protection adviser if they consider that
the existing rules require amending
Ensure that the register of authorized users is maintained
and that the correct procedure for authorization has been
undertaken
Obtain written statements from each authorized user that
they have read and understood the local rules and send
copies of statements to the laser protection adviser
Ensure that only authorized users operate the laser
Inform the laser protection adviser as soon as possible in
the event of an incident occurring
Seek assistance from the laser protection adviser on the
safety implication when a change in operating procedure
is envisaged

Decide, in consultation with the laser protection adviser,
if another person is suitable to use the equipment. Their
names can be added to the register, provided they have
signed a statement that they have read and understood
the local rules. A copy of the signed statement should be
sent to the laser protection adviser

= Operation of Equipment

1. The laser(s) may only be operated by an authorized user
(see above).

2. Keys required to activate laser equipment may only be
held by authorized user(s). Keys should be marked
«LASER - for authorized use only» and should be
stored in the safe.

3. The operating beam should never be activated unless
accurately aimed at the operating site. Exception to
this is during the «test fire» of the laser to be used,
which shall be under the strict supervision of the laser
safety officer and in accordance with safe practice
regulations.

4. Neither the aiming nor operating beam(s) shall be
directed towards the eyes of the operator, assistant(s),
or patient.

5. When not in use for a treatment procedure, the laser
shall be switched to «standby» mode.

6. When not in use for treatment, the laser shall be
switched off, by use of the operating key or screen
command.

7. The laser(s) shall not be used in the presence of
anesthetic gases, or other explosive gases or liquids.

8. The operating beam shall not be directed towards
amalgam restorations, since these are prone to vaporize,
or other shiny surfaces, especially metal.

9. The operator/laser safety officer shall be responsible for
ensuring that other individuals present at operation are
sufficiently trained in laser safety and is responsible for
the safety of any visitors within the controlled area.

10. When the laser is to be used, anyone who does not need
to be present should leave the controlled area.

11. All operators must sign statements that they have read
and understood the local rules. Assistants must sign
statements that they have read and understood the local
rules. These will be filed by the laser protection
Supervisor.

s Accidents Involving the Eyes
Should a person’s unprotected eyes be exposed to radiation
from a laser beam, an arrangement exists between us (dental
practice NAME) and the consultant ophthalmologist at
NAME Hospital, who will carry out an examination within
24 h of the accident occurring.

Consultant: NAME.Tel: X.

Copy of report to be sent to: Dentist defense indemnifier/
manufacturer/H & S contact as regulated.

All accidents arising from inadvertent and nontarget
laser radiation must be reported in the first instance to the
laser protection advisor.



Laser Safety

m  Record-Keeping

Full operating details are to be logged in the patient records.

A separate book shall be kept, in which a record is made for

the inspection of the registering authority. Details shall

include the following:

The name of the operator

Date and nature of procedure carried out

Identification of patient

Statement of machine maintenance

Appropriate information from the manufacturer,

enabling the registering authority laser protection

advisor to be adequately informed in respect of his/her

duties in advising the registering authority on the

control of the laser hazards that may be potentially

involved

6. The name and contact number of the appointed service
agent

ARl S

= Maintenance of Laser(s)

The authorized user is responsible for ensuring that the man-
ufacturers’ recommended planned preventative maintenance
schedule is followed and that records are kept of service
attendance.

Date

Signed: Dr. NAME Dentist

LPA as appointed

Review date + 2 years.

Conclusion

The development of laser photonic technology within primary
healthcare has highlighted the absolute need for safety consid-
erations. In general, a multitiered administrative structure has
been developed and applied internationally, drawing upon
various national regulations to form an overriding set of guid-
ance and rules that may govern and enhance the safe use of
lasers. Within this framework, it has been possible to explore
where and to what extent the use of laser photonic energy can
be safely employed by the dental clinician.

The various classes of lasers have been demonstrated and
their impact on risk explored and demonstrated. Of prime
consideration has been the risk to the unprotected eye and
all environmental, operatory and personnel aspects of this
important consideration, explored together with guidance
on the use of correct protective eyewear for all personnel
within a designated «at-risk» zone.

Secondary issues of nontarget protection, post-ablation
laser plume management and the impact of lasers within
general health and safety at work policy have been explained.
Through the presentation of specimen local rules, guidance
has been offered to support the adoption of appropriate and
compliant measures that may be employed within the
practice/office setting and for the use of all staff.

The prime concern is to safeguard the patient receiving
laser dentistry procedures, and it is hoped that the foregoing
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chapter can provide both the background and applicable
measures to implement the highest levels of safe practice
when performing laser-assisted therapy.
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Core Message

An objective and accurate diagnosis is an essential and key
component in the formulation of safe, comprehensive man-
agement, and treatment of dental patients. The framework of
such diagnosis should be based on clear criteria, applied with
sound diagnostic methodologies which can assess, grade
and detect the presenting symptoms of any individual case.
Various diagnostic approaches therefore play an essential
part in developing a provisional and final diagnosis, from
which treatment modalities and strategy can then be planned
and implemented.

The dental clinician plays a pivotal role in being a skilled
examiner, a physician and a surgeon, all of which is depen-
dent upon each patient’s needs and desired treatment out-
come. The oral cavity and its varied range of both hard and
soft tissues coupled with the concomitant host of microbial
flora are easily subject to pathology that may be a simple,
single tissue disease or extending to anatomical and regional
or may render multi-structural tissue change. Hence the role
of an appropriate and accurate diagnosis cannot be
understated.

Specifically, diagnostic techniques should ideally be sim-
ple, cost-effective, noninvasive, reproducible, measurable
and most importantly should be in tandem with advancing
scientific research and technology. The diagnostic technique
should have application within hard tissue as well as soft tis-
sue pathology and should ideally be available within a gen-
eral dental practice setting.

Laser photonic energy has been shown to interact with
oral tissues, and within a sub-ablative power envelope may
provide measurable data to assist the clinician in distinguish-
ing between healthy and diseased tissue and furthermore
can quantify or assay the disease process, and can even pro-
vide for time-related monitoring of the potential disease
progress.

This chapter sets out the underlying science of laser fluo-
rescence and its integration and application within a hierar-
chy of diagnostic measures in the assessment of oral disease.

6.1 Introduction

Lasers when applied to the realm of diagnostic sciences sig-
nify minimally invasive techniques that provide unparalleled
precision and accuracy. An illustration would be the case of
optical biopsies that provide elaborate and miniscule details
of tissue without actually having to physically injure the
patient by having to take a sample to do so. The varied pleth-
ora of techniques available today is testament to the con-
certed and dedicated research work, in tandem with the
growth of the field of lasers and their use in medicine and
dentistry. These techniques could be applicable to soft tissue
and hard tissue in various clinical scenarios and even branch
out to the treatment of specific conditions as in the case of
photodynamic therapy (PDT). However, some techniques
continue to be expensive, and hence not all of the benefits of
these methods have been universally available yet.

It is intriguing to note that though there is indeed a veri-
table list of laser-assisted techniques in diagnosis, the scien-
tific basis of all these boils down to light-related phenomena
like fluorescence, phosphorescence and spectroscopy. Such
physical outcomes of incident irradiation of target material
have been the subject of pioneering work by investigators
such as George Gabriel Stokes [1] (1852) and Sir
Chandrasekhara Venkata Raman [2, 3] (1930).

Stokes in his treatise, «<On the Change of Refrangibility of
Light» [1], reported the ability of mineral calcium difluoride,
CaF, (fluorspar) and uranium glass to convert incident invisible
(UV) light beyond the violet end of the visible spectrum into
re-emitted blue light. He coined the word fluorescence (being
light from fluorite) taking a leaf out of the term opalescence
being derived from the color change of hydrated silica, SiO,.

Similarly, Sir C.V. Raman’s seminal work [2, 3] on the
inelastic scattering of light led to the development of spectro-
scopic techniques which could detect vibrational and rota-
tional changes caused in a molecule by photonic energy and
therefore even lend a description to the molecular frame-
work of a particular material.

Photochemical changes induced by lasers and the subse-
quent vibrational and radiational relaxation evoked in mole-
cules would give distinctive information on their constitutional
make up and led to the development of a myriad of diagnostic
techniques [4]. The high-intensity energy of laser light allowed
easy excitation of any molecule, and furthermore differentia-
tion from spontaneous radiation induced by absorption of
background low-intensity ordinary sources of light was simple
and unambiguous. Thus the phenomenon of florescence and
phosphorescence and spectroscopic techniques are the basis
and foundational fundamental in these diagnostic methods.
Hence to enrich our understanding of these methods, we would
first dwell on the theoretical processes of these phenomena.

Basics of Fluorescence
and Phosphorescence

6.2

All matter around us is in a state of vibration; such vibration
is the resultant effect of electrons within constituent atoms in
a molecule being in constant translational and rotational
motion. M. Blank [5] writes that all organisms have an
endogenous electromagnetic field (EEMF) albeit of very low
intensity (below 1 Hz up to 1015 Hz). Cellular processes like
enzymatic peroxidation, ATP production, the Krebs cycle,
and natural luminophores in nucleic acids and proteins gen-
erate an electromagnetic field [6].

The energy levels that dictate such translational and rota-
tional motion are «quantized» (M. Planck, N. Bohr) and are
described according to discrete quantities of energy that the
electron has according to the four quantum numbers that
characterize the electron according to (1) the radius of dis-
tance from the atomic nucleus (principal quantum number);
(2) orbital angular momentum of the electron as s, p, d or f
(orbital quantum number); (3) direction of the electron
cloud vector relative to an electric field (orientation quantum
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B Fig. 6.1 Description of quan-
tum numbers .Quantum numbers
indicate the energy level of an
individual electron in terms of
both electrical and magnetic
(spin and orientation) energy
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number); and (4) electron spin or angular momentum (the
electron has an intrinsic magnetic moment directed along its
spin axis) (spin quantum number) (8 Fig. 6.1).

o Note

Electrons normally are configured in atomic orbitals as
pairs with opposite spins within the same orbital.

Such molecular vibration could be increased by excitation
caused by absorbing a quantum of energy, E, corresponding
to the vibrations frequency, v, according to the relation,
E = hv (where h is PlancK’s constant) (8 Fig. 6.2).

The term «ground state» applies to the normal electronic
state of an atom or molecule where the electron has stable
and paired spins. However, it will still have a normal rota-
tional and vibrational energy characteristic to the element or
molecular bond.

The term «excited state» on the other hand refers to a higher
energy level to which an electron has climbed subsequent to
absorption of a quantum of energy. The «lifetime» of the excited
state would vary according to the quantum of energy gained or
mode of excitation. Eventually de-excitation can occur by radi-
ating a quantum of energy (fluorescence or phosphorescence),
by expending the gained quantum of energy as vibration and
heat, internal conversion or intersystem crossing.

O Fig. 6.2 Excitation and de-excitation of electrons — absorption
occurs when an incident photon’s energy couples with the electron
in the ground state (nonexcited state) and goes to an excited state
(higher energy level). Emission occurs when the electron «decays»
from the excited state or sheds the energy it gained to return to the
ground state



110 A.M. Muruppel

6.3 Light as an Oscillating Electric Field

Thus a quantum of energy, for example, from an incoming
«green» photon (for illustration sake) could excite an elec-
tron of a target atom that is in a ground state if the frequency
of the light wave equals the natural frequency of free vibra-
tions of the atom. This excitation can lead to the electron
absorbing the energy of the green photon, leaving its paired
electron (having opposite spin) in the ground state, and
forming an excited singlet state (8 Fig. 6.3).

Interaction strength between the incoming photon and
the molecule depends on various factors such as the field
dipole, induced dipole strength and the distance between
them, and most importantly it is imperative that the frequency
(v) of oscillating field of the molecule must «match» the elec-
tronic oscillation frequency of the incoming photon [7, 8].

It is termed as a singlet state as even in the excited state
the electron still has the paired and opposite spin to its coun-
terpart electron which is in the ground state. Thereafter, the
excited singlet electron loses some of its absorbed energy
through vibrational relaxation which is dissipated as a small
packet of heat called a «phonon». It now only has a lesser
amount of energy left and hence emits a longer wavelength
and yellow photon and returns to the ground state by internal
conversion. Internal conversion is a term used to describe the
transition of an excited singlet state electron back to its paired
counterpart in the ground state dissipating some of the
energy through vibration. The difference in energy levels
between the absorbed (excitation) and emitted light, termed

O Fig. 6.3 Jablonski energy
diagram - Excitation — S, + h
Vg = SZ, De excitation — S2 - S0

as Stokes shift, is due to the energy lost as vibrational relax-
ation in internal conversion. The phenomenon, in general,
where there is the absorption of higher-energy (shorter
wavelength) light and emission of lower-energy (longer
wavelength) light is termed fluorescence. It is short-lived in
the realm of 107-107s.

Another possibility is when absorption of high-energy
photonic energy drives an electron to an excited state wherein
it even changes its spin. It is now no longer paired with its
counterpart in the ground state and undergoes what is
termed as the «forbidden transition» to an excited triplet
state. Now a relaxation to the ground state is very slow giving
rise to a phenomenon called phosphorescence. The unpaired
excited electron called a free radical is chemically highly
reactive, and its pathway of relaxation to a ground state is
called intersystem crossing. Phosphorescence and intersys-
tem crossing occurs in the region of 1073-102 s. It is longer-
lived and more persistent than fluorescence [9].

Specific molecules in tissue can be easily excited by pho-
tonic energy of a particular wavelength. Such molecules or
substances are termed as chromophores. Ronald. W. Waynant
[10] defines a chromophore as «a substance or specific target
tissue that serves as an attractant for a laser photon». A. Arnat
and J. Rigau [11] terms chromophores as «molecules that
transform their electronic energy levels after light absorp-
tion». Similarly, a molecule or chemical compound that can
re-emit light upon light excitation could be called a fluoro-
phore. Fluorophores could be constituted by aromatic groups,
or plane or cyclic molecules, for example, conjugated dyes

A.Jablonski energy diagram

non radiative relaxation - heat lost Excitation Excited singlet states
as vibartion giving rise to stokes (absorption) 5
shift + h vem.—>' FIuorescenc.e 107°s s % a Vibrational
+ HEAT. Radiational relaxation pr— 21 energy states
of the electron occurs from an 0 R
excited state (light is liberated) Internal < Internal
by fluorescence-radiative decay conversion S conversion
from an excited singlet state or and g Delayed
by phosphorescence-radiative vibrational S, % fluorescence
decay from an excited triplet state. relaxation ARA
Nonradiative relaxation occurs by (1014-10" s) Y g Excited
internal conversion or intersystem AN 2 triplet
crossing, but could also occur by | 1 state
intermolecular energy transfer Fluorescence 0 (T4)
) ) (10°-107s) Intersystem
as quenching when the energy is Crossin
consumed (collisional or complex = 9
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S . Intersystem
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O Fig.6.4 Mirror image rule
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and fluorescent proteins. They can be excited by laser light of
specific wavelength and can be used to stain target tissues and
or cells in several diagnostic and therapeutic techniques.

Fluorescence and its excitation follow certain principles
such as the mirror image rule which states that the emission
spectrum is independent of the excitation wavelength as
vibrational energy level spacing is similar for the ground
state and excited state of the fluorophore and the fluorescence
spectrum would strongly resemble the mirror image of the
absorption spectrum for that fluorophore for any wavelength
of excitation light. In other words the emission spectrum of a
fluorophore would be the mirror image of its absorption
spectrum. It has clinical significance in estimating the radia-
tive lifetime of a photosensitizer dye (B Fig. 6.4).

However, there are exceptions to this rule too. Resonance
fluorescence (electron absorbs two photons instead of one)
leads to the emission of a shorter wavelength of higher-energy
light than what was absorbed. In terms of spectroscopic prin-
ciples, such a decrease in wavelength of emitted light is called
blue shift. Usually in fluorescence, there is an increase in the
wavelength (lower energy) of the emitted light, virtually
demonstrating a shift to the red end of the spectrum and is
called a red shift. In practical terms a redshift would entail a
lower frequency and lower photon energy, whereas a blue
shift means a higher frequency and higher photon energy of
the emitted light. In summation, redshift or blue shift
describes the relative difference between the absorbed and
emitted wavelengths (or frequency) of a fluorophore.

Michael Kasha’s rule states that photon emission (from
fluorescence or phosphorescence) would occur in apprecia-
ble yield only from the lowest excited state. Sergei I. Vavilov
modified this dictum and stated that the quantum yield of

Excited state
vibrational
energy levels

p]

Excited state
electronic
transistions

Y

Ground state
vibrational
energy levels

20.0 16.7 14.3

Wavenumber (cm™ x 1073)

luminescence is generally independent of the excitation
wavelength. This has clinical significance in that the fluores-
cence yield is proportional to the fluorescence lifetime
® = photons emitted/photon absorbed.

Understanding of these basic phenomena is important as
they would serve as the basic mechanisms for the formation
of excited singlet states such as singlet oxygen in photobio-
modulation and even the formation of long-lived excited
triplet states such as superoxide formation in photodynamic
therapy (PDT) or photo-activated chemotherapy (PACT).

Biological tissues are composed of dipole structures like
enzymes, ionic pumps, nuclear material and nucleotide mol-
ecules, polar molecules like water and bound electrons which
can be stimulated chiefly by the electric field of light (as bio-
logic tissues are not magnetic, they are not much affected by
the magnetic field of light) [12, 13]. Tissues are composed of
70% or more of water which is highly polar and have energy
carriers such as ATP and also macromolecules of proteins
having transition metal complexes. The polar nature of water
and dissolved tissue oxygen can make it highly reactive with
fluorophores in the triplet state, leading to the formation of
free radicals (singlet oxygen) that are toxic to cells.
Fluorophores in the triplet state can also react directly with
the above-mentioned biological molecules too through
sequential decay and effect oxidation of cell structures [14].
Such a compound which is capable of causing light-induced
reactions in other sensitive and receptive molecules is called
a photosensitizer. A photosensitizer has also been termed as
a «spectrally adapted chromophore» as it can be activated
only by light of a specific wavelength [14].

Christopher S. Foote [15] (though first proposed by
H. Kautsky in 1939) classified the subsequent chemical
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O Fig.6.5 Pathways of de-
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reactions that ensue after light activation of the photosensi-
tizer as either type 1 or type 2. Typically, type 1 reactions
involve a direct interaction of the photosensitizer and the
surrounding molecule and the creation of a free radical. The
commission of the photosensitizer into a long-lived triplet
state (milliseconds to several seconds) allows it to then react
with other biological molecules (other than oxygen) leading
to the production of hydroxyl and superoxide anions. On the
other hand, type 2 reaction entails transfer of energy from
the photosensitizer to oxygen producing a singlet state of
oxygen [14] (B Fig.6.5).

Singlet oxygen reacts readily with cellular constituents
like amino acids in proteins such as tryptophan, tyrosine,
histidine, cysteine and methionine and guanine bases of
DNA and RNA, and also in unsaturated lipids, including
cholesterol and unsaturated fatty acids [16, 17]. Such radia-
tive singlet decay after activation of photosensitizer by light
of a specific wavelength is by fluorescence (short-lived —
nanoseconds). They can effect various changes in cells
including photomodification of cell membranes, alteration of
cell functions, cellular oxidation, and necrosis.

The application of these mechanisms is varied and
explains photosensitization of cells in photodynamic therapy
and the use of the same towards photosensitization of viruses
in blood banks without damage to the blood cells or plasma,
also photosensitization of plants and animals by photody-
namic pesticides or by naturally occurring photosensitizers
like hypericin [16, 17].

6.4 Fluorescence Microscopy

6.4.1 SoftTissue Applications

Fluorescence microscopy has become ubiquitous and invalu-
able in almost every branch of medical and biologic sciences.
Various techniques and a host of fluorescent proteins which
serve as optical probes to investigate cellular processes

Singlet states - Sg, S1, S2
Triplet states-Tg, T1, T2

radical
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noninvasively have been developed and lend further clarity
to diagnostic processes. A fluorescence microscope utilizes
emitted light from fluorescence and phosphorescence to
develop the image; hence, it would have an excitation source,
an optical element that is receptive to longer wavelength, i.e.,
fluorescent light, and filters which blocks out all other light
including the exciting light and autofluorescence sources too.

There are a wide range of techniques used for assaying
fluorescence such as fluorescence lifetime imaging micros-
copy (FLIM) which investigates the interactions between fluo-
rescent proteins and cellular processes involved in its
immediate proximate environ. Fluorescence resonance energy
transfer (FRET) refers to the transfer of energy from the
excited fluorophore to another molecule in the near proximity,
and this leads to it emitting light of a longer wavelength. This
allows resolution of a very high detail to the realm of mole-
cules within cellular processes and their interactions thereof.
Other techniques such as total internal reflection fluorescence
(TIRF) (which allows imaging within hundreds of nanometres
and selective imaging of molecules such as of a cell mem-
brane) and stimulated emission depletion (STED) which gives
a high degree of selectivity by allowing illumination and fluo-
rescence of only a particular area and thereby providing pre-
cise resolution are also being researched [16, 17].

Fluorophores employed in these microscopic techniques
can be endogenous or intrinsic fluorophores such as the
amino acid tryptophan (which fluoresce in UV light) or nico-
tinamide adenine dinucleotide (NADH) which fluoresce in
the blue region. They form the basis of autofluorescence tech-
niques (@ Table 6.1). Synthetic organic fluorophores such as
tissue dyes like rhodamine, Hoechst, 4-6-diamidino-2-phe-
nylindole (DAPI) (UV and blue) or quantum dots form a
second class, whereas fluorescent proteins capable of forming
an intrinsic fluorophore by being genetically encoded like
avGP from Aequorea victoria jellyfish (fluoresce in green
light) or even a hybrid of a synthetic dye bound by a covalent
bond to a genetically encoded protein forms a third class of
fluorophores [17].
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Absorption and fluorescence maxima of endogenous fluorophores - corresponding spectral light to be used according to

Chromophore Solvent Absorption (nm) Fluorescence (nm)
Tryptophan H,0 220, 280, 288 320-350
Tyrosine HZO 220, 275 305
Collagen 300-340 420-460
Elastin 300-340 420-460
NADH H,0 260, 340 470
NADPH H,0 260, 340 470
Flavins H,0 260, 370, 450 530
Zn-coproporphyrin DMSO 411,539 580
Zn-protoporphyrin DMSO 421, 548, 585 592
Uroporphyrin DMSO 404, 501, 533, 568, 622 624
Coproporphyrin DMSO 398,497, 531, 565, 620 622
Protoporphyrin DMSO 406, 505, 540, 575, 630 633
Chlorophyll a Ether 425,670 685
Chlorophyll b Ether 455,642 660

Reproduced from Koenig and Schneckenburger with permission [17]

Such fluorophores like NADH are the basis of autofluorescence diagnostic techniques

DMSO dimethyl sulfoxide

Fluorescent proteins can even be in a dormant stage and can
then be «photoactivable», like PA-GFP, «photoconvertible»
meaning changed from one band of fluorescence to another like
Kaede (518-582) or «photoswitchable» like Dronpa by being
able to be activated when illuminated at 488 nm or not [16].

Autofluorescence of endogenous fluorophores in tissues
can be assayed by laser-induced autofluorescence and can
have a range of diagnostic applications such as differentiation
between types of tissues, detection of infections by microor-
ganisms and metabolic states of tissues and even detection of
metabolic defects. Mitochondrial intracellular oxidation
rates and intracellular oxygen concentration were evaluated
by B. Chance et al. [18] in 1962 in vivo (on rat brain and kid-
ney) by studying NADH fluorescence at 460 nm (higher
NADH concentrations as titered by its fluorescence, means
reduced intracellular oxygen levels). This work is in fact a
continuation of B. Chance’s work with E Jobsis [19] in 1959
on frog Sartorius muscle, demonstrating increased fluores-
cence at 443 nm of cytoplasmic and mitochondrial pyridine
nucleotides on muscle contraction. A. Mayevsky [20] contin-
ued on the same line of work (1972 and 1988) by surface
fluorometry-reflectometry using flexible optical fibers and a
corrected fluorescent signal (at 450 nm) devoid of other
background influences of tissue absorption or blood volume
changes (which reflected light at 336 nm) in the puppy or
adult dog brain in vivo and also on Mongolian gerbil [21].
They demonstrated the effects of ischemia, hypoxia, and
anoxia with a correlated increase in fluorescence of NADH.

Autofluorescence when employed for differentiation of
tissue could be effective for detection of tumors. W. Lohmann
and E. Paul in 1988 [22] showed that melanomas could be
detected in situ at 475 nm when excited at 365 nm.
W. Lohmann (1990) [23, 24] used the same technique to
describe and correlate the detection of cancer and also cellu-
lar dysplasia in vitro cryosections of the uterine cervix and in
ex vivo sections of lung tumors as compared to fluorescence
of normal tissue and found that the fluorescence in the areas
around the tumor had markedly higher intensity. However
autofluorescence of the skin becomes slightly more compli-
cated as in addition to the established diagnostic autofluores-
cence of the reduced pyridine coenzymes NADH and
NADPH; the presence of various other fluorophores (such as
collagen, elastin, and keratin extracellularly in addition to
tryptophan and hemoglobin found intracellularly) can con-
found the resultant spectrum. Furthermore in vivo redox
states may make quantification of NADH more difficult.
Non-melanoma skin cancers were detected in vivo by Hyejun
Ra et al. [25] using a indomethacin-based fluorescent probe
called fluorocoxib (developed by Mannet et al.) administered
systemically on genetically engineered mouse with an accu-
racy of up to 88% for macroscopic tumors and up to 85% for
microscopic tumors. In this study, fluorescence signals from
500 to 800 nm were monitored at 10 nm intervals after exci-
tation from 503 to 555 nm.

Understanding the basis of autofluorescent detection of
cancer and the biologic fundamentals is a foundational
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prerequisite before practical evaluations and clinical modali-
ties are discussed. Much of our present perception of these
processes can be attributed to the work of I. Pavlova [26] and
her team (from 2003 through 2008). In her study in 2008,
autofluorescence of 49 biopsies of normal, benign and neo-
plastic samples was captured by confocal microscopy, and the
images proved that the autofluorescence patterns, from UV
light (351 and 364 nm) and 488 nm Argon laser, depended
not just on pathologic or normal nature, but also according
to the site in the oral cavity. While UV light was intended for
autofluorescence of NADH in the epithelium and collagen in
the connective tissue, the 488 nm was directed at autofluores-
cence of flavin adenine dinucleotide (FAD) of the epithelium
and the connective tissue. The study found that epithelium of
the palate and gingiva were highly fluorescent as compared to
the epithelium from the buccal mucosa, floor of the mouth
and tongue. Notably, benign lesions of the epithelial mucosa
had only weak fluorescence, whereas neoplastic versions had
increased fluorescence to UV light as compared to normal
samples. Intriguingly connective tissue of both benign and
neoplastic samples (irrespective of anatomic site) had
decreased fluorescence to both 488 nm and UV light [27, 29].
They surmised that this decreased fluorescence of the con-
nective tissue in neoplastic samples is because of the loss of
collagen cross-links due to inflammation, lymphocytic activ-
ity and matrix degrading proteases [28].

The epithelium of the normal palate and gingiva being
highly fluorescent was attributed to the highly keratinized
masticatory mucosa which limits the penetration and
increases the scattering of light, thereby having only a
NADPH contribution to fluorescence and not from collagen.
In a neoplastic condition however the biochemical pathways
of cell signaling between the epithelium and connective tis-
sue is changed, this coupled with neoangiogenesis of the can-
cerous tissue, and loss of collagen in the connective tissue is
thought to be the reason for the decreased fluorescence of
neoplastic epithelial samples [29].

D. Roblyer et al. [30] confirmed the above-mentioned
facts in their study designed on 56 patients and 11 volunteers
through quantitative autofluorescence imaging using the
multispectral digital microscope (MDM, a wide-field optical
microscope, color CCD camera, variable range of 1-7 cm) at
365, 380, 405, and 450 nm. The focal region to be analyzed
was selected by another practitioner who was blinded to the
grouping of the samples, and thereafter diagnostic algorithms
related to the red-to-green fluorescence intensity ratio, etc.
were applied. The results showed that this diagnostic modal-
ity of quantitative autofluorescence could discriminate
between neoplastic and non-neoplastic tissue with a sensitiv-
ity and specificity of 96%.

D. Shin et al. [31] in 2010 described the various diagnos-
tic techniques in vogue today like ViziLite (Zila
Pharmaceuticals, USA) which has chemiluminescent blue
light source and can detect pathologic changes; however,
studies are yet undecided about its accuracy.

The VELscope or Visually Enhanced Lesion Scope, (LED
Dental, USA) invented by M. Suyama is a handheld device

that is designed for the diagnosis of oral precancerous, can-
cerous or pathologic lesions using fluorescent light of 400-
600 nm. It works on the notion that normal mucosa would
appear green or pale green due to autofluorescence and a
pathologic or neoplastic lesion would appear brownish to
black. It is based on the concept of visual autofluorescence as
opposed to the autofluorescence imaging techniques
described earlier in this text. It can however aid a practitioner
in identifying and delineating cancerous or precancerous
lesions. However, it is quite subjective as it relies heavily on
the judgment, training and experience of the practitioner;
false positives with benign lesions may also occur as they
may also have connective tissue changes leading to a change
in autofluorescence of tissues. A range of studies have been
designed to evaluate the efficacy of this device and the results
have been ambiguous.

Lane et al. [32] were the first group to investigate the
VELscope device in 2006 and reported a sensitivity of 98%
and specificity of 100%. Subsequently Poh et al. [33] did
their evaluations on 20 patients from whom they derived
122 oral mucosa biopsies and reported a sensitivity of 97%
and specificity of 94%. Poh [34] designed a similar study a
year later in 2007 with another team and published a report
that out of a total of 60 patients who underwent surgery for
oral cancer, 7 patients (25%) of the 22 control group patients
experienced recurrence, while none of the 38 patients, where
the surgeon was guided by the visual fluorescence
(VELscope) to place a 10 mm margin of excision, experi-
enced recurrence. However studies done by McNamara et al.
[35] in 2012 on 42 patients do not concur with the previous
studies and stated that visual examination was better than
visual fluorescence by VELscope.

Cancer diagnosis through autofluorescence could also be
based on the detection of porphyrin or its derivatives in neo-
plastic tissues. There are various porphyrin-related fluoro-
phores in the tissue such as protoporphyrin IX (PP IX),
coproporphyrin IIT (CP III), uroporphyrin Il (UP III), and
hematoporphyrin IX (HP IX). Strong red fluorescence of
porphyrins when exposed to UV light was reported as early
as 1924 by Policard in sarcomas of rats. This would later on
develop into the foundational work of photodynamic therapy
(PDT). It was not until 1942 when Auler and Banzer
demonstrated hematoporphyrin in malignant cells and later
in 1960 when F. N. Ghadially and W. J. P. Neish studied squa-
mous cell carcinoma in rabbits that endogenous PP IX was
established as the main fluorophore responsible for red auto-
fluorescence [36].

Y. Yuanlong et al. (1987) [37] showed that squamous cell
cancer tissues when exposed to 365 nm xenon ion pulsed
laser showed fluorescence at 630 and 690 nm at 89% correla-
tion with the traditional biopsy method. Koenig and
Schneckenburger [38] continued these investigations using
the 364 nm argon laser with a fiber-optic sensor and elicited
autofluorescence at 673 nm in the skin and in subcutaneously
transplanted solid Ehrlich carcinoma of mice at 638 and
680 nm and at 635 nm in patients with squamous cell
carcinoma.
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6.5 Optical Coherence Tomography

6.5.1 Optical Biopsy

Optical coherence tomography (OCT), a modality adapted
from ophthalmology (Naohiro Tanno, David Huang 1991)
is a noninvasive, live, imaging technique that provides
three-dimensional high-resolution (10-15 p) images to a
depth of ~2 mm. Literally it allows the diagnosis of pathol-
ogy in tissue by optical methods without actually physi-
cally harvesting it from a patient surgically [39]. It is based
on the principle of backscattered light analyzed through
low-coherence interferometry, which in simple terms
means that the light scattering back off a surface is super-
imposed (as constructive interference and destructive
interference) to develop useful diagnostic data. The back-
scattered (reflected) light from the substrate generates a
low-coherence beam from differing depth levels (depend-
ing on tissue structures in the volume being imaged) to the
interferometer (B Fig. 6.6). The optical data from each sin-
gle scan point is interpreted by the interferometer as an
interference pattern and recorded as a depth profile
(A-scan), whereas in a linear scan across the sample deliv-
ers cross-sectional (B-scan) data. The images can be based
on spectral domain scans of a single focus or swept laser
light sources where light of varying frequencies can be
emitted sequentially.

The light is directed along two arms, a reference
arm (mirror) and a sample/substrate arm using a hand-
held (X-Y) scanning device similar to an endoscopic
probe (B Fig. 6.7). The source of light typically is a near-
infrared diode lasers operating in continuous wave or a

Handheld probe

Laser beam Reflected light

Epithelium

O Fig. 6.6 Light from a laser source generates backscatter depending
on tissue components at various depth levels. This is analyzed by a low-
coherence interferometer that generates depth-wise information or a
series of cross-sectional images according to tissue constituents that
cause the backscatter at different levels
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short-pulsed femtosecond laser and is used in tandem
with time domain or frequency domain interferometers
(@ Fig. 6.8).

Normal and pathologic tissue can be visualized in three-
dimensional images with differing contrast as the spatial dif-
ferences in refractive index of different tissue constituents
change with depth, and hence capturing this variation lends
intricate detail and difference to images. Furthermore it
allows qualitative morphological imaging of skin in vivo and
can help in diagnosis of precancerous or cancerous lesions of
the skin [40]. Optical biopsies from this modality has led to
the diagnosis of neoplastic lesions of both non melanoma
skin cancers (NMSC) like basal cell carcinoma and squa-
mous cell carcinoma (Strasswimmer et al. 2004 [41], Olmedo
JM et al. 2006, 2007 [42], Gambichler T. et al. 2007 [43],
Mogensen M. et al. 2009 [44, 45],) and also melanomas (de
Giorgi SM et al. 2005 [46], Gambichler T., 2007 [47]).

OCT has also been used in the diagnosis of mucosal
lesions of the oral cavity. O. K. Adegun et al. (2012) [48]
applied OCT for the diagnosis of epithelial dysplasia and
compared B-scan images to histological sections. The rele-
vance and significance of this study that they stated was
that the choice of determining the anatomic site for obtain-
ing the biopsy is subjective to the clinician and hence the
diagnosis also would vary, on the other hand OCT pro-
vided for a noninvasive technique that could in the future
direct the practitioner to select the appropriate site for tak-
ing the biopsy, only if necessary and if prompted by the
OCT image. The results showed a poor correlation between
OCT images and actual biopsies in the case of moderate
and severe dysplasia. O. K Adegun et al. in the following
year (2013) [49] had evaluated OCT in the diagnosis of
vesiculobullous mucosal lesions compared to normal
mucosa or fibroepithelial polyps using a modality called
«scaled intensity drop», a two-dimensional imaging mode.
The results showed that SID was indeed able to discrimi-
nate between fluid-filled and solid tissue with a sensitivity
and specificity of 80%.

However other diagnostic modalities may also be used
similarly to deliver an optical biopsy such as multi-photon
excitation microscopy which is essentially a type of fluores-
cence microscopy which works on the principle that two-
photon excitation can induce fluorescence emission at much
longer wavelengths in fluorophores like NADPH which usu-
ally fluoresce to UV light. B.R. Masters et al. [50] reported the
use of this technique with a 730 nm, 100 mW, Ti:Sapphire
femtosecond laser at an average power of 10-15 mW with a
galvanometer driven scanner. They concluded that they were
able to obtain a sample to an image depth of 100 p (UV light
had penetration depths under 30y only and also had cell via-
bility issues) and that this technique could be applied to
obtain deep sections for in vivo optical biopsies. Elastic scat-
tering spectroscopy (ESS), Raman spectroscopy and laser-
induced breakdown spectroscopy are other modalities for
taking an optical biopsy.
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B Fig. 6.7 The components of optical coherence tomography - which
consists of a scanner probe, which has the laser light source, is directed
along two arms by a beam splitter, one from the sample (recorded by

CCD detectors or CMOS imaging) and second from a reference mirror.

O Fig. 6.8 Michelson’s interfer-
ometer consists of a beam split-
ter that splits the light from the
source into two arms; the reflected
light from both arms (sample and
reference mirror) is then recom-
bined to produce the OCT image
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The light from both arms is recombined and the spectrum analyzed
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6.6 Spectroscopic Techniques

Skoog D. A. and Holler J. [51] define spectroscopy as the
study of the interaction between matter and electromagnetic
radiation. A. M. Helmenstine [52] refines this definition fur-
ther by stating that this analysis (of the interaction between
matter and radiation) can be with any region of the electro-
magnetic spectrum. Therefore, the range of spectroscopy
techniques available can be based on any particular wave-
length region and also could be based on absorption of a
wavelength region of the electromagnetic spectrum or by
thermal emission caused by a particular wavelength.

While most spectroscopy techniques deal with electronic
transitions of molecules and band spectra related to their
respective absorption, atomic emission spectroscopy and
atomic fluorescence spectroscopy catalogue the emission
from an excited atom and hence in plain terms are able to give
information regarding specific elements in a compound and
their concentration. Atomic emission spectroscopy is able to
characterize the particular wavelength (color) emitted from
an excited atom and is based on the principle that the number
of excited atoms is proportional to the emitted energy. The
sample is thermally excited using a flame or plasma.

These techniques are founded on the observation of Josef
Fraunhofer in 1817 that the spectrum of solar radiation had
a continuous spectrum of numerous dark lines (he desig-
nated the dark lines with letters). Later, Gustav Kirchhoff in
1859 showed that the absorption of solar radiation by sodium
atoms gave the D line at 589 nm.

Molecular absorption of UV/Vis light leads to a excita-
tion that is depicted by an increase in vibrational energy, and
the subsequent emitted wavelength could be measured as
against the absorbed wavelength in techniques of absorption
spectrometry such as atomic absorption spectroscopy (dis-
plays these as black lines on a white background). Laser-
induced breakdown spectroscopy (LIBS) is a type of atomic
emission spectroscopy where a highly energetic focused laser
pulse is the excitation source which atomizes the substrate to
form plasma. This plasma would have a characteristic atomic
or molecular signature of the substrate.

Kumar et al. (2004) [53] had demonstrated the use of
LIBS in vivo in canine hemangiomas and showed that cal-
cium and potassium and copper and potassium levels were
different in tumor cells compared to the normal cells.

R. Kanawade et al. (2015) [54] applied LIBS for the differen-
tiation of tissues by analyzing their basic atomic composition as
against the National Institute of Standards and Technology
(NIST) [55] database using an excimer laser 193 nm, 28 ns
pulses at 10 Hz, 0.6 x 0.4 mm spot size and energy/pulse 38 m]J
on fat, muscle, nerve and skin tissue samples from pig source.
They proved that emission intensity ratios of Na to C, K to Na,
and O to C ratios could be used to differentiate between tissues
and that this information could be used for future application
in minimally invasive laser-guided surgeries

Photoluminescence spectroscopy specifically assays the
fluorescent (fluorescent quantum yield) or phosphorescent
(phosphorescent quantum yield) pathways of relaxation and
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dates back to the mid-1800s. The spectra depict the intensity
of the emitted radiation as a function of either the excitation
(excitation spectra) wavelength or the emission (emission
spectra) wavelength. Excitation spectra show the emission at
a given fixed wavelength while varying the excitation wave-
length, whereas the emission spectra show the intensity of
the emitted radiation when a fixed wavelength is used to
excite the sample.

Spectroscopic measurements of scattered light are applied
in the case of techniques such as Raman spectroscopy.

6.7 Inelastic Scattering of Light Versus

Elastic (Rayleigh) Scattering

Elastic scattering suggests that the scattered light has the
same energy as the incident light and the particle on which it
was incident is much smaller than the wavelength of the
light. This is based on Rayleigh’s law which states that scatter-
ing is inversely proportional to the fourth power of wave-
length, which means that the shorter the wavelength (violet,
blue) the greater will be the scatter [14].

Conversely inelastic scattering would cause a change in
the frequency and wavelength of the incident light in that
there is a transfer of energy towards vibrational states of the
molecule. This transfer of energy enables the molecule to
reach higher (excited) «virtual» vibrational states, and as a
result there would be an equal and proportional decrease in
energy from the scattered light than its incident energy. This
would increase the wavelength (redshift) of the scattered
light, and the difference in energy would correspond to the
difference between the vibrational states of the molecule.
This is called Stokes shift.

However in such a situation when the incident photon
was to hit a molecule which is already in its excited vibra-
tional state, then the scattered photon would have more
energy than the incident, and hence it would have a shorter
wavelength (blue shift) thereafter. This is termed as anti-
Stokes shift (B Figs. 6.9 and @ 6.10).

6.8 Raman Spectroscopy and Its

Diagnostic Potential

6.8.1 Soft Tissue Applications

The use of Raman spectroscopy for quantitative identifica-
tion of intra-oral bacterial species (S. mutans, S. sanguinis,
and S. gordonii), such as that of biofilms in plaque, was sug-
gested in the work of Q. Zhu, R. Quivey and A. J. Berger [56-
58] (2003, 2004, 2007) where they used an 830 nm diode
laser, with a low error rate (+0.07). This thread of work was
continued in association with B. D. Beier and the same team
in 2012 [59] which proved that Raman spectroscopy with
confocal microscopy using an 830 nm diode laser yielded
93% of accuracy in classifying and validating the bacterial
species (S. sanguinis and S. mutans) in a culture of different
bacterial species (8 Fig.6.11).
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O Fig.6.11 Raman spectra of
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bacteria (Reproduced from Beier T T
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K. Maquelin et al. in 2002 [60] first reported the use of con-
focal Raman microscopy for the identification of Candida spe-
cies using 100-150 mW, 830 nm Ti:Sapphire laser with a high
accuracy of 97-100%. They advised that this modality pro-
vided a viable and fast alternative to conventional techniques
in identifying Candida infections particularly in hospital set-
tings as it is possible with just 6 h of culturing as compared to
the 24-48 h by conventional histopathological processes.

Confocal microscopy allows the laser beam to be focused
to a very small spot size (~250 nm in diameter), then magni-
fied by a microscope and projected onto a confocal spot of
100-150 p diameter or into an optical fibre and then con-
nected to a CCD camera for spectral data analysis. The objec-
tive here is that all other signals from other than the focal
point are simply blocked out.

Such work gives the promise that Raman spectroscopy
can be invaluable in the early identification of caries as well as
susceptibility of the patient and designation of preventive
measures. The inspiration for such work though dates back to
the work of Puppels [61-63], Nelson [64], Sperry [64],
Manoharan and Ghiamati [65-67] in the early 1900s who
first used this technique for the identification of bacteria. The
choice of bacteria used in these studies is indeed obvious as S.
mutans is implicated as one of the primary causative organ-
isms and S. sanguinis and S. gordonii are secondary causative
agents in dental caries.

J. W. Chan et al. in 2006 [68] had used the same principle
with over 98.3% accuracy in the identification of neoplastic
cells and differentiation of live healthy hematopoietic cells
and later with 97% accuracy using laser tweezers Raman
spectroscopy (LTRS) with a 30 mW 633 nm He-Ne laser as
an excitation source [69].

LTRS utilizes a single beam of infrared lasers to analyze a
cell several microns away from any other substrate, virtually
as an optical tweezer, thereby precluding any other back-
ground signals. This is based on the principle of «optical
trapping or optical levitation» described by A. Ashkin and ]
M Dziedzic [70] (using a 120 mW argon laser) where viruses,

1200 1400 1600 1800

Raman shift (cm-1)

bacteria or cells in gaseous or liquid media are virtually held
at a focal point of the laser beam where the scattering and
intensity of the laser radiation is at a balance. Pre-requisite to
this process is that the biologic (or otherwise) particle being
«trapped» should have a refractive index that is higher than
the surrounding medium. «Optical trapping» works on the
principle that a gradient force proportional to the intensity of
the laser beam draws high refractive index particles towards
the beam axis but repels low refractive index particles away
from its axis. The laser bean could virtually suspend a parti-
cle as the radiational field counterbalances the gravitational
forces on a particle. (Magneto optical trap, Dipole trap) [71]
Previously in 2004 J. W. Chan et al. [72] had demonstrated
the successful use of confocal laser tweezers Raman spectros-
copy in identification of single bacillus spores using a 50 mW
argon laser. Later the same research team headed by J. W.
Chan in 2008 [73] demonstrated the application of LTRS using
10 mW, 633 nm He-Ne laser (both as excitation and optical
trapping) in differentiating between T and B cells of young
leukemic patients with an accuracy of 95% in the case of nor-
mal cells and 90% in classifying cells according to their respec-
tive types. S. Huang et al. [74] employed a similar technique of
microfluidic Raman tweezers using 785 nm diode laser source
(this wavelength is preferred as there is very less water absorp-
tion at this range and hence damage to optically trapped cells
is prevented) in quantifying the levels of pyridine-2,6-dicar-
boxylicacid (dipicolinic acid or DPA) chelate with calcium ion
(Ca-DPA) in bacillus spores. Ca-DPA levels have been corre-
lated with spore resistance and stability in a medium [75]. The
study showed that identification of individual bacillus spores
was possible without altering individual spores with a laser
exposure time up to 20 s; beyond 20 s there was the release of
DPA as all bands disappeared from the Raman spectrum [76].
The microfluidic technique is a flow cytometry like pat-
ented technique developed by the researchers themselves
which comprised a square quartz capillary tube (50 p by 50 p;
5 cm long) with two connecting chambers, one with the spore
sample and the other with water. A precise flow pump
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controlled the flow that would deliver individual spores to the
focal point of the laser where optical trapping of the spore
would give the Raman spectrum and then the flow was imme-
diately turned off so that the spore is held for Raman acquisi-
tion. Once the Raman spectrum is obtained, the flow is turned
on again, while the laser beam is blocked for a short time
(~10 ms) and when it is turned back on the measured spore
flows away from the trap towards the waste chamber. Now the
system can receive the next spore in the flow. The above pro-
cedure is repeated until 200 individual spores are evaluated.

Nearly a decade back, Ellis and Goodacre (2006) [77] in a
critical review of a diverse range of research work had dis-
cussed the possibility of using Raman spectroscopy and allied
techniques like Fourier transform infrared spectroscopy in a
range of applications such as in the diagnosis of cancer (pros-
trate and cervical), leukemia and arthritis and even in the
identification of metabolic markers of diabetes and in repro-
ductive biology. Mahadevan-Jansen A et al. (2014) [78] had
discussed the capability and potential of Raman spectroscopy
to detect biochemical changes in cancer cells such as the
increase in nucleic acid content, glycogen and collagen.

J. Q. Nguyen et al. (2016) [79] successfully employed
Raman spectroscopy in the in vivo verification of tissue mar-
gins between normal and neoplastic tissues in soft tissue sar-
comas with a sensitivity of 89.5% and specificity of 96.4%.
They used a portable Raman spectroscopy device with a
handheld probe, 400 p excitation fibre and seven 300 p col-
lection fibers excited at 785 nm, providing information to a
depth of 700 p. This technique, they reported, allows for
more accurate appraisal of designing margins in surgical
resection of tumors.

Raman spectroscopy when combined with intuitive
computer-aided statistical analysis of the spectra by multi-
variate analyses (MVA) such as principal component analysis
(PCA), hierarchical cluster analysis (HCA), discrimination
function analysis (DFA) or geometric-based vertex compo-
nent analysis (VCA) gives a clearer and composite picture
leading to the interpretation, classification and diagnosis of
the sample under study.

In related work by M. E Escoriza et al. in 2000 [80],
Raman spectroscopy was successfully employed to discrimi-
nate and differentiate between viable and nonviable cells of
Escherichia coli and Staphylococcus epidermidis. The study
demonstrated a sensitivity of Raman spectroscopy to differ-
entiate viable and nonviable cells up to 86% and was able to
discriminate between species with accuracy of 87%.

Raman spectroscopy provides a unique fingerprint that
differentiates the biochemical molecular alterations between
the samples. Most interestingly B. D. Beier et al. in 2012 [59]
showed that this technique lends further depth to the diag-
nosis by giving actual information on the difference in spatial
positioning of the different bacterial species in the three-
dimensional network of the biofilm. Such essential constitu-
tive differences can build up a three-dimensional mosaic of
the complex microbial structure such as of a biofilm and
could give unique information and inference regarding car-
iogenicity and its progression too.

Raman spectroscopy (which uses continuous wave lasers
that rely on spontaneous emission) could be clarified into a
much more amplified, efficient, coherent signal free of back-
ground fluorescence by coherent anti-Stokes Raman scattering
(CARS) and stimulated Raman scattering (SRS) which uses
two-pulsed laser sources to excite the sample (instead of a sin-
gle CW source). One pulsed-laser source initiates the Raman
scattering (pump) and Stokes shift, whereas the second source
is specifically tuned to the frequency of a single peak on the
spectrum bringing about a blue shifted signal that is exponen-
tially stronger than the original Raman signal and can be used
for specific imaging and isolation of known molecules.

CARS has been used for the specific and quantitative
intracellular identification of lipid molecules in living cells.
X. L. Nan et al. (2006) [81] have been able to correlate this to
the tracking of hepatitis C virus whose pathogenicity is
closely linked to its insidious ability to be concealed in
triglyceride-rich lipoprotein particles. They used two-pulsed
Ti:Sapphire lasers with a repetition rate of 80 MHz, 2 ps pulse
width and pump wavelength at 711 nm and Raman reso-
nance (Stokes shift) wavelength at 892 nm. CARS had been
employed using fibre-optic delivery by H. P. Buschman et al.
in 2000 [82] and thereafter by L. Mostaco-Guidolin et al. in
2010 [83] in animal studies of myocardial infarction prone,
Watanabe heritable, hyperlipidemic rabbits for detection of
atherosclerosis in ex vivo samples (dissected arteries) using
Ti:Sapphire oscillator at 800 nm (for Raman resonance),
100 fs pulse duration, and a 532 nm 7.25 W green laser pro-
vided the pumping. They were able to establish a correlation
between the severity of atherosclerosis and age of the ani-
mals. Significantly J. T. Motz et al. in 2006 [84] demonstrated
(830 nm diode laser) in vivo usage of Raman spectroscopy on
diagnosis of atherosclerosis in femoral bypass and breast
lumpectomy surgeries. CARS has also been used for the
identification and imaging of bacterial spores.

Another technique for amplification of the Raman signal
(by 14 or 15 orders of magnitude) is surface-enhanced
Raman scattering (SERS) spectroscopy. X. Zhang et al. in
2003 [85] used a 632 nm He-Ne laser to detect low concen-
tration of dipicolinic acid (DPA) using this technique.

6.8.2 Choice of Wavelength in Raman
Spectroscopy

These studies mentioned illustrate the range of differing exci-
tation wavelengths used by the various research groups using
differing techniques across the decades. However, the com-
mon feature is that the wavelength chosen for Raman spec-
troscopy is mostly in the red or near-infrared region. This is
because shorter wavelength particularly below 600 nm will
elicit considerable background autofluorescence from cells
which can confound and confuse results and also because cells
typically have chromophores (proteins, amino acids, nucleic
acids, etc.) which will absorb shorter wavelengths and cause
cellular alteration or even cell damage (opticution). A key fea-
ture of Raman spectroscopy is that it is noninvasive and gives
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real-time, vital information of living cells. Wavelengths
between 600 and 900 nm have low water absorption and elicit
more scattering. Blue or green wavelengths have also been
used by some studies, but notably these are on fixed cells or
ex vivo tissues and not in live homeostasis state of tissues.

6.9 HardTissue Applications

Dental caries is often overlooked or continues undetected
owing to the insidious nature of the lesion. Radiographic
detection often requires at least around 30% of demineraliza-
tion to warrant detection and uses ionizing radiation [86].
Early detection of incipient caries (noncavitated — «white
spot») avoids the use of invasive restorative modalities.
Incipient caries has a sub-surface second layer which is very
porous and can extend to a depth of 100-250 p, whereas a
cavitated lesion can extend up to 1.5 mm or deeper.
Fibre-optic transillumination (FOTI) and digital imaging
fibre-optic transillumination (DIFOTI) are transillumination
techniques. DIFOTT uses high-intensity light from a fibre-
optic device source to illuminate a tooth, and the backscat-
tered light is captured by a digital camera and analyzed by a
computer. Carious enamel and dentin would scatter light
more than sound tooth structure and appear darker
(B Fig. 6.12). This technique has the advantage that it pre-
cludes the use of ionizing X-radiation and also provides diag-
nosis in real time, and studies have shown that DIFOTI has a
higher sensitivity than conventional radiography. The tech-
nique relies heavily on the judgment of the practitioner and
suffers from a lot of variability. It does not describe the lesion

B Fig.6.12 FOTI image - Transillumination depicts the carious areas
as darker areas contrasted against sound enamel (Reproduced from
Gomez [90] under the terms of the Creative Commons Attribution
License (» http://creativecommons.org/licenses/by/4.0), © 2015)
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depth or severity, and this has been reported in a study by
Young and Featherstone (2005) [87].

M. S. Bin-Shuwaish et al. (2008) [88] evaluated the accu-
racy of DIFOTT as against digital radiography using comple-
mentary metal oxide silicon (CMOS) sensor in 52 patients
having class II carious lesions. They concluded that though
DIFOTI does significantly detect the lesion depth, particu-
larly smaller lesions, in comparison to radiographs, the tech-
nique was less accurate. They add that DIFOTI had a
sensitivity and specificity lower than visual examination,
however, they remarked that it can be a useful adjunct to
radiographic diagnosis [89].

Electroconductivity measurement (ECM) is based on the
principle that sound tooth surfaces will have little or no con-
ductivity, whereas areas which have demineralization due to
caries would have conductivity proportional to the extent of
demineralization. It involves covering the tooth surface with
a conducting medium and measuring conductivity using a
probe. But this technique had a lot of false positives and lack
of specificity. Reports from literature average its accuracy to
around 80% [91]. The ECM could be used to predict the
probability that a sealant or a sealant restoration would be
required within 18-24 months after eruption [92].

A related technique is electrochemical impedance spectros-
copy (EIS) which is based on the application of electric currents
of differing frequencies to detect carious lesions. Dental hard
tissues have their own characteristic electrical signature, and
these reference values can be used to detect carious tooth struc-
ture as compared to normal enamel and dentin.

On the other hand, laser-assisted diagnostic techniques
lend the advantage and accuracy of early detection by assess-
ing biochemical and fluorescent changes in tooth structure.
Following on the work of Bommer in 1927 using UV light to
detect plaque on tooth, Benedict in 1928 and Hartles and
Leaver in 1953, and later Armstrong in 1963, examined the
fluorescence of healthy and carious dentin samples under UV
light. However it was Alfano who reported the fluorescence
of carious teeth at 550 nm on excitation at 488 nm. These
foundational works led on to the development of newer and
still emerging diagnostic techniques in hard tissues [17].

6.9.1 Quantitative Light Fluorescence and
Laser Fluorescence (DIAGNOdent, KaVo)

Based on the technique developed by Bjelkhagen and
Sundstrom (1981) [93] and later applied clinically in vivo in
conjunction with Josselin de Jong (1995) [94], quantitative
light-induced fluorescence (QLF) traditionally used argon laser
light at 488 nm to induce fluorescence in a tooth. More recently,
QLF devices use an arc lamp or xenon lamp that generates light
at 370 nm light (290-488, violet-blue) that is then transmitted
through optical fibre into a handpiece and captured using a
charge-coupled device (CCD) camera [95]. The display of nat-
ural fluorescence of the tooth would contrast against dark areas
of caries where the tooth’s natural fluorescence is impeded. The
fluorescence generated from the tooth by the exciting light
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would then be filtered by a high-pass filter which allows only
wavelengths greater than 520 nm to be detected. L. Karlsson
and S. Tranaeus stated that QLF can detect carious lesions on
occlusal and smooth surfaces to a depth of 500p [95].

QLEF is based on the quantitative comparison between the
fluorescence values obtained from normal tooth structure and
the areas in the tooth which have been demineralised due to
caries. The change in fluorescence AF (expressed in %), over an
area A (in mm), is estimated based on the formula AQ = AF/A.

Saliva, plaque and hypoplastic areas would skew the results;
nonetheless, an application of QLF that is not so widely
researched is that it can detect red fluorescence from bacteria
in plaque [95, 96]. But the technique was not able to specifically
differentiate between caries, hypoplasia or similar conditions.
Another serious limitation of this technique is that it is not able
to differentiate or detect lesions extending into dentin [97].

An application based on the same concept of autofluores-
cence is Soprocare (Acteon, France) which uses light at 450 nm
from three diode lasers in a clinical handpiece and elicits auto-
fluorescence from the tooth to detect caries or even from
plaque and can even detect gingival inflammation. P. Rechmann
(2014) [98] et al. reported the use of this device recently. The
device has a perio mode that detects plaque in an orange to red
gradient and gingival inflammation in a magenta color and a
caries mode that could detect carious areas as red fluorescent
regions. In their study on 55 subjects and 638 teeth, they com-
pared the Soprocare autofluorescence grading of plaque and
gingival inflammation to conventional grading methods such
as Loe and Silness index for gingival inflammation and a plaque
index, which was a Turesky Modification of the Quigley Hein
Plaque Index. They concluded that the autofluorescence
method of Soprocare correlated well to the clinical evaluation
methods for plaque and gingival inflammation (8 Fig. 6.13).

O Fig. 6.13 Soprocare autofluo-
rescence showing a carious tooth
in daylight mode, b the Soprocare
handpiece with three blue light-
emitting diode lasers, and c carious
tooth in blue light autofluores-
cence (Courtesy Dr. Niladri Maiti)

In the technique of laser fluorescence (DIAGNOdent, KaVo),
longitudinal laser light at 655 nm is directed at the tooth sub-
strate, and the reflected fluorescence from bacterially produced
porphyrins is detected and measured (much like the detection of
sarcomas described by P Policard as early as 1924). This tech-
nique was developed based on the work of Hibst R. and Gall
R. The amount of fluorescence produced can be graded (0-99)
and correlated to the extent of caries (5-25 enamel caries, dentin
caries greater than 35). Dental plaque, stains, calculus and depos-
its could influence and interfere with the diagnostic results of this
modality. Various studies have given different sets of validity and
accuracy to the DIAGNOdent’s assessment and specificity, but
most of them are in vitro and cannot perhaps be directly extrapo-
lated to clinical practice as such studies do not simulate clinical
scenarios. In a clinical situation DIAGNOdent readings may be
adversely affected by stains, calculus or even developmental or
mineralization anomalies of teeth [99].

E. Barberia et al. (2008) [100] reported a specificity of 89% in
a convenience sample of 320 molar teeth in children aged
6-14 years where the DIAGNOdent was able to successfully
diagnose carious lesions with a high sensitivity of 0.89 in primary
molars but only 0.40 in permanent molar teeth and a specificity
of 0.87 overall. Lussi et al. (2001) [101] in a previous clinical
study had showed that DIAGNOdent was not able to clearly dif-
ferentiate between superficial and deep dentinal caries.

= Differences between QLF and DIAGNOdent
QLF uses a much shorter wavelength at 488 nm and is
designed to detect and receive 540 nm autofluorescent light
from the enamel (it filters out the shorter wavelength scat-
tered light suing a 520 nm filter)

The DIAGNOdent uses a longer wavelength 655 nm light
and measures fluorescence intensity (uses a 680 nm filter).
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DIAGNOdent can be related to dentinal decay but QLF
results cannot correlate with dentinal decay.

QLF measures the amount of induced natural (autofluo-
rescence) fluorescence from the tooth structure, particularly
enamel; hence it is better suited for detection of early lesions
and more so on smooth surfaces rather than occlusal or in
fissures [102]. This autofluorescence decreases according to
the severity (demineralization) of the carious lesion.

DIAGNOdent detects and grades fluorescence released
from metabolites and organic molecules such as protopor-
phyrin IX and coporphyrin IX released by bacteria which
absorbs the red laser light (655 nm) of DIAGNOdent. It can
hence even monitor the progression of the lesion [97, 101].

American Association of Dental Consultants (AADC)
position statement [103] on laser fluorescence in caries
diagnosis based on the studies and clinical trials
conducted states that, “laser fluorescence can be used as
an adjunct to traditional caries detection methods and
not used as a primary diagnostic tool.”

6.9.2 Raman Spectroscopy in Hard Tissues

Raman spectroscopy has varied noninvasive diagnostic
applications for oral hard tissues. The precision of such tech-
niques makes it invaluable in the early diagnosis of carious
lesions. Tactile, visual or radiographic detection perhaps is
not until the carious lesion has considerably progressed with
an accompanying quantum of mineral loss from the teeth
whereas this diagnostic technique is even able to identify
changes in crystallinity such as orientation and symmetry of
crystals of the tooth structure.

Raman spectroscopy has also found useful indication in
the detection of fluorosis and manifestations of developmen-
tal disorders such as amelogenesis imperfecta and character-
ization of the mineral phases in calculus. The fluorophores
that could be detected by Raman spectroscopy are also pro-
duced by various groups of bacteria too; hence detection of
plaque or incipient carious lesions is also possible.

Raman spectroscopy has been applied experimentally for
the compositional assessment of bone by evaluating bone
mineral characteristics and collagen. A. . Makowski et al. in
2013 [104] used phase matching (for polarization control)
with confocal Raman microscope at 785 nm on cadaveric
specimens of femur bone of both genders in a diverse age
group of 48-96. They found that phase matching (to quantify
the phase and amplitude Raman peaks of bone) to reduce
polarization bias could give specific diagnostic information
related to peak rations of bone composition like mineral to
collagen ratios; however, they added that optimizing polar-
ization is necessary for specific discrimination between bone
characteristics.

Raman spectroscopy is unique and unparalleled in caries
detection as it allows for wide spatial resolution and thus
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early diagnosis of caries. A range of studies have been con-
ducted in this area in the past decade comparing this tech-
nique to conventional methods and other spectroscopic
methods and has lent a lot of clarity to this technique sensi-
tive area of diagnosis. A.C. Ko et al. (2005) [105] discussed a
technique combining the high resolution, (20p) [106], mor-
phological imaging of OCT with the biochemical and molec-
ular specificity of Raman spectroscopy in the diagnosis of
dental caries. The OCT images were acquired using a diode
laser 850 nm and spot size 10-20 p at 750 pW, and Raman
spectroscopic data was acquired using an 830 nm diode laser
at 24-52 mW from tooth samples extracted for orthodontics
reasons (caries free and with incipient caries). While OCT
images lend morphological depth as to the extent and spread
of the carious lesion, Raman spectroscopy could diagnose
even early and incipient caries through biochemical changes
(8 Table 6.2).

E B. De Carvalho et al. (2013) [107] compared Raman
spectroscopictechniquestolaser fluorescence (DIAGNOdent)
measurements on teeth having smooth surface carious lesions
and noncarious lesions. Raman spectra were obtained using a
785 nm, 500 mW diode laser with a 20 s exposure time. They
concluded that the DIAGNOdent could not detect subtle
changes in mineral content such as in an incipient carious
lesion and had a lower sensitivity as compared to the specific
detection of mineral changes by Raman spectroscopy. The
DIAGNOdent was able to detect organic changes much more
than inorganic changes, and this they felt corroborates the
finding of earlier studies regarding the suitability of
DIAGNOdent for initial detection of caries.

B. Coello et al. (2015) [108] proposed diagnostic quanti-
tative mineralization indices of teeth through Raman spec-
troscopy with the objective of establishing a diagnostic scale
with regard to demineralization. Raman spectra were
obtained using an Nd.YAG laser at 1500 mW, from different
zones of extracted teeth. They concluded that the ability of
Raman spectroscopy to assess and differentiate the organic
and inorganic areas of the tooth qualifies it to assess demin-
eralization of the tooth. The MIb (mineralization index
bending) and MIs (mineralization index stretching) indices,
which they suggested, were able to diagnose even initial
demineralization and demonstrated the value of Raman
spectroscopy in this area. Thus Raman spectroscopy can be a
convenient and effective modality in diagnosis and monitor-
ing of diseases like fluorosis and amelogenesis imperfecta.

Similarly Raman spectroscopy was able to deepen our
understanding of the chemical composition and make up of
dentin, particularly in laying to rest the speculation about the
composition and make up (organic and inorganic) of peritu-
bular and intertubular dentin. C. Xu and Y. Wang (2012)
[109] cleared the confusion regarding the collagenous or
noncollagenous nature of the peritubular dentin and compo-
sition of the intertubular dentin using micro-Raman spec-
troscopy (pRs) with a He-Ne (632.8 nm) laser, 60 s, and
atomic force microscopy (AFM). They proved that the peri-
tubular dentin was hypermineralized with respect to the
intertubular dentin with a mineral: matrix ratio three times
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O Table 6.2 Raman spectral bands and assignments

Spectral bands Assignments

431,446 cm™! Phosphate PO,

(symmetric bending v,)

579,590, 608, 614 cm™"! Phosphate PO,

(asymmetric bending v,)
~575 cm™! Fluoridated apatite

~960 cm™",

1023, 1043, 1046 cm~', 1052,
1069 cm-1071 cm™!

1069 cm™'
1104 cm™’

1200-1400 cm~' Amide Il

~1450 cm™! Organic matrix

1670 cm™' Amide |

2941 cm™’ Lipids and proteins, (C-H and C-H, groups)
2874 cm™! Unsaturated bonds of lipids

2926 cm™! Saturated bonds of lipids

higher than the intertubular dentin. The study showed that
the peritubular dentin had an inorganic content of 96%
(organic content of 4%) as compared to the inorganic content
of 88% (organic content of 12%) for intertubular dentin
though the crystalline nature of the peritubular dentin was
much similar to the intertubular dentin.

6.9.3 Optical Coherence Tomography
in Hard Tissues

OCT or its newer adapted advanced versions provides for
varied and versatile applications in hard tissues such as the
detection of caries and even marginal gaps of restorations or
cracks in teeth. Y. Shimada (2015, 2012) [111] illustrated this
in his review article.

Polarization-sensitive OCT (PS-OCT), a functional OCT
technique, with near-infrared excitation could give structural
and positional information based on birefringence of the
sample and polarization of backscattered light [112]. PS-OCT
can detail dental carious lesions and give images which
potentially can even monitor the progression of lesions over
time [113].

X. J. Wang et al. (1999) [114] had shown that PS-OCT
using 856 nm, 0.8 W diode laser, could be applied towards
the investigations of enamel and dentin by analyzing their
intrinsic birefringence. They were able to determine refrac-
tive index values of enamel and dentin, but though banded
birefringence of enamel crystals was seen up to the enamel
dentin junction, considerable scattering and anisotropy in

Symmetric stretching (v,) phosphate hydroxyapatite
Asymmetric stretching vibration PO4‘3 (vy)

Symmetric stretching mode of CO [3]-type B (v,)

Symmetric stretching mode of CO [3]-type A (v,)

Author
Ko et al. [105]
Coello [108]

Ko et al. [105]

de Carvalho et al. [107]

Ko et al. [105]
de Carvalho et al. [107]

Ko et al. [105]
Coello [108]

A. Boskey et al. [110]
A. Boskey et al. [110]
Coello [108]

de Carvalho et al. [107]
Xu and Wang [109]
Coello et al. [108]
Coello et al. [108]

Coello et al. [108]

dentin were observed with no birefringence and resolution of
finer features [115]. Gossage KW et al. (2003) [116] had
stated that this was due to speckle interference (in dentin
structures such as collagen form birefringence) and that
speckle noise prevents resolution of structures and gives only
sub resolution features.

However, dentin of attrited teeth was investigated suc-
cessfully by M. M. Mandurah et al. (2015) [117] using swept-
source OCT in extracted teeth, where a 1310 nm laser (use of
longer wavelength gives greater penetration and more reso-
lution of the deeper layers) with higher-frequency scanning
speeds of 20 kHz provides better axial (11 p) and lateral reso-
lution (17 p). Y. Shimada et al. (2010) [118] had shown that
this technique could deliver an imaging depth of up to
2-3 mm. The dentin showed different backscattering pat-
terns between carious and sound dentin, and in attrited den-
tin there was a low attenuation coefficient because of the
sclerosed dentinal tubules. P. Makishi et al. (2011) [119] and
Bakhsh et al. (2011) [120] had used the same modality for
evaluation of marginal adaptation of resin-based restorations
in class I cavities. The authors report that gaps up to even a
half micron could be detected by SS OCT

En face OCT, a time domain OCT technique, is a newer
advancement that provides the ability to precisely localize
lesions by giving transverse (cross sectional) images of layers
at a specified even microscopic depth. C. Todea et al. (2010)
[121] used en face OCT to evaluate and compare the quality
of endodontic treatment between diode laser assisted
(980 nm), Nd.YAG laser assisted (1064 nm) and conventional
groups of extracted teeth. They found that though all the
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groups had obturation defects, the laser groups had signifi-
cantly lesser defects compared to the conventional group and
that en face OCT allowed a precise, noninvasive, diagnostic
evaluation.

6.9.4 Laser-Induced Breakdown
Spectroscopy in Hard Tissue and Soft
Tissue

Laser-induced breakdown spectroscopy (LIBS) works on the
principle that highly intense but very short laser pulses of
ultraviolet (UV), visible or infrared range (IR) would ablate
target tissue into an expanding plasma plume of electrons,
ions and atoms. This luminous plasma plume would emit
characteristic qualitative and quantitative structural and
molecular information about the tissue being examined. The
creation of such plasma and theoretical basis of its break-
down was first suggested by R. V. Ambartsumyan and N. G.
Basov et al. [122] as early as 1965 (unpublished work by W. S.
Boyle 1962); however, it was J. Maxwell who gave the first
description of the equipment which used a Q-switched ruby
laser at the Jarrell Ash laboratory. Later R. Rosan [123] pre-
sented the first spectra on biologic samples using this equip-
ment at the First Annual Conference on Biologic Effects of
Laser Radiation at Washington, USA, in 1964.

The phenomenon of plasma formation, «optical break-
down» through shock wave generation, cavitation and jet
formation by the Nd.YLF laser (1053 nm) with 30 ps pulses,
30 p spot size, and 1 m] pulse energy was discussed in detail
by M.H. Niemz in his textbook [14]. Further and sustained
laser pulses can lead to a cascade of laser induced plasma.
This was proven further in Niemz’s work (1994) [124] on
LIBS for diagnosis of caries. Ca and Na spectral lines were
observed in healthy and carious teeth. The spectra from cari-
ous tooth mineral were «<weaker» (in intensity and line width)
than those from healthy tooth structure.

Samek et al. (2001) [125] used a Q-switched Nd.YAG
laser, 1064 nm at 20 Hz, 4-8 ns pulses, with pulse energy
10-30 mJ on 159 carious and healthy extracted teeth and even
in vivo on the molar tooth of a volunteer. They confirmed that
LIBS along with pattern recognition algorithms like discrimi-
nant analysis is able to positively identify between carious and
healthy tooth structure to a precision of 100-200 p laterally
and 10 p in depth. They inferred that this is possible through
analysis of the spectra of matrix elements such as Ca or P and
non-matrix elements like Li, Sr, Ba, Na, Mg, Zn and C using
pattern recognition algorithms. They stated that in carious
tooth structure there would be a decrease in matrix elements
and an increase in non-matrix elements.

LIBS has found varied applications [126] in the break-
down or (Fang et al. 2005) [127], qualitative and quantitative
characterization of urinary and kidney stones (Singh VK
et al. [128], Anzano et al. 2009 [129], Pathak et al. 2011 [130,
131]) or gall bladder stones and even the analysis of fluids
(Wu et al. 2008 [132]) like those containing glucose or
organic matter.
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6.10 Photodynamic Diagnosis

Photodynamic therapy has manifold applications in dentistry,
from invaluable and unparalleled use in implantology, peri-
odontal disease, dental caries, endodontic infections, oral
mucosal lesions, mucosal infections such as in candidiasis
and also in diagnosis and treatment of oral neoplasias.
Photodynamic therapy involves the administration of a pho-
tosensitizer (topically, intravenously or locally), which is a
spectrally adapted chromophore (mostly organic dyes), which
meansitcanbeactivated byalight ofa particular wavelength(s)
of the electromagnetically spectrum only. It accumulates by
having a selective uptake at areas of diseased or pathologic
tissues (areas of rapid cell turn over). It then undergoes cer-
tain molecular or chemical transformations on absorption of
the light (of a particular wavelength) and is excited from the
ground state to an excited triplet state. The triplet state can
interact directly with biomolecules producing free radicals or
with molecular oxygen producing reactive oxygen species like
singlet oxygen, superoxide and hydroxyl radicals. These can
prove to be cytotoxic by causing disruption of phospholipid
molecules of cellular membranes and even DNA.

Migita M et al. (2010) [133] demonstrated the use of tala-
porfin sodium (mono-L-aspartyl chlorin e6/NPe6) in con-
junction with a hyperspectral imaging system in detecting oral
squamous cell carcinoma in 69 Sprague Dawley rats to which a
carcinogen was administered. 5 mg/kg of talaporfin sodium
was given intravenously in 0.1 ml saline and the subjects were
kept in the dark. Talaporfin is expected to have selective uptake
and accumulate at areas of the squamous cell carcinoma. After
the animals were sacrificed and the absorbance of 664 nm light
by talaporfin sodium in tissue was measured by hyperspectral
imaging and compared to histological samples, the tissues
were classified as normal or neoplastic. The study proved the
efficiency of talaporfin sodium in photodynamic diagnosis in
that it had higher absorbance signifying higher accumulation
at areas of neoplastic tissue than normal tissue. The authors
surmise that this is because there is a higher rate of intranu-
clear cell division in the areas of squamous cell carcinoma and
this would engender higher uptake of the photosensitizer.

C. J. Chang et al. (2005) [134] evaluated the efficacy of
Photofrin (Porfimer sodium) in photodynamic diagnosis in
hamsters. Carcinoma was induced in cheek pouches and the
photosensitizer was applied topically. They used xenon lamp
(380-420 nm) for excitation of the photosensitizer after 3 h.
The digital images were then analyzed using Photoshop 5.0
software under RGB gradient and grey scale modes. The
biopsies from the cheek tissues were taken and studied histo-
logically. They concluded that Photofrin indeed had clearly
made identification of the neoplastic areas better with a high
degree of sensitivity (93.27%) and specificity (97.17%). They
believed that topical application was better than the intrave-
nous administration of photosensitizers as there could be
possibility of other areas being affected other than the tumor
site. They stated that the fluorescence emitted from Photofrin
is because of its interaction with endogenous protoporphyrin
IX (PP IX) in the tumor areas.
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6.10.1 Laser Doppler Flowmetry

Laser Doppler flowmetry (LDF), originally in development,
termed as laser Doppler velocimetry, uses laser light (632, 780-
820 nm) to measure pulpal blood flow and thus tooth vitality by
measuring the backscatter (change in frequency or collimation)
on the same principle of interferometry as used in OCT. Though
the first reports of clinical use of this technique in ophthalmol-
ogy came in the early 1970s (Riva C et al. 1972 [135]), the adap-
tation of this technique to dentistry was only in the late 1980s
(Gazelius et al., 1986 [136], Olgart et al., 1988 [137]).

Laser Doppler flowmetry has since then found a range of
applications in dentistry, though chiefly in endodontics and
pediatric dentistry (in assessing the pulpal vitality of trauma-
tized or avulsed teeth [138, 139] and age-related changes in
pulp [140]) but also in other fields like in orthodontics (mea-
suring pulpal blood flow during tooth movement and treat-
ment such as rapid maxillary expansion [141, 142] (RME)),
in macxillofacial surgery (to confirm the vitality of teeth after
orthognathic surgery [143] and revascularization of reim-
planted teeth [144, 145]) and even in implantology (as an aid
in evaluating implant stability [146, 147]).

A range of review articles describe the reliability, role and
value of this diagnostic measure [148]. Unlike other biomed-
ical applications where LDF is limited or affected by artifacts
produced by movement of the imaged structure (such as the
heart), in dentistry the tooth, alveolar bone or periodontal
structures are static, and the only movement is that of the red
blood cells in the pulp and their mean velocity per second.
Polat et al. 2005 [149] have shown that LDF could penetrate
up to 6-13 mm (depending on the density) in teeth.

However, it does have limitations, LDF may not be very
effective in teeth with restorations, the signal being affected by
adjacent tissues like periodontal tissues and requiring isola-
tion of the teeth being examined by a rubber dam or cotton
rolls. Variations between the anatomy and position of the
tooth in the arch, the laser wavelength, frequency of band-
width and filter, probe design and fibre separation (250-500 p)
all can affect the reliability of LDE But studies have attributed
80-90% accuracy for pulp vitality assessments (Wilder-Smith
1988 [150], Evans et al. 1999 [151], Roeykens et al. 1999 [152],
Roebuck et al. 2000 [153]). It is definitely a noninvasive
method, but incumbent costs and initial investment have yet
to make it a ubiquitous diagnostic methodology [154].

Conclusion

Lasers have virtually ushered in a newer, accurate, and nonin-
vasive era in diagnosis. Laser-assisted diagnostic techniques
have indeed shed light on the intricacies of disease processes
and lent better modalities to treat them. In developing a the-
ory for the mechanism of homeopathy, Emilio del Giudice
[155] suggests that the electromagnetic information of a sub-
stance can be transferred into the surrounding water mole-
cules there by affecting the field produced by a large group of
molecules). Light and its electromagnetic energy are similarly
transferred to molecules such as fluorophores or
photosensitizers.

William Ross Adey [156] further illustrates this idea by stat-
ing «Biological effects of oscillating environmental electric
fields are related to the electric gradient which they intro-
duce in the tissue. This will be determined by the degree of
coupling between the field and the tissues». Such coupling of
energy (or loss of energy) can be detected by spectroscopic
processes to the extent that they elucidate molecular mecha-
nisms of functioning in cells and their biochemical structure.
These techniques do give us the early start over disease pro-
cesses by diagnosis of incipient lesions or neoplasia, yet
translating research into painless, nonintrusive treatment
methodologies still remains a challenge and is at a pioneer-
ing stage

Laser-assisted diagnosis has indeed given us the winning
edge over disease and infection, yet today’s understanding is
but at the verge and threshold of greater discoveries which
need to be proofed by future research work.
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Core Message

Low-level laser therapy (LLLT), nowadays also known as pho-
tobiomodulation, consists of the therapeutic use of mono-
chromatic coherent (laser) or noncoherent (LED) light sources.

Light can be considered a drug at all effects, having the
advantage of few contraindications and of the lack of signifi-
cant adverse or side effects and interactions, therefore being
a perfect example of mini-invasive therapy.

Starting from the photo-physical phenomenon of the
absorption of light by intracellular photo-acceptors, located in
mitochondria, a chain of biochemical reaction is triggered,
leading to the increase of the available energy under the form
of ATP and to the downstream activation of pathways at cel-
lular level that modulate the subsequent effects at tissue level.

The clinical effects of LLLT are anti-inflammatory, analge-
sic, biostimulating, and also bactericidal. As such, the derived
clinical applications are those where these effects can be
helpful in reducing pain, speeding up the inflammatory pro-
cesses, and the healing of injured tissues. All branches of
clinical dentistry can take advantage of LLLT. Even if there is
no universal consensus about the managing parameters,
some simple rules and precautions enable to perform treat-
ments based on the best available evidence.

Introduction and Historical
Background

7.1

Low-level laser therapy (LLLT) is a medical treatment that
utilizes monochromatic light to interact with specific tissue
chromophores in order to achieve positive effects in terms of
analgesia, anti-inflammatory action, biostimulation, and
bactericidal activity.

Further to these basic concepts, we can point out three
different aspects:

0 Low Level
The energy parameters are set in a different way from
those used in other applications, such as surgery.

0 Laser

A source of monochromatic coherent light is used;
however, LEDs (noncoherent monochromatic
light-emitting diode light sources) are included in a
group of the available devices.

0 Therapy
The objective is the treatment of symptoms and

clinical manifestations of pathologies and diseases.

The beneficial and therapeutic properties of light have
been acknowledged since antiquity, and ancient peoples have
identified the light and its power with deities, like Ra, the
Egyptian god of sun.

It was known to the Egyptians, as well as to the Hindus
and Arabs, the ability of light to interact with some vegetable
substances to heal some skin diseases, like psoriasis and

vitiligo, an archaic form of photodynamic therapy [1]. At the
end of the nineteenth century, after some sporadic observa-
tions about the bactericidal properties of sunlight [2], Ryberg
Finsen invented a device for the treatment of «lupus vulgaris»
(a painful cutaneous tuberculous skin lesion), and in 1903 he
was awarded a Nobel Prize [3, 4].

Heliotherapy (exposure to sunlight) in the pre-antibiotic
era, was a widespread therapeutic option for tuberculosis, a
disease very difficult to treat and with a high social impact [5].

It is interesting to note that even at that time it was
observed that an overexposure to sunlight could lead to
undesired effects: the origins of the «dose» concept.

In 1960 Theodore Maiman realized the first laser — a ruby
laser (694 nm) - and the surgical possibilities of laser use
were first investigated within the field of medicine.

In Hungary the physician André Mester was studying the
use of a ruby laser in oncology. He observed the regression of a
skin melanoma after irradiation with a defective device, deliv-
ering insufficient energy for a surgical action. After he
implanted cancer cells under the shaved skin of lab rats and
irradiated the implantation area of some of them with a com-
mon ruby laser. Surprisingly the healing of the surgical incision
and the hair regrowth were faster in the irradiated mice [6-8] .

Mester called this effect «biostimulation» and continued
his studies in the following years, highlighting a relationship
between dose and effect, verifying that an excess of energy
leads to bioinhibition instead of biostimulation. Due to his
research and to the discovery of the possibilities to modulate
the effects of laser irradiation, André Mester can be consid-
ered «the father of photobiomodulation,» a new concept that
enables to elaborate a definition for laser therapy:

» Laser therapy (application of photonic energy at specific
wavelengths) works on the principle of inducing a
biological response through energy transfer, in that the
photonic energy delivered into the tissue by the laser
MODULATES the biological processes within that tissue and
within the biological system of which that tissue is a part.
LLLT has no appreciable thermal effect in irradiated tissue.
(Prof. Steven Parker, MSc in Laser Dentistry, University of
Genoag, Italy)

Now universally accepted, the term «photobiomodula-
tion» being correlated to the mechanism underlying light
therapy is replacing the different acronyms correlated to laser
therapy, such as low-level laser therapy (LLLT), low-power
laser therapy (LPLT), low-energy laser therapy (LELT), low-
intensity laser therapy (LILT), high-intensity laser therapy
(HILT), and so on.

In our dissertation, well use indifferently the acronyms
low-level laser therapy (LLLT) or photobiomodulation
(PBM).

In the years following Mester’s discoveries, there has been
an exponential increase in studies about the nonsurgical
applications of laser photonic energy, as well as about the
management of the energetic parameters in order to assess
the potentials of this revolutionary therapeutic approach and
to define accepted protocols.
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On one hand this has led to a development of the possible
applications; on the other hand, due to the high number of
variables, there are still difficulties while obtaining the scien-
tific evidence necessary to validate clinical evidence.

A review of published literature, using the keyword «LLLT»
offers a wide range of scientific articles. PubMed www.ncbi.nim.
nih.7gov/pubmed) provides more than 3000 articles published
in the last 10 years and about 700 specifically with the keywords
«LLLT dentistry.» The reports are partially contradictory, and
careful reading of the articles shows that in many cases negative
results depend on mistakes in the management of the energetic
parameters or in the irradiation technique [9-11].

The clinical evidence supports the fact that light can be con-
sidered a drug and, like a drug, can induce local and systemic
effects. In 2013 Tiina Karu, expert and worldwide recognized
researcher, underlined the importance of the developments in
clinical applications in several fields of medicine that takes
advantage from photobiomodulation [12]. Observed effects
range from the neuroprotective action in Parkinson’s disease to
the treatment of myocardial infarction, from a protective action
on the retina to nerve regeneration, from prevention and treat-
ment of chemo- and radio-induced oral mucositis to the accel-
eration of wound healing, and so on. The prescription of a drug
requires the knowledge of its active principle, pharmacokinet-
ics, toxicity, side effects, interactions, dosage, duration of treat-
ment, and modalities of administration.

The same applies for light, with the significant difference
that undesirable side effects, toxicity, and interactions are vir-
tually nil or comparable to a placebo, as results from the sci-
entific literature are available [13-17].

One of the main goals of modern medicine is to reduce
invasive aspects of therapeutic pathways, from diagnosis to
surgery and to physical or pharmacological treatments.
Endoscopy, medical imaging reducing the use or the dose of
ionizing radiation, and new drugs with less side effects are
examples of this tendency, where the central thread is the
concept of health as stated by the World Health Organization
(WHO) in 1946: «good health is a state of complete physical,
social and mental well-being, and not merely the absence of
disease or infirmity.»

It is worth pointing out that the invasiveness of a proce-
dure depends not only on the procedure itself or on its sec-
ondary pharmacological treatment or its outcomes (pain,
slow healing, functional impotence) but also on patient con-
ditions, such as age, illness, disability, comorbidity, concomi-
tant pharmacological treatments, or simply anxiety.

LLLT is perfectly included among the therapeutic tools
available nowadays that can reduce the invasiveness of the
clinical procedures, and this cannot be ignored from a deon-
tological and ethical point of view [18].

7.2 Mechanism of LLLT

The principle of conservation of energy determines and rules
the existence and development of life. Every form of energy
can be converted to another form but never destroyed.

The first step in the interaction of light with living matter
is photo-physical. The light of a given wavelength is absorbed
by specific molecular chromophores that consequently
become excited. If no absorption occurs, no photobiological
and no phototherapeutic effects will be observed (first law of
photobiology) [19]. The natural tendency to return to a more
stable state (ground state) is satisfied through different pos-
sible pathways, non-radiative when the stored energy is
released as heat (vibrational relaxation and internal conver-
sion) or radiative (fluorescence). We may have a transition
from the excited state (singlet) to a more stable and long-
lived one (triplet state, with a change in the spin state, having
unpaired electrons). The residual energy can be released
through radiative processes (phosphorescence or delayed
fluorescence) or used to trigger photochemical reactions,
favored by the long life of the triplet state, transferring elec-
trons to molecular targets [20, 21].

The sun is the primary and essential source of energy, and
chlorophyll photosynthesis is an example of one of the inter-
actions of light (in this case nonionizing radiation) with liv-
ing organisms, interactions that are studied by the science of
photobiology.

Chlorophyll photosynthesis is a photochemical process,
whereby solar energy, absorbed by green plants, is converted
into chemical energy, stored in the bonds of glucose and
oxygen.

This is the starting point of the food chain and the human
being, as a consumer, is at the top of this chain.

The foods introduced with the diet (organic matter) will
undergo catabolic processes to be converted into energy used
for anabolic processes and other cellular functions (biosyn-
thesis, locomotion, or transportation of molecules across cell
membranes): this is known as «cellular respiration» that
requires oxygen (O,) in order to create adenosine triphos-
phate (ATP).

ATP is the molecule used to store energy that can be
released through its hydrolysis. Glycolysis, Krebs cycle, and
overall oxidative phosphorylation are the principal mecha-
nisms of production of ATP.

At cellular level, the combustible molecules like glucose
(and also fat acids and amino acids) are transformed into
acetyl CoA, a coenzyme. In cytoplasm the glycolysis degrades
glucose to pyruvate that is transported inside the mitochon-
dria where it is oxidized by a specific dehydrogenase to acetyl
CoA (oxidative decarbonization)

Acetyl CoA is the substrate of citric acid cycle - also
known as tricarboxylic acid cycle (TCA) or Krebs cycle, a
series of chemical reactions involved in many biochemical
pathways.

During the several steps of the cycle, the coenzymes nico-
tinamide adenine dinucleotide (NAD) and flavin adenine
dinucleotide (FAD) are involved in redox reactions, act as
electron carriers, accept electrons from other molecules, and
are reduced to NADH and FADH2, electron donors and
reducing agents.

NADH and FADH2 enter the oxidative phosphorylation
(electron transport) pathway. Several redox reactions occur
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carried out by a series of five protein complexes located in the
inner membrane of mitochondria and linked each other to
form the «electron transport chain» or «respiratory chain»
where molecular oxygen is the final acceptor of electrons in
aerobic respiration (8 Fig. 7.1).

Cytochrome ¢ oxidase (CcOx) complex IV of the chain
catalyzes the final step of electron transfer. It receives elec-
trons from complex III (cytochrome c) and reduces oxygen
to make H,O.

The electron transport is coupled with the transfer of pro-
tons across the inner mitochondrial membrane, generating a
proton gradient able to activate the ATP synthase enzyme.
ATP synthase catalyzes the phosphorylation of ADT to ATP,
using the electrochemical energy of the proton gradient.

The phosphorylation also produces free radicals, by-
products like reactive oxygen species ((ROS) that include
superoxide ion, hydrogen peroxide, and hydroxyl radical)
and reactive nitrogen species ((RNS) such as nitric oxide).

These molecules play a significant role in cell signaling,
regulating several functions like protein synthesis, nucleic
acid synthesis, enzyme activation, and the progression of the
cell cycle [22, 25].

The electron transfer reactions of the respiratory chain
can be accelerated by the generation of electronically excited
states induced by photon absorption [20, 22]. At cellular level
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this leads to an acceleration of the synthesis processes, like
the production of ATP [23-25].

The ability of a chromophore to absorb light of different
wavelengths can be plotted as an «absorption spectrum» that
gives us the information about the probability that the energy
of light of a given wavelength will be absorbed. Different
wavelengths will be absorbed more or less by a specific chro-
mophore, leading to different intensities of the biological
process in which the chromophore is involved. It is possible
to plot an «action spectrum» for every given biological effect
that enables to choose the optimum wavelength and the opti-
mum dose of radiation and to extrapolate, comparing absorp-
tion spectra and action spectra, which could be the ultimate
target. For example, comparing the absorption spectrum of
cytochrome c oxidase, its action spectrum, and the produc-
tion of ATP, it’s possible to support the hypothesis that cyto-
chrome c oxidase is the primary photo-acceptor [26-28].

Nitric oxide (NO) is another important element that can
be involved in the mechanisms underlying LLLT. It is pro-
duced by the enzyme NO synthase that degrades arginine to
citrulline releasing a molecule of NO, a potent vasodilator. It
acts as a second messenger, able to modulate the activity of
enzymes like guanylyl cyclase that synthesizes cyclic guano-
sine monophosphate (cGMP) starting from guanosine-5’'-
triphosphate (GTP). cGMP relaxes smooth muscle of tissues
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and blood vessels, inducing vasodilation that leads to an
increased blood flow.

NO can also act regulating the cell respiration, binding to
cytochrome c oxidase and competing with oxygen, as an
answer to environmental conditions that make necessary to
divert oxygen to other sites. This creates a hypoxic situation,
increasing the oxidative stress. This leads to the activation of
transcription factors and a downstream production of pro-
inflammatory and anti-inflammatory mediators. It is also
supposed that NO might be involved in the production of
ROS by mitochondria, ROS that, at low concentrations, have
a role in the regulation of apoptosis and that can trigger the
activation of key transcription factors like nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB), a
protein complex that controls transcription of DNA, cyto-
kine production, and cell survival [29-32].

PBM acts by dissociating NO from its binding sites to
CcOx, leading to an increase in ATP production and to a
reduction of the oxidative stress by balancing prooxidant and
antioxidant mediators.

Another possible mechanism of LLLT could be the release
of calcium ions Ca++, involved in several biochemical path-
ways like signal transduction, from the intracellular depots
due to a small thermal increase, a nonspecific effect following
the absorption of energy by specific photo-acceptors [33, 34].

Summarizing, even if all the mechanisms underlying the
effects of LLLT have not been completely clarified, the evi-
dence nowadays available shows that there is a chain of events
that starts from a biophysical event (the absorption of the
light by a intracellular chromophore) and continues with
biochemical effects at cellular level and subsequent biological
effects at tissue level, responsible for the clinical perfor-
mances of LLLT: anti-inflammatory effects, analgesia, bios-
timulation, and also bactericidal effects.

7.3 Clinical Application Step by Step

A correct management of the energy delivered with LLLT
involves several parameters and factors that stem from a
proper planning of a diagnostic and therapeutic pathway.
The flowchart can be synthesized as follows:

0 Diagnosis
0 Protocol
0 Safety
0 Setting

0 Treatment
Q Follow-up

7.3.1 Diagnosis

Diagnosis is the first step, common to every kind of therapy.
Caution is even more necessary when it is considered the

possibility that the treatment involves lesions that could be
neoplastic or adjacent to neoplastic pathologies.

Photons of the light usually used in the LLLT (red, near
infrared) have not enough energy to break the molecular
chemical bonds of nucleic acids (DNA); therefore, they are
not carcinogenic, but from a conceptual point of view, the bio-
stimulation could speed up proliferative processes underway.

Under this point of view, the literature is contradictory. In
2013 Myakishev-Rempel et al. [35] in a study about the irra-
diation of UV skin tumors with red light induced in the rat
found a transitory reduction of the neoplastic area compared
to the control.

In 2013, Sperandio et al. [36] studying dysplastic and
neoplastic cellular lines irradiated with 660 nm and 980 nm
wavelengths found an increase of the expression of proteins
correlating to the progression and invasiveness of tumors,
underlying how these results could determine the need to
evaluate the opportunity to treat, e.g., oral mucositis in
patients affected by head and neck cancer.

In 2009 Frigo et al. [37] called to caution about the
irradiation of melanomas with a red laser, but the param-
eters had values far away from those adopted in standard
LLLT. Lower doses even if still high didn’t cause any change
in the behavior of cancer cells compared to the controls.

Also Dastanpour et al. [38] in 2015 found an increase in
the proliferation of irradiated leukemic cells, suggesting
caution.

Sonis et al. [39] in 2016 see things in the same light, sug-
gesting an «investigational strategy» to ensure that the posi-
tive effect of the LLLT on the oral mucositis in head and neck
cancer patients is independent from every effect on the
speeding up of the neoplastic disease. The number of vari-
ables at stake is so high that a comparison among the articles
is very difficult.

It is also possible to combine different strategies in the
attempt to find the best therapeutic options. In 2015 Barasch
et al. [40] in a study on leukemic cells found that a pre-
irradiation with a red laser was able to render the cells more
sensitive to a treatment with ionizing radiations.

In the absence of a universal consensus, caution is neces-
sary, studying carefully the clinical history of the patients
before the treatment and avoiding irradiation if there are
doubts about the differential diagnosis.

7.3.2 Protocol

The therapy of every pathology is performed following
guidelines or recommendations based on scientific evidence
or on the most extended consensus. LLLT finds its indica-
tions in its minimal invasiveness compared to other therapies
or in its support to other elective treatments.

If there are no indications provided by scientific associa-
tions or academies, the most recent and accredited scientific
literature will help in defining an acceptable protocol.

To define a protocol [10, 41], it is necessary to evaluate
and choose several parameters as follows:
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Protocol Parameters

= Wavelength

= Dose (fluence - energy density)
Power density - intensity

Emission mode

Irradiation technique

Number and timetable of the sessions
Duration of the therapeutic treatment

In detail:

=m Wavelength

LLLT is mostly performed with light whose wavelength is
included in the «optical window,» ranging from about
600 nm (red) to about 1100 nm (near infrared) [42].

In this range the maximum effective penetration of light
into the tissues is observed, with a peak around 800 nm, and
some fundamental photo-acceptors show a high absorption
(e.g., cytochrome c oxidase). Even if the distribution of the
energy inside a tissue can be conditioned by its optical char-
acteristics and by parameters like pulsing and power density,
from a general point of view, the red light will be absorbed by
the first layers of the tissue, being more suitable for the treat-
ment of superficial lesions (like mucositis), while the near-
infrared light penetrating deeper will be able to reach
osteo-muscular-articular targets. The presence or the absence
of chromophores (e.g., pigments like hemoglobin or mela-
nin) that act as competitor will condition in a significant way
the absorption and therefore the energy distribution volume
and may require to modulate parameters like fluence, power
density, and delivery time in order to administer the pre-
scribed dose at the target or to avoid undesired heating.

B Fig.7.2 Arndt-Schulz law
diagram A

Positive

mm Dose (Fluence - Energy density)

Fluence (energy density) is considered the basic parameter in
LLLT, usually described as «dose,» and corresponds to the
amount of energy (Joules) delivered to the unit of surface
area (cm?).

The debate about the optimal dose for every kind of
pathology curable by LLLT is still open and is subject of sev-
eral and increasing number of studies and researches, often
with contradictory results [43].

Even if a consensus doesn't exist, all agree with the obser-
vation that there is a biphasic response to light irradiation
[44]. Dosages lower than a given threshold are ineffective;
dosages above a given threshold may have an inhibitory
effect. This behavior can be illustrated by the so-called Arndt-
Schultz law (8 Fig. 7.2) based on the concept of «hormesis,»
historically referred to toxicology and chemical risks [45].

This aspect also helps to explain the concept of «photobio-
modulation,» that is, the possibility to modulate the dose in order
to obtain a positive effect, like biostimulation, or an inhibitory
effect, e.g., like analgesia (stoppage of the neural transmission).

The doses reported in literature having a biostimulating
effect range from few mJ/cm? to ten or more J/cm? [46-48]. It
is necessary to distinguish between experimental studies and
clinical trials. The former are usually made on cells, often on
monolayers or on suspensions that can be considered opti-
cally homogeneous, thus offering the possibility to observe
the relationship between dose and effect in a repeatable way.
This condition is far different from the clinical ones, where the
dishomogeneity and the anisotropy of the tissues strongly
affect the effective distribution of the energy, in a poorly pre-
dictable way. Furthermore, there is the lack of biological
response at tissue level. This is a really complicated topic, and
there are algorithms that try to simulate the distribution of the
energy inside a given tissue taking into account all the factors
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involved (e.g., Monte Carlo simulation) [49]. Therefore, clini-
cal trials are the best way to test the efficacy of a therapeutic
protocol and to give indications about the optimal dose, even
more if addressed to the highest level of evidence (e.g., dou-
ble-blind randomized clinical trials). Due to the high number
of variables and often to the limits established by the ethical
commiittees, the number of these studies is still relatively
small, even if with a diffuse clinical evidence [50].

Both lasers and LEDs emit monochromatic wavelength,
even if the latter have a broader emission bandwidth. The
main difference between LED and lasers is coherence. It is
known that coherence refers to the light emitted by lasers that
is in phase from a spatial and temporal point of view. There is
a debate about the relevance of coherence to the effects of
photobiomodulation, and it seems that this particular charac-
teristic doesn't lead to a significant difference in the clinical
outcomes, comparing laser and LED sources [51-53]. If this is
true for thin layer of tissues, it seems that on bulk tissue coher-
ent light (together with polarization) is able to create a speckle
pattern of intensity, due to random positive interferences with
an enhancement of the biological effects in the depth [54].

Power density (also usually known as intensity) is a fun-
damental parameter that correlates the energy with its deliv-
ery time and the irradiated area. Strictly speaking, intensity
involves the concept of solid angle (power/solid angle) and
refers to the rate of flow of radiant energy at the source (flux),
while irradiance (power/surface) is the rate of flow of radiant
energy striking a surface. However, for the purpose of this
chapter, we'll use the terms intensity and power density,
referring to irradiance. Being equal in all other conditions, it
determines the depth of the distribution of the energy inside
a given tissue. The Lambert-Beer law, an exponential func-
tion, states that the intensity at a given depth is equal to the
intensity of the incident radiation corrected by factors like
the distance and a coefficient that takes into account absorp-
tion, scattering, and anisotropy (8 Fig. 7.3).

Generally, treatments with low-power densities and long
delivery time are considered effective. However, there is a
tendency to reduce the time, increasing the power density for
practical and economic reasons. In any case the power den-
sity shouldn’t exceed values leading to a thermal increase.

Even if in literature we can find different values of power
density [46], the possibility that a thermal increase occurs
depends on the absorption features of the tissue target.

If we consider melanin, that is, one of the main chromo-
phores absorbing visible and near-infrared light, its percentage
in the skin is about the double in black-skinned people com-
pared to light-skinned people. This means that in light-skinned
people, the energy delivered with relatively high-power density
will penetrate deeper and won't be harmful from a thermal point
of view; with dark and black-skinned people the high surface
absorption restricts deeper penetration and increases the risk of
thermal rise. Consequently, the parameter that allows us to
modulate the energy in order to avoid a thermal increase and to
reach a certain depth with a given amount of energy are power
density and the delivery time.

In fact:
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Fluence = energy/surface energy = fluence x surface

Energy = power X time

Fluence x surface = power X time

Fluence = power x time/surface as power/surface as power
density

Fluence = power density x time

As fluence and power density are clinical and primary param-
eters, time becomes a derived operative parameter:
Time = fluence/power density

This means that we can obtain the same fluence decreasing the
power density and increasing the delivery time and vice versa.

It is necessary to bear in mind that the laser beam hits a
surface but spreads its energy into a volume. Due to absorp-
tion and scattering, the distribution of the energy in a given
tissue will vary with time (8 Fig. 7.4).
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O Fig.7.5 Laser emission
modes

Continuous wave

Power

== Emission Modes

Thelaser beam can be emitted with different modes (B Fig.7.5)
that are substantially «pulsed» (FRP lasers) and «gated» or
«chopped,» a mechanical or electrical interruption of a con-
tinuous wave with a given frequency (e.g., diode lasers).

However, it is common to find that the term «pulse» is
erroneously and indifferently ascribed to both the modes. The
diode lasers used in dentistry cannot achieve high peak power
when used in continuous-wave mode or gated mode, due to
the intrinsic characteristics of the semiconductors (too much
heat generation that would destroy the semiconductors).

Therefore, in some devices the electrical pumping system
is modulated to produce very short T, (micro- and nanosec-
onds), with a frequency up to several thousands of Hertz. In
this way, even if the average power is relatively low, the peak
power and the peak power density can reach high values.

The peak power density deriving from this kind of emis-
sion mode modulation leads to a deeper distribution of
energy inside the tissue without appreciable thermal increase.

The lasers operating in such a way are called «super-
pulsed,» and some devices offer the possibility to deliver
packages of «pulses» called «pulse trains.»

There is no consensus about the clinical relevance of
pulsed or gated emission compared to continuous emission,
and the data reported in literature are insufficient to deter-
mine accepted protocols. In 2010 Javad T. Hashmi et al. [55]
published a meta-analysis of peer-reviewed literature about
the effects of pulsing in LLLT and conclude that all being
equal, pulsed light seems to be superior to CW light for
wound healing, while CW light seems to be superior for
nerve regeneration.

A possible explanation for the superiority of pulsed light
could be the need of periods of rest, to contribute a further
stimulation of the cells.

mm |rradiation Technique

Several lasers, suitable for the LLLT, are available on the mar-
ket. From a general point of view, in dentistry the most dif-
fused devices are polyvalent, being possible to use them for
several applications like surgery, bleaching, LLLT, etc. Even

Pulsed

Super Pulsed Pulse trains

Gated

Time

the most economical and simple lasers have a probe for the

dental bleaching, having a diameter at the end of few milli-

meters, and the emitted beam is often collimated by an inter-

nal lens system. More sophisticated devices have probes of
different diameter and different manufacture, to cover in an
easier way larger surfaces. It is useful, if not mandatory to
check if the effective output power corresponds to the set
power using a power meter, as losses due to several factors

can reduce it [56].

Usually the beam maintains its original Gaussian profile,
unless transformed by a lens system in a flat profile, where
the energy is evenly distributed over the spot (B Fig. 7.8).

Depending on the beam profile, some tricks are needed
to make the protocol as much as possible repeatable and
comparable, and the skill of therapist plays a crucial role,
leading to different results in spite of the same applied param-
eters [57].

The probes, if not sterilizable, are protected with sleeves
to avoid cross contamination and transparent to avoid light
absorption or diffusion. It is better to work in contact mode
and, as much as possible, perpendicular to the surface of the
tissue target. Working with a certain degree of inclination or
from a distance varies the parameters correlated to the sur-
face, fluence, and power density, due to reflection or to beam
divergence. While irradiating, if not in contact with the tis-
sue, the probe must be held at the same distance and, if in
contact, with the same pressure.

If the treatment is performed extra-orally, the skin of the
patient has to be cleaned of makeup that could act as a screen,
absorbing the laser light and possibly causing heating or
reflecting.

The patient’s reactions must be observed, to intercept
unwanted thermal side effects.

There are two techniques that may be adopted to irradiate
the tissue target:

1. Spot technique: the energy is delivered «point by point»
until the entire surface to be irradiated is covered. If the
laser beam is collimated, it is possible to work in
noncontact; the beam diameter won't change with the
distance, even if some reflection occurs. As previously said,
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Reflection

Scattering

Reflection

Divergence
Scattering

O Fig.7.6 Diode laser 904 nm. (1) Probe in contact, inclined to perpendicular. (2) Probe from a distance

the probe must be held perpendicular to the tissue to avoid
at best any reflection of the laser light due to inclination. If
the emitted beam is divergent, it will be better to work in
contact, to avoid variations in fluence and power density
due to the possible change in the distance (8 Fig. 7.6).

Working in contact, the applied pressure can influence the
amount of energy that actually reaches the target if located
inside the tissue, reducing the distance from it and causing a
relative ischemia that brings away an absorbing chromo-
phore (e.g., hemoglobin) (8 Fig.7.7).

We also have to consider the spatial beam profile. If the
laser beam has a Gaussian distribution of energy, the param-
eters correlated with the surface, fluence, and power density
will decrease from the center to the periphery of the spot. The
«spot size» (beam diameter) depends on the beam radius,
that is, the distance from the beam axis where the intensity
drops to 1/e? (~13.5%) of the value on the beam axis.

Roughly, from a clinical point of view, we can consider
that the power density will double the average in the center
and half at the periphery. In this case, it's more correct to
speak of «spatial average power density» and «spatial average
energy fluence» considering the distribution of the intensity
and of the energy over the whole irradiated area.

To equate as much as possible power density and fluence,
the spots could be overlapped. Overlapping leads to an

B Fig.7.7 (1) Probe not in contact, divergent beam. (2) Probe in
contact. (3) Probe in contact, applied pressure

increase of the average power density and average fluence
that must be corrected by changing the value of the set power.

This kind of problem can be solved using a «flattop hand-
piece,» where energy is evenly distributed and the power
density has the same value at every point of the beam, thus
facilitating a uniform distribution of the light and the calcu-
lations (B Fig. 7.8).

To set the equipment, the first step is the calculation of
the spot area that we consider, for practical reasons, equal to
the area of the probe terminal or to irradiated area if working
from a distance:
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O Fig. 7.8 Beam profiles and
irradiation techniques
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Spot area = (diameter/2)? x 7

The second step is the calculation of the power that we need
to set to obtain the required power density:
Power = power density x spot area

The third step is the calculation of the delivery time, depend-
ing on the required fluence:
Time = fluence/power density

(Due to scattering, the distribution of energy can undergo
same variations, e.g., backscattering can contribute to
increase the power density in the first layers of tissue.)

2. Scanning technique: the probe is slid over the surface
to treat, using different figures (grid, spiral, lawn
shaving) (B Fig. 7.8). Whatever is the chosen figure,
the surface to be treated must be irradiated in a
uniform way.

In this case, once set the power with the same method used
for the spot technique, we calculate the total dose of energy
to be delivered, that is:

Total dose = fluence x target surface.

After, the delivery time is calculated dividing the total dose
by the set average power.
Time = total dose/power

The scanning technique, if performed manually, is predict-
ably less precise due to the fact that it is often impossible to
stay in contact and contemporarily in movement (e.g., open
wounds or ulcers), to stay perpendicular at the same dis-
tance, and to irradiate evenly.

The market provides some devices with a software that
calculates automatically power and delivery time, once power
density and fluence have been set.

= Number and timetable of the sessions, duration of the
therapeutic treatment

They depend on the protocol suitable for the disease or symp-

toms to be treated. Also from this point of view, the studies

found in literature are unable to reach unequivocal conclu-

sions. On average, 2/3 sessions a week are advisable, until

healing has been obtained or until symptoms disappear.
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7.3.3 Safety

We can distinguish between the safety issues connected to the
use of a laser device (which requires the use of specific indi-
vidual protection devices (IPD) and in respect of the proce-
duresas detailed in » Chap.1.5) and the safety issues connected
to the patient. Besides the checking of the systemic and local
conditions (e.g., the skin color, the presence of pigmented
areas, the presence of non-diagnosed lesions), there are some
contraindications or precautions to be taken into account.

Most of the contraindications and precautions (listed
below) arise from the possibility that the biostimulating and
immunomodulating effects of LLLT could interfere with
some physiological and pathological conditions or from the
possibility of electromagnetic interferences with some obso-
lete implantable devices, such as pacemakers or implantable
cardiac defibrillators (ICD) [59, 60]. However, there is no
evidence of an effective risk for all the situations listed below:

Direct irradiation of the eyes

Neoplasms

Thyroid, gonads

Hemorrhage

Pregnancy (abdomen)

Immunosuppressant treatments

Epilepsy

Bone growth plates in children

Neuropathies

Hematological disorders

7.3.4 Setting

Before treating it’s necessary to set the laser equipment
according to clinical parameters and to irradiation technique,
checking carefully that the setting matches the data calcu-
lated in advance.

7.3.5 Treatment and Follow-Up

When all the procedures relative to the choice of the protocol
suitable for the diagnosed clinical condition (to laser setting;
to safety) are concluded, the treatment can be performed.
During and after the application, the patient reactions must
be detected, and the outcomes must be evaluated in order to
verify the efficacy of the treatment and to intercept possible,
although rare, side or adverse effects.

7.4 General Effects of LLLT

7.4.1 Anti-inflammatory Effect

Inflammation is a defense mechanism, a protective answer to
the action of damaging physical, chemical or biological
events.

The final goal is to identify and remove the initial cause
and the triggering of the reparative processes.

Besides the well-known local effects (rubor, tumor, calor,
dolor, and functio laesa), we may have systemic effects of dif-
ferent extent, such as fever, asthenia, and anorexia.

Inflammation consists of a sequence of phenomena that
begin with an intense vascular reaction; the plasmatic pro-
teins are released in the interstitial fluid, and in the involved
zone, there’s an attraction of neutrophils, mast cells, baso-
phils, and, in a later phase, macrophages.

These processes are regulated by the activation of inflam-
mation mediators: vasoactive mediators (e.g., histamine,
prostaglandins, and nitric oxide) that are responsible for
vasodilation, vascular permeability, and the onset of edema.
Chemotactic factors (e.g., chemokines and lipoxygenase
products) are responsible for the recruitment and stimula-
tion of the inflammatory cells (polymorphonuclear cells,
platelets, and monocytes) that are activated in the initial
acute phase, macrophages, lymphocytes, and plasma cells
that are activated in the chronic late stage.

From a clinical point of view, it’s impossible to split the
inflammation from the subsequent tissue reparative stage
(healing); both the mechanisms are closely related to each
other, and this must be taken into account during the execu-
tion of the therapeutic strategies. In daily practice, the inflam-
matory process is managed through a systemic therapy with
drugs called «ant-inflammatory drugs,» a misnomer because
inflammation cannot be stopped, but only modulated.

The most used drugs are nonsteroidal anti-inflammatory
drugs (NSAIDs) and steroids that act at different stages of the
inflammatory chain. NSAIDs act on cyclooxygenase and
prostaglandins, while steroids act on the conversion of mem-
brane phospholipids into arachidonic acid. The pharmaco-
logical therapies, even if used following proper schemes and
dosages, can cause adverse effects, even significant, and this
is the reason why we are oriented toward treatments mini-
mally invasive as much as possible.

LLLT, because of the absence of adverse effects, has been
studied in depth with regard to its mechanism of inflamma-
tion modulation, evaluating the action of different wave-
lengths and different parameters on the damaged tissues.
Laser light, in the range between 650 and 980 nm, works on
the activation of cytokines [58], on the oxidative stress induc-
ing a decrease in the level of ROS, and on the activation of
macrophages, whose number is increased in the simulation
models of inflammation [61].

There are several studies in vitro or on animal models,
while few are studies performed on humans that show a
speeding of the inflammatory process, with the activation of
both pro-inflammatory and anti-inflammatory cytokines and
mature collagen formation only 7 days after injury [62, 63].

It was also observed that the action of LLLT on inflamma-
tion is comparable to the action of dexamethasone [64].

The fluences that led to positive results, with an increase
in the activation values of the phlogosis mediators, were in
the range from 1 to 7.5 J/cm? [65], while higher fluences
didn’t obtain the same result [66].
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Furthermore, it was observed on animal model and
in vitro that heat with a temperature over the 45 °C threshold
for protein denaturation can induce a condition of phototox-
icity with erythema that leads to cellular apoptosis that can
be found also for treatment durations lasting more than 30 s,
regardless of the laser source and the fluences used [67]. It
was proposed to treat 2-3 times a week.

7.4.2 Analgesic Effect

The official definition of pain has been proposed by the
International Association for the Study of Pain (IASP) in 1979:
«an unpleasant sensory and emotional experience associated
with actual or potential tissue damage, or described in terms
of such damage.» This definition emphasizes the subjective
nature of pain sensation that in addition to the somatic com-
ponent is accompanied by an emotional charge that makes
complex the assessment of the perceived pain level. Between
a painful stimulation at the tissue and the subjective expe-
rience of pain, a series of complex chemical and electrical
events that involve four distinct mechanisms is interposed:

0 Transduction

A mechanism by which a noxious factor triggers a chemical
event that, at the level of the specific nerve endings or noci-
ceptors, is transduced into electrical activity (A-delta fibers
and c-fibers)

0 Transmission

Neurological mechanism through which the impulse from
the periphery reaches the posterior horn of the spinal cord
and from there, directly or through interneurons, reaches the
brain via second-order neurons (spinal-thalamic tract) and
then the cortical-thalamic pathways carry the stimulus to the
cerebral cortex

© Modulation

The painful signal can be modified (amplified or inhibited) at
various levels of the algic circuit both before and after the
projection of the stimulus to the specific cortical areas and
can lead to a variety of possible answers. The modulation is
activated by the painful input itself, by endogenous sub-
stances, by stress or emotional states, by cognitive processes,
by some drugs, and by several analgesic techniques.

0 Perception

Still obscure mechanism by which the nociceptive event
becomes a subjective phenomenon which leads to a consid-
erable diversification of the response in the various subjects.
The pain is regulated at several levels: a first level is located
in the gray matter of the dorsal horn of the spinal cord, where
the inhibitory action on the afferents to the spinal-thalamic
tract that is deputed to convey the stimulus to a higher level
(Gate theory) is exerted; a second level consists in the path-
ways descending from the thalamus and that are activated by
opioids (enkephalins, f-endorphin, dynorphin) [68].

A very important role in the modulation of pain is given
by the ionic channels whose opening, following a nociceptive
stimulus, causes an increase in the permeability of the axon
membrane and its depolarization, generating action poten-
tials that allow the transmission of the stimuli in the poste-
rior horns of the spinal cord, leading to a decrease in the
stimulation threshold. These channels (Na, K, Ca, etc.) are
inhibited by opioid receptors activated by endogenous opi-
oids (also produced by immune cells) and/or exogenous opi-
oids and by substances produced in the damage site, such as
anti-inflammatory mediators (chemokines, cytokines, cate-
cholamines) [69, 70].

The pharmacological treatments used for the control of
pain fall into two broad categories: NSAIDs (for mild/mod-
erate acute and chronic pain caused by inflammation) and
the centrally acting analgesics (opioids, for chronic pain of
high degree).

LLLT has been studied with regard to the action on the
painful stimulus even if the intrinsic mechanisms have not
been fully elucidated. Bjordal [71], in a systematic literature
review, identified several laboratory studies that have sought
to identify the biological mechanisms underlying the control
of pain, both acute and chronic. A decrease in the peripheral
nerve conduction, an increased release of endogenous opi-
oids, an increase in the microcirculation with formation of
new vessels in the area of the damage, a decreased oxidative
stress and edema, a local anti-inflammatory effect with pro-
duction of biochemical markers, and a reduced cyclooxygen-
ase-2 (COX 2) with short-term action on the acute
inflammatory pain have been observed.

Other researchers have reported how the laser, especially
in the range of red and near infrared, acts on the physiologi-
cal mechanisms of pain modulation; it was observed that, at
the level of the gray matter of the dorsal horn of the spinal
cord, there was an inhibition of the rise of the stimulus to the
following level by acting on the transmission of the fibers a-8
and C [72, 73] and an inhibition of 30% of the action poten-
tial in the first 10-20 min (rapid analgesia, so that a higher
noxious factor is needed to obtain a painful response) and
also the synaptic activity is inhibited at the level of the
second-order neurons that lead information to the brain
[74]. At axon level, there is a neural block probably due to the
decrease of the membrane potential of mitochondria in the
neurons of the dorsal root ganglia, with subsequent reduc-
tion of ATP production that could explain the stoppage of
the neural transmission and the decrease of production of
algic substances such as substance P [74]. A greater synthesis
of endorphins and opioid receptors was noted, modulated
both by endogenous opioids and by those produced by leu-
kocytes [75, 76].

It is difficult to establish the «dose» effective for the anal-
gesic effect; positive results were obtained with fluences
ranging from 1 to 30 J/cm?, with an average of three treat-
ments a week [77]. Analgesic results even with higher doses,
up to 138 J/cm?, have been reported [78], while for the pain
deriving from inflammation, the effective fluences are within
7.5J/cm? [71].
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7.4.3 Biostimulating Effects

The main goal of every medical treatment is the promotion
and the maintenance of health. This concept is fully suitable
to dentistry, where, besides the need to face the manifold
pathologies that can affect the oral cavity, our therapies can,
by themselves, be invasive and can induce discomfort. The
treatment of oral lesions is of particular interest as their onset
has often significant consequences on the quality of life,
regarding mucous tissues, muscles, nerves, or hard tissues
(bone and teeth).

Improving the quality of healing but also its speed defi-
nitely represents a way to reduce the invasiveness of a pathol-
ogy or of our therapies.

The LLLT plays a significant role from this point of view,
with its anti-inflammatory and analgesic action, combined
with biostimulation.

O Fig.7.9 Phases of wound
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Wound healing is one of the most studied conditions that
takes advantage from LLLT.

A wound consists in the lack of integrity of a tissue caused
by a traumatic event that can be planned (such as a surgical
intervention) or accident. Regardless of the kind of injured
soft tissue, the healing process has the same evolutionary
scheme: inflammation, cellular proliferation (granulation tis-
sue, re-epithelialization), and maturation (contraction and
remodeling of the newly formed tissue) [79].

It’s difficult to anticipate the duration of the reparative
process that begins within 24 h after the injury, while the scar
(final result) can be considered solid after 15 days and com-
pletely remodeled in 6 months [80, 81] (8 Fig. 7.9).

Several medical agents have been studied in order to
improve and speed up the growth of new tissue and to coun-
teract any negative factors, such as the possibility of bacterial
infection. The therapeutic choice will be evaluated for every
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single case and could include anti-inflammatory drugs, anal-
gesic drugs, topical or systemic antibiotics, growth factors or
herbal products (aloe, curcumin), and animal-derived prod-
ucts (honey) or based on hyaluronic acid.

LLLT, being able to control pain, to modulate the inflam-
mation, and to speed up the growth of new tissue, is consid-
ered effective in promoting the wound healing. Within this
area of application, many of the wavelengths included in the
optical window have been studied, from red (635 nm) to near
infrared (mostly 810 nm and 980 nm), used individually or
in combination.

As said in the previous section, when light enters the tis-
sue and is absorbed, biochemical processes are triggered that
lead to the activation of the mitochondrial chain and then
mainly to the increase in the production of ATP, NO, and
small amount of ROS, resulting in an acceleration of the cell
activities and on the onset of effects at tissue level. These
effects consist of an activation and increase of the microcir-
culation on the wound site with a greater supply of oxygen
and modulation of pro-inflammatory and anti-inflammatory
cytokines, in a reduction of edema, in an increase of the syn-
thesis of growth factors, determining an early synthesis of
pre-collagen, fibroblasts, their maturation, and spatial orga-
nization [58, 62, 63]. There is also an activation of the sensory
system with production of serotonin and endorphins and of
the other mechanisms of pain control, besides the activation
of the immune system with the recall of immune cells and
increase of the macrophage activity [82].

There are several applications in dentistry — traumatic
lesions, erosive lesions of the oral mucosa, all the surgical
interventions (teeth extractions, implantology, periodontol-
ogy, etc.) — that are performed daily or to all the situations
where the healing supported by usual medical devices has a
lower quality than expected.

In order to achieve the effects mediated by the LLLT, bio-
chemical at first then at cellular and tissue level, it is very
important to correctly choose the wavelength of the light
emitted by the laser source; the power density and fluence
only if in correct combination of these parameters, together
with a correct clinical application, will the desired effect be
obtained.

Inside the oral cavity, the lesions of the soft tissues, espe-
cially mucosa, have a shallow depth (few millimeters), while
the lesions involving the skin or the muscles or bone can
reach greater depths. A laser whose wavelength is at the lim-
its of the optical window, such as red light (from about 635-
700 nm), could be useful in the treatment of superficial
lesions (traumas, mucosal erosions, or ulcers), while a laser
whose wavelength is in the near-infrared spectrum (from
about 700 to 1000 nm), with deeper penetration depth, could
be used for skin lesions and osseous and muscular lesions
[83-86].

Once the proper wavelength is chosen, it is necessary to
decide the «dose» of energy to deliver to the tissue, i.e., the
fluence. As reported in a previous section, according to the
Arndt-Schulz law, several studies suggest as effective fluences
within the value of 10 J/cm?, with a positive biostimulating

effect. If the expected result is not obtained, it could depend
on an excessive dose or on a dose that is insufficient to trigger
all the biochemical and cellular mechanisms.

The frequency of the treatment sessions must also be
established. In literature there are suggestions for adminis-
trations performed either daily or every other day, using
either single dose or fractionated dose [87-89]. This variabil-
ity can be attributed to the fact that the experimental condi-
tions of the studies are different and many are performed
in vitro or on animal model.

Generally, it is suggested not to perform daily treatments,
to avoid the possibility of a summative effect of the doses that
could lead to an inhibition of the desired biological processes.
Therefore, 2/3 sessions a week are considered preferable
[88-90].

Of course, like every other pharmacological therapy, the
treatment scheme must be adjusted depending on the pathol-
ogy to be treated, on the characteristics of the patient, and on
the outcomes detectable during the treatment (8 Fig. 7.10).

7.4.4 Bactericidal Activity

The World Health Organization (WHO) has launched a
warning about the risk of bacterial resistance to the antibiot-
ics known to date focusing on the indiscriminate and some-
times needless use of these drugs. As such, the search is on
for new antibacterial treatments, and LLLT can be one of
these.

Pharmacological therapies are not very effective on the
oral biofilm and the poor diffusion of the drugs inside it, by
virtue of the extracellular matrix rich in polysaccharides
which act as a protective environment for the microorgan-
isms that it holds [91]. As said in in the introduction, the
antibacterial action of light has been recognized, and on
the basis of this, some researchers have studied how this
happens; it was seen that noncoherent blue light (400-
500 nm) in association with peroxide is able to determine a
damage to the bacterial cell membrane, following the for-
mation of the OH™ radical which is a powerful oxidant [91,
92]. In the absence of chemical agents acting as photosen-
sitizers (toluidine blue, methylene blue, indocyanine
green), the light can act directly on pigmented bacteria.
The wavelengths that have been studied are located in the
blue band (400-500 nm), with different fluences depending
on the bacterial species tested in vitro, 4.2 J/cm? for
Prevotella intermedia and Prevotella nigrescens and 21 ]/
cm? for Porphyromonas gingivalis and Prevotella melanino-
genica [93] and in the red and near-infrared bands (630-
660-810-904 nm), obtaining a decrease in the colonies
with values of fluence greater than 20 J/cm? [94]; no effect
was obtained with lower values [95]. By virtue of the action
that LLLT place on cell proliferation and on the facilitation
of the chemotactic activity on phagocytosis by neutrophil
and macrophages, the control of bacterial proliferation
may also take place based on a mechanism of stimulation
of the immune system [96].
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B Fig. 7.10 (1) Four-year-old patient, with a traumatic painful lesion:
biting following local anesthesia. Treatment performed with diode
laser 645 nm, fluence 4 J/cm?, average power 5 mW, spot diameter

2 mm, power density 0.16 W/cm?, CW, spot technique, 25 s per point,
irradiations every other day. Immediate analgesic action, complete
healing after five sessions. (2) Five-year-old patient, with a traumatic
lesion with bone exposure (Following impact against the wooden edge
of her bed). Treatment performed with diode laser 904 nm, fluence

4 J/cm?, average power 0.28 W, spot diameter 5 mm, power density

7.5 Clinical Applications

7.5.1 LLLT in Oral Medicine

Oral medicine is concerned with the diagnosis and treat-
ment of diseases affecting the maxillofacial region and
especially the oral cavity; be they local expressions of sys-
temic diseases or specific illnesses of the region, it is the
link between dentistry and internal medicine. LLLT, by vir-
tue of its analgesic, anti-inflammatory effect and its ability
to promote the regeneration of tissues, is particularly useful
in the treatment of many pathological conditions of the
oral cavity, especially in erosive manifestations of the oral
mucosa [97].

mm Recurrent Aphthous Stomatitis (RAS)

Aphthae are ulcerations that vary in size (from a few millime-
ters to over a centimeter), affecting the oral nonkeratinized
mucosa; they are painful, have a rounded appearance gray/
white in color, and have an erythematous rim. The etiology
remains unknown; they affect the population with a variable
incidence (5-60%) and tend to heal spontaneously in
10-15 days. They may be single or multiple, scattered in sev-
eral areas; the pain can be intense enough to prevent feeding,
speech, and oral hygiene.

1.4 W/cm?, superpulsed, spot technique, 3 s per point, irradiations
every other day. Immediate analgesic action, complete healing after
eight sessions. (3) Fifty-year-old patient: delayed healing after implant
positioning and GBR, with fixture exposure. Treatment performed

with diode laser 810 nm, fluence 4 J/cm?, average power 0.3 W, spot
diameter 6 mm, power density 1.07 W/cm?, CW, spot technique, 4 s per
point, irradiations every other day, five sessions to trigger and to speed
up the healing process. Complete healing after a month

There are many aids designed to reduce the symptoms and
speed the healing of these injuries, painkillers, herbal or hyal-
uronic acid gels, topical corticosteroids, and oral vitamin B12.

In literature there are many studies that have investigated
the efficacy of LLLT in the treatment of RAS, and they agree
that with laser treatment a good pain control is achieved
from the first application and a speeding up of healing com-
pared to other therapies or placebo groups [98-100].

Diode lasers of various wavelengths (635-670, 810-904)
with fluences of between 2 and 6 J/cm? with different treat-
ment times according to the setting have been used.

== Herpes Simplex
Herpetic lesions, caused by the HSV-1 virus, a primary form
(especially common in children) and a secondary form are
known. The primary form is the body’s first contact with the
virus, while the second form is an exacerbation of the virus
that had remained silent in the trigeminal ganglia. After a
first phase that can vary from several hours to a few days, the
formation of small vesicles in clusters can be seen, often con-
fluent with each other, full of liquid and virus. Highly conta-
gious, when these vesicles break, they become deep erosions.
Until the formation of surface crusts, the area is painful;
during this time, symptomatic, topical, or systemic antiviral
drugs (for large lesions or immunosuppressed patients) may
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prove helpful. Additionally, emollient creams, anesthetic
ointments, painkillers, and anti-inflammatory drugs can be
used, according to the severity of the case.

LLLT has been used successfully in the treatment of her-
petic lesions for pain control and for the speeding up of the
healing process [101-103], reducing the number of relapses
over time [101]; also when treatment is carried out in the
prodromal phase, the results are immediate, and the forma-
tion of vesicles is not observed [97]. Diode lasers of different
wavelengths (660-1100 nm) with fluences between 2 and 4 J/
m? have been used (B Fig. 7.11).

mm Mucosal Chronic Inflammatory and Autoimmune
Diseases

The most well-known diseases included in this category are

the vesiculobullous diseases and oral lichen planus.

mm Vesiculobullous Diseases (Pemphigus, Mucous

Membrane Pemphigoid)

These diseases clinically appear with blisters that can affect
the skin and mucous membranes. Intact blisters are rarely
found; it is more common to see the result of their bursting:
erosions or ulcers that can be extended to large areas can be
very painful to the point of limiting the normal functions of
the stomatognathic apparatus (hygiene, nutrition, speech).

The treatment of choice is based on topical and/or sys-
temic corticosteroids and other immunosuppressive drugs
depending on the severity of the disease expression, with all
the adverse effects that these substances have. There are few
studies that have evaluated the effects of LLLT on these
pathologies, and in each case a small population was studied,
both because these diseases are not frequent and because of
the involvement of other districts in addition to the mouth
and because LLLT was almost always used in addition to con-
ventional therapy [104-106].

Laser diodes with a wavelength between the red (660 nm)
and near infrared (810-980 nm) have been tested, and two
studies also used CO, lasers in defocused mode, with differ-
ent fluences (4—30, —60 J/cm?). The results indicate a short-
and long-term reduction in pain, faster healing of injuries,
and a minor recurrence of the disease.

== Oral Lichen Planus

The various forms of this disease fall into two broad catego-
ries, white and/or red lesions. While «white» lichen is asymp-
tomatic, the «red» ones (the atrophic-erosive and bullous
variants) are very painful and have significant functional
limitations. Erosions can hit multiple locations simultane-
ously, the most affected are the buccal mucosa, tongue, gums,
and more rarely the lips and the hard palate.

Therapy is based on topical and/or systemic corticoste-
roids depending on the clinical severity; a variable percent-
age of subjects are not responsive to this therapy, and
therefore alternative treatments were considered and LLLT is
one of them. The ability to modulate the inflammation, the
analgesic effect, and the increase of the regenerative capacity
of laser light are at the core of the excellent results obtained

by the studies in literature [107-110]. Diode lasers (630 nm,
904 nm, 980 nm) were used, on average two treatments per
week with fluence of 4 J/cm?.

mm Bisphosphonate-Induced Osteonecrosis

Osteonecrosis of the jaw is an adverse effect following the use
of drugs used for various metabolic and oncological diseases
concerning the skeletal system (bone metastases, malignant
hypercalcemia, Pagets disease, osteogenesis imperfecta,
osteoporosis). This category includes bisphosphonates and
antiangiogenic drugs. Bisphosphonates are drugs that have
the ability to modulate bone turnover and reduce the process
of resorption; they tend to be deposited in the tissue where
they have a time-cumulative effect which seems to be at the
basis of the adverse events.

The pathogenesis of osteonecrosis to date is not yet fully
established. Among the most reliable theories are the inhibition
of osteoclast activity, anti-angiogenic action, and the negative
effect on circulating endothelial cells. Clinically, surgical therapy
and tissue trauma are considered prime predisposing factors in
the development of osteonecrosis; additional negative prognos-
tic factors such as periodontal disease and poor oral health may
predispose to the development of this condition [111].

Osteonecrosis treatment options are aimed both to the
treatment of overt injury and especially to the prevention of
them [112, 113], even if there are not yet any specific guide-
lines based on scientific evidence. LLLT in recent years has
been particularly studied for control of the osteo-mucous
lesions as in addition to conventional surgical therapy or
laser surgery (pain-relieving action, mucosal healing, sup-
port after resective surgery), but also to improve the healing
of tissues in patients that underwent oral surgery to prevent
exposure of necrotic bone and especially to induce formation
of healthy bone [114, 115].

The action of LLLT on bone, studied both in vitro and
in vivo, is performed through the proliferation and differen-
tiation of osteoblasts with increased calcium salt deposit
which accelerate calcification, through the activation of
MCM genes (mini-chromosome maintenance proteins) reg-
ulated by DNA replication and through type I collagen for-
mation [115]. The most commonly used wavelengths are in
the range between 650 and 1064 nm, power density between
5 and 150 mW/cm?, 30-60 s per point, and fluence between
0.3 and 9 J/cm? [115]. For 1064 nm wavelength, the parame-
ters used are power 1.25 W, frequency 15 Hz, fiber 320 p, PD
1562.5 W/cm?, and fluence 7 J/cm? (116). On average, laser
sessions are 2/3 times per week. (B Fig. 7.12).

== Burning Mouth Syndrome (BMS)

Burning mouth syndrome (BMS) has been classified as a dis-
tinct disease in 2004 by the International Headache Society,
which defined the primary form as «a feeling of intraoral
burning sensation for which no medical or dental cause can
be found» [116]. The diagnosis is mainly by exclusion; it is a
chronic clinical entity characterized by burning or itching
that affects the oral mucosa and perioral regions with a gen-
erally bilateral and symmetric distribution. Symptoms such
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B Fig.7.11 (1) Fifteen-year-old patient, with a painful major aphthae.
Treatment performed with diode laser 904 nm, fluence 4 J/cm?, aver-
age power 0.28 W, spot diameter 5 mm, power density 1.4 W/cm?,
superpulsed, spot technique, 3 s per point, irradiations every other
day, immediate analgesic action, and complete healing after four
sessions. (2) Seventeen-year-old patient, with a painful major aphthae.
Treatment performed with diode laser 904 nm, fluence 4 J/cm?, aver-
age power 0.28 W, spot diameter 5 mm, power density 1.4 W/cm?,

superpulsed, spot technique, 3 s per point, irradiations every other day,
immediate analgesic action, and complete healing after four sessions.
(3) Twenty-six-year-old patient, with herpes simplex labialis. Treatment
performed with diode laser 810 nm, fluence 4 J/cm?, average power
0.3 W, spot diameter 6 mm, power density 1.07 W/cm?, CW, spot
technique, 4 s per point, irradiations every other day. Complete healing
after five sessions
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O Fig. 7.12 (7) Fifty-eight-year-old patient with oral lichen planus
(erosive form, unresponsive to topical steroids). Treatment performed
with diode laser 980 nm, fluence 4 J/cm?, average power 0.3 W, spot
diameter 6 mm, power density 1.07 W/cm?, CW, spot technique, 4 s per
point, irradiations every other day, appreciable remission after 16 ses-
sions. (2) Sixty-year-old patient, assuming high doses of steroids and
immunosuppressive drugs for a severe form of autoimmune hepatitis,
with consequent osteoporosis and spontaneous bone fractures. The

as dysgeusia and xerostomia may accompany the burning
sensation, but without clinical and laboratory data that may
suggest the combination of an organic disease.

The physiopathology of BMS is not entirely clear; it is
believed that dysfunctions in the central nervous system,
such as different processing by the brain of nociceptive and
thermal stimuli [117] and dysregulation of the dopaminergic
nigrostriatal system, may represent plausible causes of oral
burning. There is growing evidence in the most recent scien-
tific literature that links the BMS to a peripheral neuropathic
mechanism. Histopathological studies show a lower density
of epithelial and sub-papillary nerve fibers with axonal
degeneration and an increase in the level of receptor media-
tors in charge of the processing of nociceptive response in
patients with BMS compared to a control population [118,
119]. The tongue is the most frequently affected site.

There is no effective treatment plan; patients get some
benefit by the use of anxiolytic drugs, anticonvulsants, herbal
remedies, acupuncture, and psycho-behavioral techniques.
In recent years, LLLT has also been used [120-122]. The pos-
itive results in the treatment of BMS reported after laser
treatments are due to the action that laser radiation has on
pain control, through the release of endorphins, as well as
preventing the arrival of ascending nociceptive stimulus to

patient is undergoing a therapy with bisphosphonates by injection,
with a high risk of ONJ. Preventive treatment, following dental extrac-
tions, performed with diode laser 904 nm, fluence 4 J/cm?, average
power 0.28 W, spot diameter 5 mm, power density 1.4 W/cm?, super-
pulsed, spot technique, 3 s per point, irradiations every other day, six
sessions. Complete healing after a month.

the higher cortical centers, a reduction of TNa and of IL-6
levels in saliva of patients after LLLT has also been reported.
The lasers used have a wavelength between 660 and 980 nm,
power set from 40 to 300 mW, and fluences from 0.4 to 176 J/
cm?. The sessions are performed one or two times a week for
up to ten total treatments.

The wide diversity of the parameters used suggests that
the positive outcome of the treatment is attributable to a pla-
cebo effect and not to the actual action of the laser [123],
certainly in the lengthy treatments of diseases with a high
psychological involvement can create empathy with the ther-
apist, but the stability of the results over time and the effec-
tive reduction of inflammation mediators also suggest that
there is a real photobiomodulating action.

== Chemo- and Radio-Induced Mucositis

Oral mucositis is one of the cytotoxic effects of anticancer
therapies; the incidence is variable (30-100%) in relation to
drugs and/or treatments used. Clinically it presents various
aspects ranging from moderate redness of the mucosa and
mild symptoms, to serious cases with extensive ulcerations
that cause functional limitations. The most severe manifesta-
tions cause the inability to perform vital functions such as
feeding.
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Several scales for assessing the gravity of the clinical pic-
tures have been used; the most commonly used are the WHO
scale which provides four degrees corresponding to clinical
conditions of increasing severity and National Cancer
Institute Common Toxicity Criteria (NCI-CTC) which pro-
vide, in addition to the four WHO scale degrees, grade 5,
which corresponds to death of the patient due to massive
cytotoxicity [124]. The development of mucositis is predict-
able; after 3-4 days from the drug infusion or radiation treat-
ment, the first lesions appear. They reach the maximum
severity in 7-14 days and may regress spontaneously after
completion of therapy.

Symptoms related to the clinical picture are described as
burning (when there is only erythema), but as the integrity of
the mucous membrane is lost and ulcers form, the pain
becomes more intense, and high doses of painkillers are
required, up to the necessity of the suspension of antineo-
plastic treatment with all related risks. Microscopically the
evolution of the disease occurs in five stages: in the initial
stage, direct DNA damage by ROS formation is observed and
destruction of basal epithelial cells and activation of the
immune system; in the second and third phases, gene tran-
scription factors are activated, of which the NF-kB is the
most studied, which determine the amplification of the pro-
cess by means of the hyper expression of factors and pre-
inflammatory cytokines. In the fourth stage, the integrity of
the mucosa is lost; there is the formation of ulcers with bacte-
rial superinfection that leads to further deterioration of the
situation due to direct activation of macrophages and release
of additional pro-inflammatory factors; in the fifth stage,
spontaneous healing of injuries with full recovery of the
mucosa is observed [125, 126].

Many therapies are used for the treatment of oral mucosi-
tis, cryotherapy, topical applications of palliative agents
(honey [127], Solanum nigrum [128], vitamin E, and others),
but above all drug therapies (palifermin, benzydamine, glu-
tamine) [129] to promote healing of the mucous membranes
or drugs to control pain [130].

The use of LLLT in both the treatment and the prevention
of oral mucositis is well documented in scientific literature;
Multinational Association of Supportive Care in Cancer
(MASCC) guidelines recommend laser therapy in the pre-
vention of oral mucositis in patients receiving pre-transplant
conditioning; suggested parameters are 660 nm wavelength,
40 mW power, and fluence 2 J/cm? (level II evidence), while
guidelines cannot be drawn up for other populations and
other wavelengths because of insufficient scientific evidence
[131, 132]. Caution is required in the treatment of mucositis
when it is due to the treatment of head and neck cancers, as
the mechanism of action of LLLT on tissue differentiation/
proliferation and on cancer cells is not yet clear, and thus, the
possibility of local invasion or metastasis or the possibility of
having effects at a distance must be kept in mind [39]. While
the in vitro results show an increase in the proliferation of
cancer cells, in vivo this has not been observed, maybe
because of the in vivo potential anticancer immunological
reactivity.

The most authoritative researchers have joined in a task
force just to try to draw up protocols to test the efficacy and
safety of LLLT in the management of complications of anti-
cancer therapy [133, 134]. Wavelengths of between 633 and
685 nm and between 780 and 830 nm are indicated as effec-
tive, with output from 10 to 150 mW, fluence from 2 to 6 J/
cm? (2 J/cm? for prevention, 4 J/cm? for the treatment), 2-3
applications per week. If mucositis is severe, applications are
recommended daily until symptoms subside, if pulsed, out-
put frequency < 100 Hz, intra- and extra-oral applications
[134]. It is recommended to start treatment before mucositis
onset, to intercept with laser therapy the various stages of the
disease, and to continue until the end of the cycles of chemo-
therapy and radiotherapy; all the oral mucosa has to undergo
photobiomodulation, extending when possible until the
beginning of the pharynx.

mm Peripheral Neurological Lesions (Paresthesia,

Anesthesia, Hyperesthesia)

Injuries of the inferior alveolar nerve, its branches, and the
lingual nerve are the major peripheral neurological lesions of
oral interest. It is rare in everyday clinical practice to come
across lesions to other nerve branches; they are mainly due to
maxillofacial surgery.

The causes of injury of the IAN and the lingual nerve are
third molar surgery, implantology, endodontics, orthodontic
surgery, and regional anesthesia (dental causes), but also
operations for the removal of benign or malignant growths
or operations concerning the salivary glands. The resulting
symptomatology is variable; complete absence of sensitivity
(anesthesia) of the innervation district can be observed or a
decrease in sensitivity (hypoesthesia), sometimes accompa-
nied by disabling pain (hyperesthesia) with a significant
decrease in quality of life. Some lesions tend to resolve spon-
taneously in 2-3 months, especially if the cause is compres-
sive and the cause (e.g., pressure on the mandibular canal or
edema) is removed; if the damage is partial in an estimated
6-8 months’ time, a partial recovery of the nerve due to
spontaneous nerve regeneration from the proximal to the
distal stump can be expected. In the case of complete rescis-
sion, a reconstructive microsurgical intervention can be
attempted.

Drug therapy (high-dose corticosteroids with gastric cov-
erage and neuroprotective drugs) should be started as early
as possible to get a quick resolution of edema and allow
recovery of cell function; if there is algic therapy, potent anal-
gesics (clonazepam, gabapentin, carbamazepine) [135, 136]
can be used.

In literature, there are studies showing that the use of
LLLT can be helpful in the management of peripheral nerve
injury both in speeding up the regeneration of the nerve fiber
and in control of pain. The clinical bases of these effects are
due to the ability of laser light to promote quicker resolution
of inflammation and edema that follow the damage, short-
and long-term pain-relieving effect, and regenerative cell
capacity. In vitro studies and then animal model studies have
shown an increase in the number of axons, Schwann cells,
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and myelins and in the groups subjected to LLLT compared
to control groups. An increase in metabolism in neurons was
also observed, with increased production of basic fibroblast
growth factor (bFGF) and neuronal growth factor (NGF)
eGAP-43 (protein associated with peripheral axonal regen-
eration) [137].

The laser used are included in the range between 660 and
980 nm, the choice of the most suitable wavelength depends
on the depth of penetration in relation to the anatomic site
where the damage occurred [138]. Fluences that have given
the best results are between 0.2 and 6 J/cm?, treatment with
repeatable cycles (ten sessions), irradiating the area affected
by the nerve injury, after mapping, both intraorally and
extra-orally [139-141].

== Temporomandibular Joint Disorders
Temporomandibular disorders are a group of musculoskele-
tal disorders that fall within high prevalence facial pains in
both sexes. Symptoms are variable, pain, functional limita-
tion, clicking or popping and crackling, up to articular disk
displacement without reduction, or dislocation. There are
many causes — parafunctions, joint overload caused by
impaired occlusion, stress, musculoskeletal diseases, trauma,
acute and chronic inflammatory joint diseases [142].

The treatment of these disorders is multidisciplinary and
is aimed at the control of pain symptoms through drug ther-
apy, at treating the functional limitation through physiother-
apy treatment of the masticatory muscles, stress control,
using cognitive behavioral therapy, massage and relaxation
techniques, occlusal plaques up to complex surgical and
prosthetic rehabilitation [143].

LLLT has been used to relieve pain for temporomandibu-
lar disorders, alone or in combination with conventional
therapies such as physiotherapy exercises and occlusal
plaques. Pre-auricular, intra-auricular, and intraoral maxil-
lary points in the rear maxillary area are stimulated; also
muscles affected by the symptoms are treated (trigger point).
Diode lasers with a wavelength of between 650 and 1000 nm,
with fluences of between 1.5 and 35 J/cm? are used.
Treatments are usually 2/3 times a week until the symptoms
have disappeared [144].

mm Typical and Atypical Facial Pains
Facial pain is a real challenge for the clinician, both in terms
of diagnosis and treatment. Pains secondary to specific causes
such as inflammation, infection, trauma, cancer, neurologi-
cal degenerative lesions, or abnormal contact of nerve and
vascular structures (trigeminal neuralgia), whose treatment,
besides symptomatic treatment, is aimed at removing the
cause that has determined the symptom, are different from
atypical or idiopathic facial pain, whose classification is not
possible in any of the known pathologies (diagnosis by exclu-
sion) and for which treatment is only symptomatic and psy-
chological support.

Referred pain is excruciating with secondary symptoms
such as paresthesia, paroxysmal response to minimal stimuli
(allodynia), and depressive syndromes [145]. These conditions

have a high social cost both for the number of working days
lost and for the cost of drugs and imaging techniques needed
to arrive to a diagnosis; for this reason, the search for effec-
tive treatments and with few adverse effects is important.
LLLT’s analgesic effect has been well studied and can be
applied to various forms of facial pain in association or not
with drug and/or conventional instrumental therapies.

Experimental studies on animals have investigated differ-
ent fluences, and it has been noted that low fluences (e.g.,
4.5 J/cm?) are active on inflammatory mediators that can be
found in chronic pain by lowering their levels (compared to
the control group), making them effective in the treatment of
acute stages of pain, while high fluences (e.g., 27 J/cm?) cause
the increase in f-endorphin, making them more suitable for
the treatment of chronic and strong pain [146].

Clinical studies have reported that LLLT in the treatment
of chronic facial pain is more or at least as effective as stan-
dard therapies [140, 147, 148]; in the latter case the result is
still important since, despite having the same result, it is pos-
sible to choose a less invasive therapy that is also without
adverse effects (@ Fig. 7.13).

mm Adverse Effects of Drug Therapy on the Oral Mucosa
Pharmacological treatments can cause side effects even when
used according to correct therapeutic schemes and dosages,
and oral mucosa is one of the most affected places. Excluding
systemic allergic reactions or effects caused by anticancer or
antiangiogenic drugs, in the oral cavity it is possible to
observe erosions/ulcerations, gingival hyperplasia, lichenoid
reactions, salivation disorders, candidiasis, burning and red-
ness, angioedema, and multiform erythema, up to Stevens-
Johnson syndrome. Many drugs can cause effects on the oral
mucosa; there are about 500 molecules capable of causing
hyposalivation (anxiolytics, antidepressants, bronchodila-
tors, anti-migraine drugs, etc.); antihypertensives, anticon-
vulsants, and contraceptive drugs can determine gingival
hyperplasia, but also substances more commonly used as
mouthwashes [149, 150].

The treatment of these occurrences requires first of all,
when this is possible, the replacement of the «offending»
drug and at the same time the establishment of a new therapy
to promote healing of the tissues and counter the associated
symptoms, with the possibility of experiencing new effects
adverse. LLLT has been used successfully in the treatment of
many drug-induced events, such as gingival hyperplasia
[151], or to promote faster healing of wounds from the most
diverse origins [82, 152] with no contraindications or side
effects (B Fig. 7.14).

7.5.2 LLLT and Bone

The bone tissue is a dynamic and plastic biological tissue
characterized by considerable hardness and strength. It mod-
ulates its structure as a result of organic and mechanical stim-
uli, has the function of support and protection for the body
and the internal organs, is a mineral salt reserve (calcium,
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B Fig.7.13 (1) Application points for muscular trigger points (sternocleidomastoid, temporal) and TMJ arthropathy. (2) Skin cleaning before

irradiation for sinusitis (frontal and maxillary sinuses)

O Fig.7.14 (1) Seventy-year-old cardiopathic patient with a drug-
induced hyperplasia and gingival painful inflammation (antihypertensive
drug, non-replaceable). The patient was unable to wear the removable
prosthesis. Treatment performed with diode laser 810 nm, fluence 4 J/
cm?, average power 0.3 W, spot diameter 6 mm, power density 1.07 W/
cm?, CW, spot technique, 4 s per point, irradiations every other day,

appreciable improvement after six sessions. (2) Seventy-six-year-old
patient, with Sjogren syndrome, assuming systemic steroids. Allergic
reaction to chlorhexidine. Treatment performed with diode laser 980 nm,
fluence 4 J/cm?, average power 0.3 W, spot diameter 6 mm, power
density 1.07 W/cm?, CW, spot technique, 4 s per point, irradiations every
other day. AlImost complete healing after 2 weeks (six sessions).
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95%), contains the bone marrow, and serves as insertion for
the muscles. It is composed of an organic component rich in
cells (osteoprogenitor cells, osteoblasts, osteocytes, osteo-
clasts), of the extra cellular matrix rich in amorphous substance
and collagen type I, which gives strength and elasticity and of a
part rich in minerals, inorganic salts (calcium phosphate and
magnesium, sodium nitrate, potassium and manganese) which
determines the hardness. The bone tissue is subject to a num-
ber of structural and functional changes due to age, nutrition,
and subjective conditions such as drug therapies [153].

Bone is a tissue with a high regenerative potential: healing
of fractures is a clear example of this characteristic. The phys-
iological mechanism of regeneration occurs through
sequences activated by molecular and cellular factors and is
similar to the healing of other types of tissue: there is an ini-
tial inflammatory phase, followed by reparative phase and
the remodeling phase.

In the bone wound, a hematoma is formed that favors the
supply of inflammatory cells (macrophages, monocytes, lym-
phocytes, and nucleated polymorphic) that induce the pro-
duction of bone morphogenetic proteins (BMPs) and growth
factors. These in turn infiltrate the surrounding bone result-
ing in the formation of granulation tissue rich in newly
formed vessels in which mesenchymal progenitor cells are
recalled. During the reparative phase, the derived mesenchy-
mal cells (monocytes and fibroblasts) begin to differentiate
into bone cells, osteoblasts, which secrete the collagen matrix
rich in fiber that creates a bridge between the various edges
of the wound and leads to the formation of osteoid tissue,
on which the mineral component is deposited. In the phase
of tissue remodeling, the newly formed bone assumes the
characteristics of the native bone in terms of shape, struc-
ture, and mechanical strength; this process occurs in
3-6 months [154].

It has been observed that the use of anti-inflammatory
drugs in the first phase can alter bone healing, as well as the
use of tobacco can inhibit the formation of the supporting
stroma of newly formed vessels.

The effect of LLLT on bone tissue has been studied both
in vitro and in vivo demonstrating an increase in the synthe-
sis of osteoblasts, modulation of inflammation, production of
TGF-p which includes the BMP, one of the important factors
that regulate the proliferation and differentiation of new
bone. A decrease osteoclast activity [155-158] has also been
noted.

To validate the effectiveness of LLLT on osteoblasts, the
activity of mitochondria was measured, after biostimulation
with an 830 nm laser and fluence of 3 J/cm?, and an increase
of cell proliferation by 30-50% was observed [159].

The wavelengths commonly used are in the range of near

infrared (deep penetration) with fluences between 2 and 5 J/
cm?
The possibility to obtain a faster bone healing offers
advantages in the treatment of surgical wounds in which the
bone tissue is involved, after dental extractions, after oral sur-
gery in general, for the osseointegration of implants and in
intrabony defects subjected to periodontal surgery.

LLLT and Implantology

The success of implant therapy is the result of many factors
and depends both on the health of the soft tissue and the con-
nective/implants interface; LLLT has been studied for the
effects on fibroblasts and on bone cells. It was seen that bios-
timulating the implant site a greater number of cells adherent
to the implant surface [160] is obtained, as well as a greater
osseointegration. Most of the studies available in the litera-
ture were performed on animal models [161, 162]. The
wavelengths

used vary in the range of red and near infrared with flu-
ences ranging from 2 to 92 J/cm?, mainly with values between
3 and 8 J/cm? with daily applications daily or every 48 h dur-
ing first weeks after implant placement. Despite the knowl-
edge of the benefits of LLLT on inflammation, pain control,
and regeneration of soft tissue and bone, the lack of random-
ized double-blind clinical trials precludes a repeatable proto-
col. However, the possibility to speed up the early phases of
osseointegration could be relevant for immediate loading of
implants or for implants with a poor initial stability [163].

LLLT in Intrabony Defects

The alveolar intrabony defects responsible for a decreased
tooth stability are part of a framework of severe periodontal
disease. The gold standard treatment is represented by resec-
tive/regenerative surgery with the aim of correcting the anat-
omy of the sites and to promote bone regeneration. In
addition to conventional treatments, laser applications result
in already accepted effects on inflammation, pain, and wound
healing, as well as in an increased bone regeneration with
improved clinical periodontal indices, more stable over the
long term [164, 165].

LLLT can be used after nonsurgical periodontal therapy
with reduction of the probing depth in the short term, while
in the long-term results are comparable to scaling and root
planning (SRP) [166].

7.6 LLLT in Orthodontics

Nowadays there is a high request for aesthetic interventions
that also have led to an increase in dental treatments aimed at
improving the alignment and occlusion as well as at to cure
dysfunctional conditions. Orthodontics deals with the diag-
nosis, treatment, and prevention of malocclusion not only in
children but also in adults.

During life, the teeth are subjected to forces that deter-
mine displacement both as a physiological adaptation and as
a compensatory adaptation following the early loss of the
dental elements, according to a «pressure-tension mecha-
nism.» When a force is applied to the tooth surface, a biologi-
cal response in the surrounding tissues is triggered, with
remodeling of the periodontal ligament and alveolar bone
through a reorganization, both cellular and of the extracel-
lular matrix together with the micro-local circulation [167].
During a first inflammatory phase, there is a release of cyto-
kines, chemokines, growth factors that activate osteoclasts at
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B Fig.7.15 Laser application in orthodontics (fixed appliance and
removable aligner). Treatments performed with diode laser 904 nm,
fluence 5.6 J/cm?, average power 0.28 W, spot diameter 5 mm, power

pressure sites (bone resorption), and osteoblasts in tense sites
(neo-bone formation).

The research is aimed at developing therapeutic modali-
ties able to modulate this phase to obtain a speeding up of the
orthodontic movement, and the laser treatment is one of
these [168].

Numerous studies have investigated the action of LLLT
on orthodontic movement, thanks to its biostimulating and
analgesic action. It was observed that a single application
immediately after the mounting of the brackets is able to
control the pain generated by the insertion of the first arch
wire [169] and the insertion of the separators used to create
space to insert the bands [170]. Results have indicated an
acceleration of orthodontic movement of 20-40% displace-
ment [171, 172].

For these applications diode lasers are used, with a wave-
length between 635 and 1064 nm, fluences ranging from 0.7
to 25 J/cm?. The irradiation is performed on the vestibular
side, both palatal/lingual of the involved teeth, with variable
repetition rate, from a monthly application to a weekly appli-
cation, depending on the movement required. For the retrac-
tion of the canine after extraction of the first premolar, it is
considered very effective to perform applications with low

density 1.4 W/cm?, superpulsed, spot technique, 4 s per point. Six
points per tooth (mesial, distal, apical, vestibular side, and lingual or
palatal side). Irradiations every 15 days

fluences (2/cm?) approximately every 10 days [173]. The laser
applications can be used also in case of removable appliances
such as orthodontic aligners (B Fig. 7.15).

7.7 LLLT and Dentin Hypersensitivity

One of the most common requests for dental examination
concerns increased tooth sensitivity, mainly perceived as
painful sensation due to thermal, tactile, osmotic, or chemi-
cal stimuli. Excluding the most typical disease of the teeth
(caries and its complications), dental hypersensitivity is
established over time for dentine exposure due to factors
such as gingival retraction or enamel erosion. The treatment
of this condition involves the removal of the predisposing
factors (incongruous brushing, saliva hyperacidity, eating
disorders, hyposialia, parafunctions - teeth grinding and
clenching, diseases of dental hard tissue, gastroesophageal
reflux disease, etc.).

Several agents are used with the purpose of sealing the
dentinal tubules inside of which there are the small nerve
endings responsible for the painful sensations, administered
as home therapy or in the office. The patient should be
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properly instructed on proper oral hygiene techniques, on
the limitation of acidic foods and drinks, and on the use of
toothpastes and mouthwashes containing fluorine or specific
for dentin sensitivity. In-office professional therapies involve
the use of fluoride varnishes, pastes containing oxalates, rem-
ineralizing agent (calcium phosphate + casein) fillings with
composite resins, or glass ionomer cements and laser appli-
cations [174-176].

The action of LLLT on dentin hypersensitivity acts mainly
on the control of the associated pain modifying the transmis-
sion of the nociceptive stimulus to the pulp and by stimulat-
ing the normal cellular functions, the laser would promote
the production of sclerotic dentin, obliterating the dentinal
tubules from the inside [177]. In literature there are articles
that compare the laser treatment with applications of fluoride
gel, and gel containing potassium and LLLT was found to be
more effective [178].

Commonly, diode lasers are used with a wavelength of
between 650 and 870 nm, with fluences between 1.8 and 4 J/
cm? [179]. After cleansing the area to be treated, the irradia-
tion is performed perpendicular to the sensitive area, in three
points (mesial, distal, central), repeating the sessions every
48-72 h until symptoms disappear [180].

7.8 Laser Acupuncture

Acupuncture is a therapeutic technique whose aim is to pro-
mote patent’s well-being by regulating the body’s «vital»
energy flow (Qi) using needles. Energy flows in 12 canals,
known as meridians, (6 Yin and 6 Yang), each one related to
an internal organ, in continuous communication with the
outside. Acupuncture does not use meridians as such, but the
single points that make them up and that project outside the
energy that comes from inside the body. The needles used to
stimulate the points behave as dipoles and can modify the
magnetic field of the body, subtracting or yielding electrons
to the protoplasmic matrix, causing the release of neurotrans-
mitters or neuromodulators [195], thus reinforcing the
immune system, increasing circulation, and promoting a
sedative action of the CNS [186].

The first reports concerning the use of lasers on acupunc-
ture points date back to the beginning of the 1970s in Russia
[181-183], in these studies «cold» lasers were used, with low
powers, applying without full knowledge of the scientific
bases of LLLT.

The prompt to find alternative stimulation methods other
than needles derived from the need to offer a noninvasive,
painless treatment method without adverse effects (contami-
nation and stimulation of wrong vital points) [184], suitable
for phobic or special need patients.

Various studies in scientific literature have compared the
effectiveness of the two methods and the result was that,

apart from a few critical issues like light reflection on the skin
that can reduce the overall absorption, or other variables like
skin color that lead to parameter adjustment [185, 188, 189],
or light diffusion within tissues that influences reaching the
point to be stimulated [190], no other difference has been
recorded [191-194].

In dentistry acupuncture and laser acupuncture are used
in the following conditions:

== Pain Control

Points ST6 ST7 L14 are considered general stimulation points
for facial pain relief [187, 188] and for the induction of anal-
gesia during small oral surgery procedures, for temporoman-
dibular joint disorders [196] or for myo-fascial pain [197].

mm Gag Reflex

Points PC6 (the one mostly used) and CV24 individually or
in combination. This method is widely used in all those con-
ditions where an excessive oral stimulation induces an
abnormal gag reflex (e.g., during the taking of casts or to per-
form intraoral radiographs) [198, 199] or for vomiting
induced by anticancer drugs [200] or in the vomiting after
surgery [201], without any adverse effect compared with
antiemetic drugs.

== Hyposalivation

A reduction in saliva flow determined by pathological condi-
tions of the salivary glands, or as a side effect of radio- and
chemotherapy, or by physiological glandular involution gen-
erates a progressive deterioration of oral health. In scientific
literature, there are studies that have used the stimulation of
acupuncture points to increase the salivary flow obtaining
persistent good results [201-204]. In addition to points
located on the face (ST6 ST7 ST5 SI19), points are used in
other parts of the body (limbs and trunk) in relation to the
energy imbalance of the subjects enrolled in the various
studies.

== Anxiety Control

Many patients live with extreme anxiety dental sessions; the
stimulation of acupuncture points on the ear allows greater
control of the levels of anxiety and stress.

The wavelengths used in laser acupuncture are 400 nm
(blue), 635 nm (red) which is the most common, 700-
1000 nm (infrared) which has a greater depth of penetration,
and 532 nm (green) mainly used for the auriculotherapy, but
few studies can be found in literature [205-208].

Regarding the dose to be administered as well as the rep-
etition of treatments, there are no guidelines, a dose range, in
accordance with Litscher G. and Opitz G. [209] between
0.001 and 10 J/cm?, and therapy sessions every other day for
diseases in acute stage and once a week for chronic condi-
tions are generally considered correct (B Fig. 7.16).
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O Fig.7.16 Laser acupuncture application points. CV24 and PC6, specific points for nausea control; LI 4, LI2, ST6, and ST7, specific points for
pain control

Conclusions

The use of light as a therapeutic agent has received general
acceptance worldwide, both through research and consoli-
dated clinical evidence. In achieving this acknowledgment,
phototherapy has been shown to provide efficacy, lack of inva-
siveness, and absence of significant or negative side effects.

The route is not still complete, and further steps are nec-
essary to build further strong scientific evidence, introducing
low-level laser therapy (LLLT) in daily clinical practice, follow-
ing the available protocols and contributing to its full inclu-
sion among the therapeutic weapons.

Far from being magic or alternative medicine, the LLLT offers
to the practitioners in every field of medicine and in every
branch of dentistry the opportunity to interact with patients,
with the maximum respect of their physical and psychological
integrity, perfectly adhering to the new concept of health.

Due to its anti-inflammatory, analgesic, biostimulating, and
bactericidal activity, LLLT has a broad spectrum of action, com-
peting with drug therapy normally used or integrating with
their effects. Dentistry is mainly a surgical branch, involving
hard and soft tissues; therefore, inflammation, pain, and infec-
tions are common, together with the wish to obtain uneventful
and rapid healing; LLLT contributes to treat these aspects,
speeding up the healing processes, as well as in oral medicine.
In the treatment of osteo-arthro-muscular problems, in ortho-
dontics, in the treatment of dentin hypersensitivity, in the
recovery of nervous lesions, and in many other pathological
conditions, LLLT brings an added dimension to the approach to
treatment.

The future prospects are exciting, and it's easy to predict
more surprising developments surrounding the controlled
use of this natural and essential form of electromagnetic
energy.
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Core Message

This chapter explores the range of benefits that relate to

laser-assisted oral hard tissue management and details

aspects of each wavelength in delivering adjunctive therapy.

Of the currently available wavelengths of dental lasers, only

three can be used for hard tissue.

== Erbium lasers available on the market can have two
different wavelengths: 2940 nm (Er:YAG) and 2780 nm
(Er,Cr:YSGG), and their use is gradually increasing in
dental practices as an alternative or as a complementary
tool versus traditional dental treatments.

== During the last 10 years, researchers have developed a
CO, laser, traditionally used for soft tissue surgery, into a
powerful hard tissue laser. The emission wavelength is
9300 nm, and the performance within clinical use in
restorative dentistry is very promising.

O Table 8.1 shows Erbium laser advantages. These innovative
properties can be easily perceived by comparing the use of
these wavelengths and traditional techniques, envisaging the
use of a high-speed handpiece and of a diamond bur, or alter-
native ones, for example, techniques such as air abrasion or
the use of decayed material dissolving gels.

Thanks to its clear advantages, in restorative dentistry,
every dentist can easily exploit the important characteristics
that are revolutionizing dentistry.

O Table 8.1 Table of hard tissue laser advantages

To be used on the hard tissues of the tooth, on the bone, and on
soft tissues

Possibility to cut soft tissues at the same time during cavity
preparation (i.e., gingivoplasty or pulp exposure treatment
during conservative therapy)

Minimally invasive

Reduced or no need for local anesthesia

Suitable for preparation of very small cavities
Precision and accuracy in ablation on hard tissues
Limited risk of iatrogenic damages

Noiseless ablation compared to dental drill, no vibration, no
contact

Ablation/excision selectivity of decayed hard tissues
Increased useful surface for bonding (micro-retentive surface)
Tissue decontamination

Biostimulation effect

No tissue/pulp heating

No hard tissue cracking

Limited coagulation effect on soft tissues

Working area on soft tissues stays clean

No smear layer in hard tissues

This type of laser perfectly fits the minimally invasive
dentistry philosophy. The experience reported by the patient
during its use for cavity preparation is completely different
from the one when dental drill is used to prepare a decay
lesion (B Figs. 8.1, 8.2, and 8.3).

In most cases, local anesthesia through injection is not
required, because erbium triggers an analgesic effect in just a
few seconds. This laser allows pain-free ablation of hard tis-
sues. Furthermore, no vibration is felt as the bur does not
work in contact with the surface, and thus, the patient does
not hear the traditional noise of the dental drill.

However, the operator has to go through a learning curve
because the use of these wavelengths is neither intuitive nor
immediate. A certain period of time is required to learn
which is the optimal distance of the handpiece vis-a-vis the
dental surface to be treated. By working contactless, it is
indispensable to place the laser tip at about 1 mm in order to
maximize ablation. Furthermore, the operator must have an
in-depth knowledge on how to set and modify the various
parameters (among which energy output, frequency of
pulses, and the air/water ratio for cooling irrigation) [1].

However, high- or low-speed burs used with the dental
drill are still more eflicient and fast in removing dental tis-
sues. Preparing a cavity by dental drill is much quicker.

Burs ensure optimal control, and their use is more intui-
tive as all dentists have been using them for ages and because

O Fig. 8.1 Small cavity preparation on tooth #2 (Er,Cr:YSGG
Waterlase iPlus laser with wavelength of 2780 nm by Biolase Technol-
ogy, Irvine, CA, USA). Enamel settings: MGGG6 sapphire tip diameter
600 pm, length 9 mm, 3 W, 15 Hz, 200 mJ E per pulse, peak power

3333 W, average power density 492 W/cm?, peak power density
546.710 W/cm?, total energy 90 J, pulse width 60 s, 1 mm tip-to-tissue
distance, 50% water (18 ml/min), 80% air. Dentin and smear layer set-
tings: MGGG6 sapphire tip diameter 600 pm, length 9 mm, 2 W, 15 Hz,
133 mJ E per pulse, peak power 2222 W, average power density 328 W/
cm?, peak power density 364.473 W/cm?, total energy 20 J, pulse width
60 ps, 1 mm tip-to-tissue distance, 50% water (20 ml/min), 80% air.
Parameters calculation made according to Prof. W. Selting indications
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O Fig. 8.3 Completed composite restoration in tooth #2 (acid etch-
ing with orthophosphoric acid 37%, OptiBond FL total-etch adhesive
system (Kerr, Orange, CA, USA), composite material Herculite XRV
Unidose (Kerr, Orange, CA, USA))

they received thorough training on their use. At the same
time, however, burs are more aggressive and nonselective; they
generate intense vibration which may be harmful to the tooth
structure, and they may cause cracking and pulp heat damage.

Furthermore, during their use, a large amount of smear
layer is produced requiring acid etching for its removal
before the application of the chosen adhesive system.

B Table 8.2 Comparison bur vs erbium laser

Restorative Handpiece and bur Laser

procedure

Cutting enamel/  Yes Yes

dentin

Selective No Yes

removal of

caries

Precision Precise >1-2 mm Precise <300 um

Smear layer Smear layer No smear layer
produced

Thermal rise Thermal rise >15 °C Thermal rise <5 °C

Risk of Greater Less

iatrogenic

damage

Noise/vibration 120 dB/vibration <120 dB/no

vibration

Bactericidal No Surface

action decontamination

Speed of Fast <30% bur speed

cutting enamel

Speed of Fast Comparable

cutting dentine

Pain response High Less pain/no pain

Very frequently it is necessary to use local anesthesia by
injection in order to avoid pain to the patients. The tradi-
tional technique is at the basis of the intense fear and phobia
that patients feel when they have to undergo conservative
therapy.

@ Table 8.2 shows a comparison among the characteris-
tics resulting from the use of the traditional high-speed
handpiece with diamond bur vis-a-vis the use of the erbium
laser [2].

An alternative more delicate method, and less aggressive
too, is represented by air abrasion, exploiting aluminum
oxide particles (Al,0,) to remove carious tissues.

With this method, the risk of cracking is lower than with
the one using the diamond bur, and no smear layer is pro-
duced. Adhesion of composite seems increased thanks to the
created micro-irregularities and, as a consequence, we will
have less microleakage.

The main disadvantage is represented by the particle layer
that is deposited on the entire working area, which must be
accurately removed before starting any adhesive technique.

Decay chemical and mechanical removal systems envis-
age the use of sodium hypochlorite type of chemical sub-
stances (usually in the form of gel) or of enzymatic type.
These substances can selectively dissolve decayed tissues,
which are then removed through excavating tools.
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O Fig. 8.4 Fracture of tooth #13 crown

8.1 Effect on Hard and Soft Tissues

An additional advantage resulting from the use of the erbium
laser compared to other methods is represented by the intra-
operative possibility of performing ablation/excision of hard
tissues and at the same time of treating surrounding soft tis-
sues by gingivoplasty, a more extensive gingivectomy, or also
the clinical crown lengthening which simultaneously modi-
fies gum levels and possibly the bone margin by restoring the
lost biological width (B Figs. 8.4 and 8.5).

In fact, if during decay preparation it is required to expose
the healthy edge of the cavity, temporarily covered by the
gum, it is very easy to perform a light gingivoplasty in order
to remove the superfluous keratinized tissue.

Should it be required to remove the excessive gum margin
due to the size of the decayed cavity, it is possible to perform
such procedure during the same conservative therapy session
by simultaneously removing decayed and soft tissues.

If the correct biological width is lost, performing the length-
ening of the clinical crown with regard to soft tissues is very
quick and possibly also including the underlying bone tissue.

The entire procedure can be completed in a single session
by considerably reducing operative times.

Erbium lasers have moderate control over bleeding when
used at low energy values, high frequency (30-40 Hz), with a
high pulse width (i.e., 700 ps/pulse), without water, and little
cooling air to facilitate thermal interaction with tissues.

O Fig. 8.5 Gingivectomy and crown lengthening of tooth #13
(Er,Cr:YSGG Waterlase iPlus laser with wavelength of 2780 nm by Bio-
lase Technology, Irvine, CA, USA). Gingivectomy settings: MT4 sapphire
tip diameter 400 pm, length 6 mm, 2.5 W, 25 Hz, 100 mJ E per pulse,
peak power 1667 W, average power density 1989 W/cm?, peak power
density 1.326.292 W/cm?, total energy 300 J, pulse width 60 ps, in
contact, 40% water (16 ml/min), 20% air. Crown lengthening settings:
MZ6 quartz tip diameter 600 pm, length 9 mm, 4 W, 25 Hz, 160 mJ E
per pulse, peak power 2667 W, average power density 656 W/cm?, peak
power density 437.368 W/cm?, total energy 480 J, pulse width 60 ps,
tip-to-tissue distance T mm, 60% water (20 ml/min), 80% air

This is a characteristic that can be used in conservative
dentistry, as well as in oral surgery and dental prosthetics to
facilitate hemostasis.

If necessary, should the pulp be exposed following a
trauma or penetrating decay, it can be decontaminated and
coagulated before performing pulp capping or selective
pulpotomy.

8.2 Affinity with Water

Both erbium laser wavelengths (2780 and 2940 nm) have
high affinity with water [3, 4]. In fact, they are both almost
fully absorbed by this molecule (the second one even to a
greater extent so).

The highest the content of water in the tissue, the greater
the absorption will be.

Considering that the laser beam penetration is inversely
proportional to absorption, impulses do not spread much in
depth; thus, the beam can penetrate dental tissues by only a
few microns (for the wavelength of 2940 nm, it is 7 pm into
the enamel and 5 pm into the dentin, while for the wave-
length 0of 2780 nm, it is 21 pm into the enamel and 15 pm into
the dentin) [5-9].

If the tissue has high water content (i.e., soft tissues vs
hard tissues, dentin vs enamel, deciduous dentin vs perma-
nent one, decayed dentin vs healthy dentin), the energy of
erbium lasers could more easily cause explosive ablation at
lower energy levels. The average threshold level at which abla-
tion of hard tissues occurs is about 8—11 J/cm? for the Er:YAG
laser and about 10-14 J/cm? for the Er,Cr:YSGG laser [8].
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This phenomenon is at the basis of selective ablation.
Erbium more easily removes the most hydrated tissue vis-a-
vis the one with the lowest water content; thus, it is more
effective on decayed dentin, and it saves the healthy tissue
surrounding it.

This is the reason why laser parameters will have to be
adjusted according to water content, for example, by reduc-
ing the beam energy used for a deciduous tooth vs what one
would do to perform the ablation of a permanent tooth.

If the level of energy is sufficient to remove the carious
tissue, but not the healthy one, it is perfectly useless, and
actually it is rather harmful, to increase it, as one would risk
to excise part of the healthy tooth.

The energy threshold value that can allow a clinically effi-
cient ablation of hard dental tissues is:

About 125 m] (100-150 mJ) for primary dentin and decayed
tissues

About 150 m]J (100-200 m]) for permanent dentin and
primary enamel

About 225 m] (200-250 m]J) for permanent enamel

With regard to posterior teeth, or if tissues are highly calci-
fied and with less water content, it could be necessary to fur-
ther increase energy parameters (up to about 350 m] for
healthy enamel).

8.3 The Level of Laser Energy

Erbium lasers are equipped with external integrated irriga-
tion systems through an air/water spray. This allows to cool
off targeted tissues, to keep the working area clean as it is key
to prevent damages and thermal alterations on the cavity sur-
face and on the tooth pulp.

The operator should be able to accurately choose laser
parameters in order to efficiently perform the ablation with-
out damaging the surrounding healthy tissues.

The first decisive factor is represented by the level of laser
energy. It is always good practice to use minimum efficient
value to obtain adequate excision. Excessive energy may dam-
age the dental surface by altering, for example, the possibility
of performing a good adhesive technique of composites [10].

The chosen energy level can also be addressed toward
a smaller or bigger surface. If the chosen level of energy is
spread on a small surface, it will be easier to obtain the abla-
tion effect vis-a-vis when the energy is spread on a bigger
surface [11].

In fact, if the same amount of energy is spread on a bigger
surface, the amount of energy per surface unit will be smaller.

Its density (energy density or fluence) could be unsuitable
to achieve the threshold level capable of interacting with a
tissue by inducing its excision.

By placing the tip in contact with the tissue, fluence will
be maximum, while by increasing the distance, we reduce it
by about 70% at 0.5 mm, by 52% at 1 mm, by 32% at 2 mm,
by 22% at 3 mm, and so forth. Obviously, the greater the

energy density, the greater the interaction between laser and
target tissue.

Furthermore, this parameter can change, for example, by
using a fiber or a tip with a different diameter. If the tip diam-
eter is bigger, the energy is released and spread over a larger
target surface compared to a tip with a smaller diameter.

Thus, the subsequent effect will be smaller. The removal
of a tissue occurs with a specific level of energy starting from
the «threshold» value. Below it, no excision will occur, but
there could be important structural or microstructural mod-
ifications [12-15].

On the other hand, above the threshold of 150-200 mJ],
there would be a proportional increase of the excision, but
also an increase in the risk of structural thermal alterations,
especially if the air/water spray cooling is insufficient
[16-18].

In such event, these alterations concern a depth of a few
tenths of microns.

The used energy is measured in joule (J) and its density in
J/cm?.

8.4 Pulses and Frequency

Erbium lasers operate by free-running pulse (FRP), i.e., by
releasing energy pulses alternated by moments in which the
energy is not released, and they are repeated several times
every second.

The number of pulses released every second is called fre-
quency (or pulse frequency). This value is expressed in hertz
(Hz or p.p.s., i.e., pulses per second).

The larger the number of pulses in the time unit, the
larger and quicker the interaction with the target tissue will
be, because a larger amount of energy is transferred to it.

The amount of energy that is released in the time unit
identifies the power, i.e., the energy of each pulse times the
number of pulses per second. It is measured in watt (W).

Thus, power depends on the ratio between energy and the
number of pulses per second (W =] x Hz).

When energy is provided through a short pulse (a pulse
duration of about 50-150 ps), you get a high amount of
energy which interacts with the tissue in a fraction of a sec-
ond, and this means achieving huge power value.

Each pulse can, however, achieve a maximum power
(peak power) which has a major impact on the tissue.
Interaction with a target is greater if the peak power is high.
The shorter the pulse duration, the lower the energy con-
verted into heat will be. As a consequence, thermal interac-
tion and the damages to the teeth tissues following
temperature increase will be reduced.

The irradiated enamel and dentin surfaces after interac-
tion with the laser present valleys and peaks, deeper ones
when the applied energy is higher.

The appearance is very similar to that of etched tooth tis-
sues: without smear layer, clean, wavy, micro-rough, and
irregular.
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O Fig. 8.6 Preparation of a class | cavity in tooth #14 (Er,Cr:YSGG
Waterlase iPlus laser with wavelength of 2780 nm by Biolase Tech-
nology, Irvine, CA, USA). Enamel settings: MZ6 quartz tip diameter
600 pm, length 9 mm, 3 W, 15 Hz, 200 mJ E per pulse, peak power
3333 W, average power density 492 W/cm?, peak power density
546.710 W/cm?, total energy 90 J, pulse width 60 s, T mm tip-to-
tissue distance, 50% water (18 ml/min), 80% air. Dentin and smear
layer settings: MZ6 quartz tip with diameter of 600 p, length 9 mm,
2 W, 15 Hz, 133 mJ E per pulse, peak power 2222 W, average power
density 328 W/cm?, peak power density 364.473 W/cm?, total energy
20 J, pulse width 60 ps, 1 mm tip-to-tissue distance, 50% water

(20 ml/min), 80% air

Dentin, in particular, has open tubules, and it is subjected
to a major excision in the intertubular area as it is very
hydrated, while peritubular areas are more elevated and
protruded.

8.5 Distance to the Target

It is key that the operator works by holding the laser hand-
piece at the correct distance from the target in order to opti-
mize excision and treatment duration. Since the laser is
contactless, excessive distance prevents the efficient interac-
tion with tissues.

Furthermore, the hand holding the handpiece must move
slowly to allow the laser energy to interact with the tissue.
The speed of the movement must be slower than the speed
normally used with the dental drill.

During a cavity preparation work (8 Figs. 8.6 and 8.7),
the tip is gradually inclined on one side to obtain widen-
ing [19].

O Fig. 8.7
carious tissues ablation in tooth #14

Inclination of the tip toward the walls of the cavity during

As preparation proceeds, the tip must be positioned
deeper to maintain the ideal distance vis-a-vis the target and
thus obtain a high and continuous energy density.

8.6 The Problem of Laser Etching

The use of energy values below the ablation threshold (sub-
ablative) allowing a microstructural modification in dentin
and enamel creates a very similar surface to that obtained
with orthophosphoric acid. Improperly, this effect has been
long defined «laser etching» in literature [20-27].

The differences between acid etching and surface etching
by erbium laser are numerous. More precisely, it would be
appropriate to use the term «laser conditioning» [28, 29].

Acid etching is a process that has been used for decades to
facilitate composite adhesion. Even though there are some
issues associated with it (excessive decalcification with altera-
tion of the enamel-dentin ideal architecture for adhesion,
higher susceptibility to secondary decay, tooth sensitivity,
excessive demineralization compared to the penetration abil-
ity of adhesive system monomers), the results obtainable
through orthophosphoric acid are widely predictable
[30-32].

With regard to the use of orthophosphoric acid at
34-38%, erbium lasers generate a more irregular surface; the
greater the energy and the lesser the frequency, we, respec-
tively, get deeper and more far-apart craters.

Even if the final surface is very similar to the etched one,
composite adhesion process to irradiated tooth hard tissues
is a controversial phenomenon, and its outcome should be
further investigated as many authors deemed it of lower
quality.
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In literature, data are quite contrasting, and, often times,
adhesion values came out much lower than those obtainable
with the acid [25, 26, 33-37].

8.7 Microleakage

Difficulties encountered by operators during the bonding

procedure between the composite and hard tooth tissues

often translate into microleakages or the complete detach-

ment of the reconstruction from its seat [38].

Microleakages can be defined as a loss of marginal seal
between the restorative material used for tooth filling and the
tooth cavity wall with the subsequent infiltration of bacteria,
fluids, molecules, or ions [39-42].

Among the causes of microleakage, we can mainly keep
the following elements into account:

1. Incomplete penetration of the bonding resin in the area
that was decalcified by the etching acid or following the
erbium laser effect. This gives rise to the formation of a
weaker bonding area, which will be more sensitive to
hydrolysis and infiltration.

2. Stress generated at tooth/reconstruction interface level
following polymerization shrinkage, or due to oral
environment temperature fluctuations [43], or due to
cyclical phenomena of mechanical fatigue that are
repeated during the masticatory load.

Infiltration of bacteria or of fluids along the interface can
cause hydrolytic collapse, both of the adhesive resin and of
the collagen present in the hybrid layer, jeopardizing bond
stability between the resin and the dentin surface.

Microleakage is the main factor of secondary decay and
of reconstruction failure [44-46], and it is at the basis of den-
tin hypersensitivity, discoloration, and pulp damages.

An additional cause of detachment between composite
and tooth wall is related to the shape of the prepared cavity.
The greater the number of walls (i.e., box-shaped cavities
typical of class I of Black’s classification), the greater the rela-
tionship between bonded surfaces and nonbonded ones. This
principle is defined as C-factor [47, 48].

If the entire composite simultaneously adheres to the
walls, as it happens in the occlusal cavities of molars, there
will be many more cases of shrinkage-related stress because
the composite adhering to many walls at the same time, by
contacting, generates even greater stresses.

On the other hand, if cavity tooth walls are just a few (i.e.,
interproximal preparations of class I premolars and molars),
we would assist to reduced stress since the part of nonadher-
ing materials can compensate for polymerization shrinkage,
releasing the effects toward the part free from constraints,
and thus, there will be lesser risk of reconstruction
detachment.

Insufficient compensation of stresses resulting from
polymerization shrinkage reduces the efficiency of the seal
due to the reduced initial strength of the composite-cervical
dentin bond.

The larger marginal gap is usually located on class V gin-
gival side and on the external edge of the class II gingival
margin (V-shaped gap). This is due to a lesser capacity of the
dentin sublayer and of cement at the tooth neck to favor
strong bonding with the resin by means of an adhesive sys-
tem [33, 49, 50].

Width gap below about 1 p does not allow bacteria infil-
tration, but it may allow the spreading of toxins and of other
tooth potentially dangerous bacteria-related substances
(nanoleakage).

When the cervical margin is located on the limit line
between root dentin and cement, the leakage problem
becomes more relevant because adhesive systems become
less efficient at the level of these substrates vis-a-vis when
they are used on the enamel. The bonding process to dentin
is much more technique-sensitive and substrate-sensitive.

The ability of adhesive systems to bind to hybridized
cementum must be discussed. «Cervical margin leakage can
be correlated to the absence of dentin tubules in 100 p within
the cervical border itself, to the relatively reduced number
of tubules in the first 200-300 p of the gingival floor in the
cavity, and to the mainly organic nature of the gingival sub-
strate» [51].

When present in the cervical margin, enamel is usually
thin, aprismatic, and less receptive to bonding.

When polymerized, composite resin shrinks toward the
upper adhesion site of the occlusal cavity margin, while it
gets far apart from the weakest adhesion placed at the gingi-
val margin level.

8.8 How to Increase Adhesion

In order to obtain better bonding conditions and facilitate
monomers spreading within the demineralized intertubular
dentin, which was altered by laser irradiation, different post-
irradiation dentin pretreatments have been suggested for
adhesion procedure.

Among them, we point out the use of:

Sodium hypochlorite at a concentration ranging

between 5% and 10%

Orthophosphoric acid at 33-38% with an extended

etching time [52]

Polyacrylic acid (for glass ionomer material)

Chlorhexidine gluconate

Propolis

Hydrogen Peroxide

Ozone gas

Sodium hypochlorite can be used to remove collagen fiber
frustules and dentin fragments modified by laser interaction.
In such a way, following its use, we obtain a clean surface, free
from the alterations produced during laser use (even if,
thanks to the erbium laser, as we have already flagged out,
there is no smear layer).

The extension of the etching time by orthophosphoric
acid apparently does not promote better adhesion, but, on
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the contrary, it can generate an excessively etched tooth sur-
face. It is appropriate to consider that the irradiated tooth
surface does not have smear layer, because the erbium laser
does not produce it, unlike what happens when using the
high-speed handpiece and the diamond bur. For this reason,
by performing the etching on hard tooth tissues, we obtain
an immediate contact between acid and intra- and peritubu-
lar dentin. An excessive contact between acid and tubules
could, on the contrary of what we would desire, completely
destroy the dentin architecture favorable adhesion.

Most recent clinical recommendations advise enamel
etching not exceeding 30 s and a very limited acid treatment
on dentin.

There is no certain clinical proof that the different pre-
treatments listed here could improve the action of adhesive
systems for composites.

According to Arslan S. et al. [53], «No adverse effect of
different cavity disinfectants on microleakage were found
when etch-and-rinse adhesive system was used.»

8.9 Why Adhesion Can Be Impaired

There are different possible explanations on why the compos-
ite adhesion strength to the irradiated dentin could be lower
than the one achieved through phosphoric acid.

Different researchers believe that the main mechanism
causing insufficient bonding between irradiated dentin and
composite is the collapse and/or melting of collagen fiber
network during laser excision [54].

In fact, the considerable increase of temperature follow-
ing irradiation causing the instantaneous vaporization of the
water component of the mineralized tooth matrix and of col-
lagen fibers, initially spread and supported in this frame-
work, tends to collapse because they are no longer supported
by the crystalline structure. The consequence will be a reduc-
tion of bonding spreading within the network because the
interfibrillar structure is reduced. Thus, the hybrid layer will
not be of optimal quality for adhesive procedures [54].

Ablation of dentin melts collagen fibrils together, result-
ing in a lack of interfibrillar space that restricts resin diffu-
sion into the subsurface of intertubular dentin, causing a lack
of penetration of the resin and even a possible peeling off of
the resin layer from the ablated dentin surface [55-58].

Erbium lasers used with excessive parameters can fur-
thermore have a harmful effect on hard tissues. Too high
laser energy values can cause cracking in tooth dental tissues,
surface melting, surface scaling and flacking, marked loss of
intertubular dentin, and collagen melting [54, 55].

It has also been thought that pulses could generate intense
elastic waves inside tooth hard tissues during excision as a
result of the interaction with the laser beam and due to alter-
nate thermal expansion and shrinkage.

By occurring inside a hard and stiff tissue, stress waves
could cause micro-cracking and fractures in the dentin thick-
ness and at the dentin/composite interface level, negatively
affecting adhesion strength [1, 58, 59].

An additional explanation of the weaker bond between
composite and dentin is represented by the deep craters that
are created when laser energy is high: these valleys/hollows
can prevent the optimal adaptation of the reconstruction
material to the cavity walls since the resin would not be able
to fill deeper concavities [60].

Furthermore, there could be an uneven distribution
of the masticatory stress at adhesive-dentin interface [54,
61, 62].

Dunn et al. [34] as well underlined that «Laser irradiation
of enamel surfaces produced surface fissures and a union or
blending of a distinctive etch pattern normally seen in acid-
etched enamel. This blending effect likely prevented the pen-
etration of resin into enamel, resulting in lower enamel bond
strength values.

It is very important that at the end of cavity preparation,
unsupported enamel margins are removed, and margins are
smoothed. This operation can be done at low-power and
high-speed Er:YAG or Er,Cr:YSGG laser, or with hand tools
(enamel cutter, excavators) or low- or high-speed tools with
diamond or lamellar burs, or rubber tips [63] (B Figs. 8.8, 8.9,
8.10, 8.11, and 8.12).

B Fig. 8.9 The margins of abraded crowns are rounded thanks to
laser irradiation (Er,Cr:YSGG Waterlase iPlus laser with wavelength of
2780 nm by Biolase Technology, Irvine, CA, USA). Enamel settings: MZ5
quartz tip diameter 550 pm, length 9 mm, 2.5 W, 30 Hz, 83 mJ E per
pulse, peak power 1389 W, average power density 461 W/cm?, peak
power density 256.030 W/cm?, total energy 75 J, pulse width 60 ps,

1 mm tip-to-tissue distance, 50% water (20 ml/min), 80% air



172

R. Poli

O Fig.8.10 Isolation with dam

B Fig.8.11 Acid etching with orthophosphoric acid 37%

D Fig.8.12 Finished restoration of anterior teeth (adhesive system
OptiBond FL total-etch adhesive system (Kerr, Orange, CA, USA), com-
posite material Herculite XRV Unidose (Kerr, Orange CA, USA))

Forgetting this step may result in a diminished wall
strength; it may cause incomplete adaptation of the com-
posite to the preparation margin and a subsequent chip-
ping of the reconstruction margin and/or the enamel
subjected to the masticatory load with subsequent
microleakage.

Recent researches took into account the possibility that
during irradiation by erbium laser, calcium phosphate insol-
uble molecules could be formed, which would prevent opti-
mal composite adhesion [54].

On the other hand, authors believe that collagen dena-
turation during ablation causes an acid-resistant surface
containing charred granular structures or structures cov-
ered with melted dentin particles. This denaturation could

jeopardize infiltration of the adhesive system into the dentin
structure, and it could prevent the creation of the hybrid
layer [58, 64].

Such phenomenon could concern cement during classes
II and V cavity preparation, because «When cement is
reached by erbium irradiation, it is altered and a thin layer
(5.7 pm) is formed. This can hamper hybridization because it
becomes less affected by acid etching» [65].

If the resin cannot efficiently infiltrate into intra- and
peritubular dentin, we could only obtain shorter resin tags,
without funnel-shaped morphology and lateral resin projec-
tions, and this would entail a damage to the resulting adhe-
sion [57, 66, 67].

When using this type of laser, the absence of the smear
layer, which is instead inevitably created during cavity
preparation with burs, allows the immediate exposure of
dentinal tubules and accentuates their permeability to den-
tin adhesives. Furthermore, the absence of smear plugs
allows the passage of intratubular fluids to and from the
pulp [68].

«Loss of smear layer due to laser irradiation exposes the
dentinal tubules and enhances the permeability of dentin
adhesives. Intrinsic dentin wetness, as affected by pulpal
pressure, could also affect the hydration state of dentin and
the bond strength to dentin adhesives. Laser affects fluid per-
fusion of dentin more than bur.»

It is important to keep into account the fact that greater
perfusion could make dentin more moist, and for that rea-
son, it may interfere with some adhesive systems, especially
water-based ones which could end up being more diluted.

The best way to avoid or minimize the impact of these
surface alterations which may cause difficulties to achieve
optimal bonding is to reduce the laser energy for ablation to
the lowest efficient level, compatibly with the time required
to completely remove the decay.

Many authors [69] agree on the fact that after irradiation,
it is however preferable to perform enamel acid etching by
orthophosphoric acid in order to obtain an even micro-
rough surface. Enamel laser conditioning, on the o