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Foreword |

There has been a volcanic eruption of endodontic technology over the past
30 years. This renaissance began in the early 1980s with the introduction of
the dental operating microscope, continued with the development of NiTi
shaping files, and was followed by the debut of a remarkable biocompatible
material, MTA. More recently, the transformation has continued with the
advent of CBCT for improved diagnostics, minimally invasive technologies
that promote the maximum preservation of tooth structure, and breakthrough
methods for 3D disinfecting root canal systems, a term first coined by
Professor Herbert Schilder. In conjunction with better-trained general den-
tists and specialists alike, these unprecedented advancements have sparked an
endodontic awakening that predictably successful endodontics is not only
possible, but, with desire, is readily attainable, and the naturally retained root
is the ultimate dental implant.

To this end, it is a pleasure and honor for me to write the Foreword for this
textbook, Laser Applications in Endodontics. The authors, Drs. Giovanni
Olivi, Enrico DiVito, and Roeland De Moor, as well as their impressive con-
tributors, are recognized experts in this subject matter. This book begins by
emphasizing endodontic morphology and anatomy, shaping the root canal,
and the role of irrigation in 3D disinfection. The authors go on to clearly
describe the basic science and physics of lasers and, specifically, identify the
different lasers used in endodontics. Various clinical applications of lasers in
endodontics are completely discussed, as well as leading-edge advancements
in laser-activated irrigation. The book’s organization and thoroughness, as
well as the sheer volume of knowledge contained within, makes this effort
unmatched. Each chapter brilliantly balances intelligent scholarly text with
outstanding visual content.

In every instance, the contributors worked diligently in spite of many other
heavy professional responsibilities. All are teachers and authors of consider-
able note, and many also devote substantial time to clinical practice. They
have contributed with enthusiasm, and their efforts will undoubtedly be
appreciated by any dentist who is committed to exquisitely cleaning root
canal systems. I recommend this book to all dentists who aspire to move ever
closer toward their full potential. Laser applications in endodontics will have
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a profound impact in the coming years; specifically, laser-activated irrigation
is creating a genuine opportunity for the field of regenerative endodontics to
accelerate forward. What once seemed the basis of science fiction is now
clinical reality; the future is now! “Whatever you can do or dream you can,
begin it. Boldness has genius, power and magic in it!” — Scottish Himalayan
Expedition.

Santa Barbara, CA-USA Clifford J. Ruddle, DDS
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Foreword Il

In the most recent years, notable progress has been made in all facets of den-
tistry and even more so in endodontics. The laser has opened new horizons
and improved the possibilities of long-term success for our therapies. In the
field of endodontics, lasers have numerous applications ranging from access
preparation to disinfection, activated irrigation, and even surgical. All these
applications, together with numerous others, are magnificently described in
this book authored by doctors Giovanni Olivi, Enrico DiVito, and Roeland
De Moor to which I have the pleasure to recommend to all my colleagues that
wish to learn more about this fascinating branch of endodontics. Also dis-
cussed in this book are the details of various lasers and the principles of phys-
ics that governs them, helping the reader to determine which type is best
suited for their use. I congratulate all the authors of this book for their accu-
racy in writing the chapters and for the clarity in their description of the laws
of physics that form the fundamentals of knowledge for all laser types and for
making this subject easy to read and comprehend. The endodontic literature
was lacking a book of this caliber. I want again to congratulate the authors
and all the collaborators for completing this difficult task and sharing with the
readers all their knowledge and clinical experience in this fascinating field of
endodontics.

Florence, Italy Arnaldo Castellucci MD, DDS

vii
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Endodontic Morphology
and Anatomy of Human Teeth

Vasilios Kaitsas and Giovanni Olivi

V. Kaitsas, DDS, PhD

Abstract

The aim of root canal therapy is to remove the content of the endodontic
space and subsequently to fill it. A correct treatment requires the
knowledge of both the external and internal anatomies of the tooth in
order to reduce the risk of failure and the possibility of iatrogenic
biological damage.

This chapter describes the basic microscopic and macroscopic
morphological features of human teeth.

Understanding the crown morphology guides us to the access of the
endodontic space of the roots in the most conservative way; the design of
the access cavity is described for all the teeth. The study of the morphol-
ogy of the root canal system with its several variations makes it under-
standably obvious why there are operative difficulties during
instrumentation, as shown by the iconographic part. The morphological
and histological tables by Hess demonstrated the radicular and apical
complexity of the roots, confirming the difficulty of removing the entire
pulp tissue from the endodontic space and encouraging the search for new
endodontic techniques and technologies.

The part on microscopic anatomy summarizes the composition of root
dentin walls that are the target of the interaction of mechanical (files,
ultrasound), chemical (irrigants) and physical (lasers) instrumentation
during the therapy. In particular, in order to understand the different laser
interactions on tissue using different wavelengths, it is very important to
closely examine the ultrastructure and histology of the dentin in the
canal.

G. Olivi, MD, DDS (<)

University of Thessaloniki-Greece, InLaser Rome — Advanced Center for Esthetic and
via Tronto 32 00198, Roma, Italy Laser Dentistry, Rome, Italy

e-mail: v.kaitsas @tiscali.it

e-mail: olivilaser @gmail.com

© Springer International Publishing Switzerland 2016 3
G. Olivi et al. (eds.), Lasers in Endodontics: Scientific Background and Clinical Applications,
DOI 10.1007/978-3-319-19327-4_1
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1.1 Deciduous Teeth Anatomy

The macroscopic anatomy of deciduous teeth is
very similar to that of permanent teeth with just a
few differences between them that are summa-
rized in this section.

Ernst Zurcher (1922), from Walter Hess’s
school in Zurich, carried out the first scientific
work on pulp morphology in deciduous teeth
[1,2].

The endodontic morphology of deciduous
teeth is very similar to that of permanent but
smaller in size. Deciduous teeth are generally
shorter and smaller than permanent teeth; the
roots are narrow while permanent teeth roots are
wider especially in the cervical one-third.
However, on the contrary, the anterior deciduous
coronal aspect is larger in comparison to their
length. The roots of deciduous molars, in addi-
tion to being thinner than permanent ones, are
spatially wider opened in order to allow eruption
of the permanent premolar teeth, first during their
formation and later during the eruption.

The primary upper and lower molars often
have a fourth canal in the mesial-buccal root of
the upper molar and in the distal root of the lower
molar.

During child growth, the primary teeth show a
decrease in radicular length due to physiological
reabsorption (exfoliation) (Figs. 1.1 and 1.2).
Sometimes reabsorption of the floor of the pulp
chamber in the area of furcation precedes the api-
cal root reabsorption (Fig. 1.3a—d).

Contrary to permanent teeth, the exfoliation of
deciduous teeth explains why the filling of the
radicular space at the end of endodontic treat-
ment of primary teeth requires the use of resorb-
able materials which permit the gradual
reabsorption of the root.

1.2 Permanent Teeth

1.2.1 Macroscopic Anatomy

Permanent human teeth have a crown and one or
more roots. The endodontic space, defined by
radicular and chamber dentin, is very complex,

Fig. 1.1 Primary upper molar: radicular reabsorption
starting in the apical area (arrows)

Fig. 1.2 Primary lower molar: radicular reabsorption
involving all the radicular portions from apical to coronal

and it is differently classified depending on
crown-root relationship and morphology of the
canals.
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Fig. 1.3 Primary upper molar: the radicular reabsorption is more evident at the floor of the pulp chamber in the area of
furcation that in this case precedes the apical reabsorption; (a) radicular apices are intact; (b) reabsorption in the area of
furcation of the floor of the pulp chamber; (c) buccal view of the furcation of palatine tooth (arrows); (d) mesial view
of furcation reabsorption (arrows)

Weine (1996) classified the complexity of the
endodontic system in four typologies while con-
sidering the relationships between pulp chamber,
radicular canals and their apical termination [3]
(Fig. 1.4).

Vertucci (1984) defined instead eight basic
typologies [4]. Later on, Vertucci’s classification
was expanded to include other morphological

classifications by Gulabivala et al. (2001 and
2002) [5, 6] and by Sert and Bayirili (2004) [7]
(Figs. 1.5, 1.6 and 1.7).

Schneider [1971] analysed single-radicular
human teeth and classified them depending on
the degree of curvature in the root, as straight,
with curvature less than or equal to 5°, with a
moderate curvature between 10° and 20° and
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Fig. 1.4 Weine’s classification of the endodontic system takes into account the relationships between pulp chamber,
root canals and their apical termination [3] (Graphic drafts courtesy of Giovanni Olivi, Rome, Italy)

Figs. 1.5and 1.6 Graphic representation of Gulabivala’s morphological classification of the endodontic system [5, 6]

(Graphic drafts courtesy of Giovanni Olivi, Rome, Italy)

with a severe curvature between 25° and 70° [8].
Lautrou [1987] also described and classified the
various morphologies of transverse sections of
roots [9] (Fig. 1.8).

Zidell (1985) and Ingle and Taintor (1985), in
addition to the degree of root and apical curvature,
also considered the anatomical complexity,
including the presence of bifurcations, the pres-
ence of additional channels and the presence of
lateral and accessory channels [10, 11].

Various studies and texts later described the
anatomy and morphology of permanent human
teeth and their countless possible shapes
[12-16].

In the paragraphs related to a single type of
tooth, the age of eruption considered is that of
Logan and Kronfeld, slightly modified by Schour
and included in Ash’s text [13, 14]. The dimen-
sions of human teeth reported in this textbook are
instead taken from different texts [11, 17, 18].
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Fig. 1.7 Graphic representation of Sert and Bayirili’s morphological classification of endodontic system [7] (Graphic

drafts courtesy of Giovanni Olivi, Rome, Italy)

0

4

Fig. 1.8 Graphic representation of Lautrou’s classification of morphologies of transverse sections of roots [9] (Graphic

drafts courtesy of Giovanni Olivi, Rome, Italy)

1.3  Upper Incisors

1.3.1 Central Upper Incisor
The central upper incisor erupts (one per hemi-
arch) at the age of six to seven, and the complete
formation of the apical third is defined 2 or 3
years later. It has an average length of 22—-23 mm.
The crown, with its triangular base, is about
10.5 mm long, and its base extends in a mesial-
distal direction, corresponding to the tooth’s front

edge, to about 9 mm, and its buccal-palatal
dimension is 7 mm (Fig. 1.9).

The root is usually straight (75 %) but accord-
ing to Ingle could present small curvatures in a
small percentage. The root exhibits a radicular
canal with side canals in more than 20 % of cases
and frequently apical delta (35 %) [11].

The endodontic coronal space has also a trian-
gular shape, especially in the area of the cervical
radicular one-third, with the base towards the
chamber wall and the narrower part palatally



WWW.HIGHDENT.IR

O 351 9 l3luslWis ylead

V. Kaitsas and G. Olivi

Fig. 1.9 Upper central incisors: palatal view of the crown

Fig. 1.10 Upper central incisor: graphic representation of

the access cavity (Courtesy of Giovanni Olivi, Rome, Italy)

Fig. 1.11 Upper lateral incisor: palatal view of the crown

after which it gradually ends with a round canal
until the apex.

The access cavity is triangular and reproduces
the shape of the endodontic space (Fig. 1.10).

1.3.2 Lateral Upper Incisor
The upper lateral eruption (one per hemi-arch)

occurs 1 year after the central incisor, and its
complete formation takes approximately 3 years.

Fig. 1.12 Upper lateral incisor: graphic representation of
the access cavity (Courtesy of Giovanni Olivi, Rome, Italy)

It is about 1 or 2 mm shorter than the central
incisor and its mesial-distal dimension is smaller:
about 7 mm and just 5.5-6 mm in the chamber-
palatal side (Fig. 1.11).

Normally it presents only one radicular canal,
straight in 30 % of cases, and frequently there is a
distal curvature (53 %) with a small percentage of
variation in other directions. It has an egg shape
in the cervical area, with the tendency to become
more round in the apical area, and the access cav-
ity is consequently configured (Fig. 1.12).



WWW.HIGHDENT.IR

O 30153 9 Ol jluld sleod

1 Endodontic Morphology and Anatomy of Human Teeth 9

Fig. 1.13 Lower incisors: lingual view of the crowns

1.4  Lower Incisors
The lower incisors, two per hemi-arch, are very
similar to each other keeping some peculiarity.

1.4.1 Lower Central Incisors

The lower central incisors are the first permanent
teeth to erupt in the mouths of the children, usu-
ally between 6 and 7 years of age, and they gen-
erally complete their radicular and apical
formation at 9 or 10 years old. The lower central
incisor is about 21.5 mm long. The apical third of

Fig. 1.14 Lower central incisor: graphic representation
of the access cavity (Courtesy of Giovanni Olivi, Rome,
Italy)

the root is straight in 60 % of cases and bends
towards the distal in 23 % of the cases.

The crown has a trapezoidal shape with the
major base corresponding to the incisal edge
and the minor base that continues with the
cervical third of the root. Its half distal dimen-
sion is 5.5 mm in the area of the incisor, in cor-
respondence to the next contact point, and
gradually decreases to 3 mm at cervical level
(Fig. 1.13).

The lower central incisor presents a buccal
inclination. The root has a second canal posi-
tioned lingually to the principal canal in 18-23 %
of cases [12, 13] (Fig. 1.14).
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Fig.1.15 (a—c) Lower
central incisor: buccal,
lingual and proximal view

1.4.2 Lower Lateral Incisor

Lower lateral incisor is similar to the central one,
but a bit bigger by about 1 mm, and it normally
comes out 1 year after the lower central incisor
and completes its formation in 3 years.

The study of the root confirms the presence of
two canals in 15 % of cases.

The access cavity of lower incisors is
designed in a buccal-lingual direction in order
to search for the second canal, positioned lin-
gually (Fig. 1.15a—c).

1.5 Cuspids

1.5.1 Upper Canine (Cuspid)

Upper canine, one per hemi-arch, comes out at
the age of approximately 11-12 and completes
its radicular formation 3—4 years later.

It is the longest tooth in human arch (about
27 mm or more).

The crown has a rhomboidal shape with a
peculiar sharp cusp which on the vestibular side
divides the mesial and distal sides of the crown.
The crown is 10 mm high (long) and has a maxi-

mum mesial-distal diameter of 7.5 mm at the
proximal contact point, and it undergoes cervical
reduction to 5.5 mm. The buccal-palatal diameter
is wider (8 mm), and it maintains itself at 7 mm
at the cervical level because of the presence of a
noticeable cingulum (Fig. 1.16).

The long root, like the crown, is narrow in the
mesial-distal dimension and more pronounced in
the buccal-palatal dimension. There is almost
always just one radicular canal, with localized
side canals at various heights in about 24 % of
cases. The apical third is straight in 40 % of cases,
and it is often bent towards the distal (32 %) and/
or towards the chamber (13 %) (Fig. 1.17).

The endodontic space, at the level of the cervi-
cal one-third and the radicular middle one-third,
has an oval shape in the buccal-palatal dimen-
sion; frequently two canals are present with the
tendency to become one common round canal in
the apical one-third (Fig. 1.18a, b).

The access cavity of the pulp chamber has an
oval shape, going from the cusp to the cingulum
of the coronal cervical one-third in order to
access the radicular space without dental interfer-
ence which could force the instruments creating
ledges or transposition of the apical foramen
(Fig. 1.19).
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Fig. 1.16 Upper cuspid: palatal view Fig. 1.17 Upper cuspid: graphic representation of the
access cavity (Courtesy of Giovanni Olivi, Rome, Italy)

Fig.1.18 (a, b) Upper cuspid: buccal and proximal view  Fig. 1.19 Anatomical tables from Hess and Keller: the end-
odontic space of upper cuspid at the level of the cervical one-
third of the canal shows a unique oval-shaped canal, while at
the middle one-third, it is divided into two different canals
and frequently becomes a single round canal at the apical
one-third [2] (Image reprint with permission from Perrini [1])
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Fig. 1.20 Lower cuspid: lingual view of the crown Fig. 1.21 Lower cuspid: graphic representation of the
access cavity (Courtesy of Giovanni Olivi, Rome, Italy)

Fig. 1.22 Anatomical tables from Hess and Keller: the Fig.1.23 (a, b) Lower cuspid: buccal and proximal view
endodontic space of lower cuspid shows two different

canals connected by an isthmus at the coronal one-third; the

canals end in the same unique foramen at the apical one-

third [2] (Image reprint with permission from Perrini [1])
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1.5.2 Lower Canine (Cuspid)

The lower canine, one per hemi-arch, erupts
approximately 8—10 months before the upper and
completes its formation in 3—4 years.

The crown is 11 mm long and its half distal
diameter is narrower than the upper (7 mm),
and it reduces itself to 5.5 mm at cervical
level. The maximum buccal-lingual diameter
is 7.5 mm wide and it reduces itself minimally
at cervical level. The cervical lingual cingu-
lum is less pronounced than the upper one
(Fig. 1.20).

The lower canine is about 27 mm long, and it
presents two separate roots in 6 % of cases or two
canals in just one root, split by an isthmus, with a
common or two separate apices (Fig. 1.21). In
20 % of cases the apical one-third has a distal
inclination (Fig. 1.22).

The endodontic space is oval shaped in buccal-
lingual direction for two one-thirds of the
radicular length, and then gradually it assumes a
round shape.

The access cavity of the pulp chamber must
have an oval shape in the buccal-lingual direction,
from the cusp to the cingulum (Fig. 1.23a, b).

1.6 UpperPremolars (or

Bicuspid)

They are two per every half (hemi-)arch, they
erupt at the age between 10 and 12 years and their
radicular formation is complete after 3 years.
They replace the primary molars.

The first and the second premolars have a sim-
ilar crown but a different morphology.

1.6.1 Upper First Premolar
The first upper premolar erupts when the child is
about 1011 years old. It is about 21-22 mm long
and its buccal-palatal dimension is 9 mm, while the
mesial-distal one is 7 mm. It has two cusps, a buccal
and a palatal one, which is a bit shorter (about 1 mm).
The endodontic space is determined by the shape
and the dimension of the external crown (Fig. 1.24).
In about 72 % of cases, two roots with two differ-
ent apical foramina are present (Fig. 1.25). Premolars
may also have just one root with two canals (13 %)
(Fig. 1.26a, b) and also some cases with three roots
(6 %) (Figs. 1.27). In addition, in 37 % of cases we
found a distal curvature of the root in the apical third.

Fig. 1.24 First upper premolar: occlusal view

Fig. 1.25 Upper premolars: graphic representation of the
access cavity; note the mesial position of the access cavity
of the second premolar (on the right of the picture), to
facilitate the negotiation of distally curved canals
(Courtesy of Giovanni Olivi, Rome, Italy)
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Fig.1.26 (a, b) Upper single-root
premolar: buccal and proximal view

Fig. 1.27 Anatomical tables from Hess and Keller: com-  Fig.1.28 Anatomical tables from Hess and Keller: upper
plex endodontic space of upper single-root premolar; two  premolar with three roots, two buccal and one longer pala-
different canals presenting several communications along  tal [2] (Image reprint with permission from Perrini [1])
the root and two different ports of exit [2] (Image reprint

with permission from Perrini [1])
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Fig.1.29 (a, b) First upper
premolar: mesial and distal view

The crown access cavity to the pulp chamber
must have an oval shape in the buccal-palatal
direction, extending from one cusp to the other
Fig. 1.28.

1.6.2 Upper Second Premolar

The second upper premolar erupts at the age
between 10 and 12 years. It is very similar to the
upper first premolar, both in dimension and in the
shape of the crown. But there are some main radic-
ular differences, presented in three variations:

¢ One root with one canal in 75 % of cases
(Fig. 1.29a, b)

* One root with two canals with one or two sep-
arate foramina (12 %) (Figs. 1.30 and 1.31)

* Two separate roots and canals (12 %)

* Three separate roots (usually two of them are
buccal) with three canals (1 %)

From the buccal side the roots have a distal
direction inclined in 27 % of cases and a vestibu-
lar curvature in 12 % of cases, and in 20 %
of cases they present a double bayonetted
curvature.

The opening of the access cavity to the pulp
chamber is oval shaped in the buccal-palatal direc-
tion. In the presence of a notable distal apical curva-
ture, access must be kept close to the mesial marginal
ridge keeping the oval-shaped form (Fig. 1.28).
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Fig. 1.30 Anatomical tables from Hess and Keller: upper
single-root premolar presenting two canals with same
confluent terminus; also lateral canals are present in the
apical and middle one-third of the canal [2] (Image reprint
with permission from Perrini [1])

1.7  Lower Premolars (or Bicuspid)
There are two per every hemi-arch and they come
out between the age of 10 and 12 and complete
their own radicular formation in about 3 years.
They substitute the primary molars. Unlike the
upper premolars, they are different to each other
(Fig. 1.32).

1.7.1 Lower First Premolar

The lower first premolar erupts sometimes months
before and at times after the lower canine and is the

Fig.1.31 Anatomical tables from Hess and Keller: upper
single-root premolars presenting two canals with sepa-
rated termini, one apically and the other lateral [2] (Image
reprint with permission from Perrini [1])

smallest of all the premolars. The crown has two
cusps, one very big and similar to that of the canine.
The other is shorter by about 2 mm in correspon-
dence with the canine’s lingual cingulum (Fig. 1.33).

About 21-22 mm in length, it generally has
one root with one canal (73-74 %). Sometimes it
has one root with two canals (19 %) (Fig. 1.34a,b),
two roots with two canals (6 %) (Fig. 1.35a, b) or
three canals (1-2 %).

The root often has a distal curvature in 35 % of
cases and a bayonet curvature in 7 % of cases.
The shape of the access cavity of the pulp chamber
is oval shaped, extending from the main cusp to
the top of the small lingual cusp (Fig. 1.36).
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Fig. 1.32 Lower premolars: occlusal view

1.7.2 Lower Second Premolar

The second lower premolar erupts at the age of
11-12 and is bigger than the first by 1 or 2 mm.
The crown has two cusps (a bigger buccal and a
smaller lingual), but the lingual cusp is often
divided in two (Fig. 1.37).

It has just one root with one canal in 85 % of
cases, but we could also find two different canals
in one root (11.5 %) or two canals which merge
into just one apical foramen (1.5 %) (Fig. 1.37).

Fig. 1.33 Lower premolars: graphic representation of
the access cavity (Courtesy of Giovanni Olivi, Rome,
Italy)

Rarely are there three canals (0.5-1 %). In about
40 % cases the root is straight while in about
40 % the apical third is distally inclined. It is pos-
sible to find a bayonetted curvature (7 %) and a
vestibular curvature (10 %).

The access cavity to the pulp chamber is
oval shaped also in this tooth with a buccal-
lingual direction centred on the occlusal sur-
face (Fig. 1.36).
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Fig.1.34 (a, b) First lower premolar: occlusal and proxi- ~ Fig. 1.35 (a, b) Second lower premolar: (a) coronal
mal view view; (b) proximal view shows the presence of one root
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Fig.1.36 Anatomical tables from Hess and Keller: lower
single-rooted premolar with complex canal system that
includes two main canals connected by several fins and
two different apices [2] (Image reprint with permission
from Perrini [1])

1.8  Upper Molars
There are three molars per hemi-arch, and they
don’t have a corresponding primary tooth.

1.8.1 First Upper Molar

It erupts between the age of 6 and 7 behind the
second primary molar. It completes its apical for-
mation between the age of 9 and 10 years.

The crown has four cusps on the occlusal side
and three roots, one palatal and two vestibular
(Fig. 1.38).

It is about 21-22 mm long and has a canal in
the palatal root and another one in the distal-
buccal root.

Fig.1.37 Anatomical tables from Hess and Keller: lower
premolar with two roots and two canals; several fine lat-
eral canals are present in the apical one-third [2] (Image
reprint with permission from Perrini [1])

The mesial-buccal root presents two differ-
ent canals in 60-70 % of cases (MB1 and
MB2). A second canal in the distal-buccal roots
(DB2) is infrequent (2-3 %) (Figs. 1.39, 1.40
and 1.41).

The access cavity to the pulp chamber is trian-
gular with its base turned towards the buccal side
and the top towards the mesial-palatal cusp; the
cavity is always located mesial (anterior) to the
oblique enamel ridge that unifies the mesial-
palatal cusp with the distal-buccal cusp. The ori-
fices of the canals are located at the top of the
triangle that forms the access cavity (Fig. 1.42);
if we unify the orifice of the MB1 canal with the
palatal orifice, we can find the second canal of the
mesial-buccal root (MB2), often covered by
calcification (Fig. 1.43).
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Fig. 1.38 First upper molar: occlusal view

Fig. 1.40 Anatomical tables from Hess and Keller: upper
molar with very complex pulp anatomy; MB1 and MB2
are visible in the mesial-buccal root [2] (Image reprint
with permission from Perrini [1])

Fig.1.39 Anatomical tables from Hess and Keller: upper ~ Fig. 1.41 Anatomical tables from Hess and Keller: upper

molar with very complex pulp anatomy [2] (Image reprint molar with very complex pulp anatomy; MB1 and MB2

with permission from Perrini [1]) are visible in the mesial-buccal root [2] (Image reprint
with permission from Perrini [1])
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1.8.2 Second Upper Molar and it has four occlusal cusps. It has three roots
and three canals, like the first molar, and there is
Eruption occurs at the age of 12 years and the a second canal in the root MB as well (37—
formation of the apical one-third is completed at 42 %). The shape of the pulp chamber is more
about 14 years. rhomboidal than triangular (see Figs. 1.42 and
It is smaller and shorter than the first molar 1.43).
by about 1-2 mm, it is about 19-20 mm long

Fig. 1.42 First upper molar: three angular access cavities  Fig. 1.43 First upper molar: access cavity is enlarged

with three canals (Courtesy of Giovanni Olivi, Rome, Italy)  towards the mesial ridge in order to find the MB2 canal,
on the line that converges mesial-buccal and palatal canal
(Courtesy of Giovanni Olivi, Rome, Italy)
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1.8.3 Third Upper Molar (Fig. 1.44). The average length of the third molar

is about 18 mm. The root could be one or fre-
This tooth erupts in the mouth after the age of 17. quently more than one, such as three or four
It has a very peculiar anatomical morphology roots, usually distally curved (Figs. 1.45, 1.46,
and the crown presents three or five cusps 1.47 and 1.48).

(040K ]

Fig. 1.44 Upper third molars showing very peculiar occlusal morphology with three or four cusps

Fig. 1.45 Upper single-root third molar Fig. 1.46 Upper third molar with four distally curved canals
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Fig. 1.47 Upper third molar with atypical anatomy

1.9 Lower Molars
There are three molars per hemi-arch and they
don’t have a corresponding primary tooth.

1.9.1 First Lower Molar

It is the first permanent tooth to erupt at the age
of 6 years; it completes its formation when the
child is around 9-10 years old. The crown has
five cusps, two lingual and three buccal
(Fig. 1.49). It is 22-23 mm long. Roots are usu-
ally two, one mesial and one distal (97 %), and
we can rarely find a third disto-lingual root
(3 %). In the mesial root we find two canals in
65 % of cases: they can have just one apical
foramen (40 %) or two separate foramina
(60 %). In the distal root there is one canal
(70 %) or two canals (30 %); here there can also

Fig. 1.48 Upper third molar with severe 3D root curvature

be two different apical foramina (38 %) or just
one (62 %) (Figs. 1.50, 1.51 and 1.52) (Figs. 1.53
and 1.54).

All the roots, on the buccal side, present a mod-
erate distal inclination. The pulp chamber is trian-
gular or square, depending on the number of canals
(3 or4), and it is located in the centre of the crown,
in the mesial-lingual area. Because of this pecu-
liarity, during the opening of the access cavity of
the pulp chamber, it is important to be careful not
to remove precious dental tissue in the distal area.

The design of the access cavity must be
triangular or trapezoidal with the larger base
towards the mesial ridge of the occlusal sur-
face and the smaller base (or the apex of the tri-
angle if the distal canal is just one) slightly distal
of the central occlusal fossa (Figs. 1.55 and 1.56).

In the case of a third root, its orifice can be
found looking along the floor of the pulp chamber
in the corners of the base of the trapezoid.
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Fig. 1.49 First lower molar: occlusal view

Fig.1.51 Anatomical tables from Hess and Keller: lower
molar with very complex pulp anatomy [2] (Image reprint
with permission from Perrini [1])

Fig. 1.50 Anatomical tables from Hess and Keller: lower  Fig.1.52 Anatomical tables from Hess and Keller: lower
molar with very complex pulp anatomy [2] (Image reprint  molar with very complex pulp anatomy [2] (Image reprint
with permission from Perrini [1]) with permission from Perrini [1])
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Fig. 1.53 CT scan of roots of lower molars: note the complex morphology of the pulp space

Fig. 1.54 CT scan of roots of lower molars: modern digital instruments reproduce the fine and complex morphology
of the pulp space previously illustrated by the histological tables of Hess (CT scan courtesy of Dr. Frank Paqué,
University of Ziirich, Switzerland and Dr. Enrico DiVito, Scottsdale, Arizona, USA.)
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1.9.2 Second Lower Molar

Iterupts at the age of 11 years and it is very similar
to the first lower molar with some differences.

It is smaller than the first by 1-2 mm in every
direction. It presents four cusps on the occlusal
surface and it usually has two roots, one mesial and
one distal. The mesial root has just one canal in
13 % of cases; more frequently there are two canals
which end in just one foramen (49 %), or there are
two canals with two independent foramina (38 %).
The distal root presents just one canal in 92 % of
cases. Rarely are there two canals with one apical
foramen (5 %) or two separate foramina (3 %).

Fig. 1.55 Lower molar: access cavity to three canals
(Courtesy of Giovanni Olivi, Rome, Italy)

The access cavity to the pulp chamber is
located in the middle of the mesial-lingual area,
and it has a trapezoidal design. Because of the
dimensions of the pulp chamber and its proxim-
ity to the mesial-lingual wall, we advise attention
during the opening of the chamber in order to
avoid unnecessary destruction of dental sub-
stance (see Figs. 1.55 and 1.56).

1.9.3 Third Lower Molar

It erupts after the age of 17 years and usually at
the age of 25 years. Also called “wisdom tooth,”

Fig. 1.56 Lower molar: trapezoidal access cavity to four

canals (Courtesy of Giovanni Olivi, Rome, Italy)

Fig. 1.57 Variegated occlusal morphology of third lower molars can have four to five cusps
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Fig. 1.58 (a) Lower third molar with curved mesial root fused to the distal. (b) Lower third molar: distal root

Fig. 1.59 (a) Lower third molar showing four roots, two mesial and two distal: the mesial-buccal root presents a very
curved canal at the middle one-third. (b) Lower third molar: the distal view shows the delicate curvature of the disto-
lingual root
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Fig. 1.60 (a) Lower third molar: the buccal view shows two separated mesial roots with quite severe-grade curvature,
according to Schneider. The distal presents a moderate 3D curvature towards mesial and lingual. (b) Lower third molar:
the distal view shows the 3D curvature of the distal root in lingual direction and also towards mesial

it has an atypical and variegated morphology. It
can have from three to five cusps (Fig. 1.57).
Often there is a melding of the roots into two or
three roots. As a consequence its endodontic
anatomy cannot be schematized, as with the
upper molar. Experience in dental operation will
lead the operator to the correct negotiation with
the endodontic procedure (Figs. 1.58, 1.59 and
1.60).

1.10 Apical Anatomy

The radicular and apical anatomy of the teeth is
very complex and summarily assessed preopera-
tively. The conventional X-ray diagnosis pro-
duces a two-dimensional image of the existence
of multiple roots and possible curvatures in the
mesial-distal direction. The cone-beam com-
puted tomography (CBCT) or 3DCB led dental

diagnostic radiology to a three-dimensional level,
allowing the study of root curvature on the three
planes of space and improving pre- and post-
operative diagnosis.

Also the anatomy of the apices in their bizarre
variations remains difficult to assess and also not
treatable operatively. Hess’s tables explain the
impossibility of pre-operative correct interpretation
of the tooth anatomy and of complete instrumenta-
tion of the apical one-third often cause of endodon-
tic failure (Figs. 1.61, 1.62, 1.63, 1.64, 1.65 and
1.66). Delta terminus, fine ramifications and mul-
tiple apices are only a summary of several anatomy
variations in the apical one-third of the root.

The different irrigation or laser irradiation
techniques used for root canal cleaning and
decontamination have their greater limit in the
macroscopic and microscopic anatomy of the
apical third, whose unpredictable variability
affects the prognosis of endodontic therapy.
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Figs. 1.61, 1.62, 1.63, 1.64, 1.65 and 1.66 Images showing the complex anatomy of the apical one-third. A single
canal can finish with a single port of exit or a delta; many times three or more termini are present. Davis emphasized the
impossibility to remove all the pulp tissue from the apical part of the root, also investigating the fate of the organic
content remained in the apical ramifications after a root canal therapy (From “Essential of Operative dentistry, W. Clyde
Davis” [1], reprinted in [2]) (Image reprint with permission from Perrini [1])
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1.11 Microscopical Anatomy

of Permanent Teeth

The dental crown is made by an external layer of
very hard and highly mineralized tissue, the
enamel, and by an internal part of less hard and
less mineralized tissue, the dentin, composed by
an organic part rich in collagen fibrils and of
inorganic component, the hydroxyapatite.

The root is composed of an external part
called cementum, which covers it entirely, and by
an inner part, the dentin, which defines the end-
odontic space of the canal containing the pulp
tissue.

In case of chronic or acute pathology, the
pulp shows the histological signs of irreversible
and degenerative inflammation until necrosis
occurs. Later on the dentin becomes the guest
tissue for bacterial flora responsible of the end-
odontic pathology. Bacteria colonize the dentin
surface of the main and lateral canals as free
cell form (planktonic) or as organized con-
glomerate, highly adherent to the surface (bio-
film); both these bacterial forms penetrate the
surface of the canal towards the dentin tubules,
point of passage from the endodontic space to
the apical and radicular or periradicular space
(periodontium).

During root canal therapy, dentin tubules rep-
resent a critical anatomic area to decontaminate.
Due to the difficulty and limitations of the com-
mon irrigation techniques, of medicaments and/
or of laser irradiation to penetrate deeply the
dentin walls and to reach and kill bacteria deeply
hosted, the radicular dentin microanatomy and
the effective disinfection represent the potential
causes of endodontic failure.

This concept must be kept in mind when con-
sidering specific laser irradiation and its interac-
tion with the targets, the radicular dentin or the
bacteria hosted in it.

1.12 Dentin

Dentin has a various composition (proportions
are 70 % of inorganic material, 18 % of organic
matrix and 12 % of water, in weight). It is charac-
terized by a structure of mineralized collagen
fibrils which define the architecture of dentinal
tubules that extend from the pulp to the enamel or
to the radicular cement.

Dentin is formed from mineralization of the
organic matrix with inorganic elements gradually
secreted by the odontoblasts of the dental pulp
(Figs. 1.67 and 1.68).

Fig.1.67 SEM image at 1000x magnification: orifices of
dentinal tubules of the radicular cervical one-third; the
presence of the collagen architecture is evident

Fig.1.68 SEM image at 3100x magnification: orifices of

dentinal tubules of the apical one-third of the root
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1.12.1 Predentin and Calcospherules of twine of fibres and fundamental substance.
The mineralization front of predentin is formed

Dentin is separated from the dental pulp by a thin  of calcospherules and calcoglobulin (Figs. 1.69,

non-mineralized tissue (15-40 pm thickness or 1.70, 1.71 and 1.72).

width), the predentin. The predentin is composed

Fig. 1.69 SEM image at 807x magnification: preden- Fig.1.70 SEM image at 2528x magnification: predentin
tin with calcospherules in the middle one-third of the  with calcospherules in the middle one-third of the root
root

Fig.1.71 SEM image at 400x magnification: predentin with ~ Fig.1.72 SEM image at 2000x magnification: predentin

irregular calcospherules in the middle one-third of the root with irregular calcospherules in the middle one-third of
the root; this irregular aspect depends on immature miner-
alization of the predentin caused by a sudden and violent
but not carious insults
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1.12.2 Dentinal Tubules

Dentin tubules have an “S” pattern in the crown
and mainly straight in the root. They connect the
pulp tissue with the cement and enamel. The num-
ber of tubules and their diameter depends on their
radicular or coronal position and on their proxim-
ity to the pulp. An increased number and diameter
of dentin tubules are present from the periphery of
the dentin to the pulp (from 45,000 to 19,000 for
mm? and from 0.9 pm to 2-3 pm) (Fig. 1.73).

1.12.3 Peritubular and Intertubular
Dentin

Dentin tubules are delimitated by peritubular
dentin, a tissue with a high level of mineraliza-
tion produced by the odontoblasts during the

dentinogenesis. The intertubular dentin consti-
tutes most part of the dentin, richer in organic
material and water (Figs. 1.74 and 1.75). As a
consequence of the dentin ultrastructural compo-
sition, peritubular dentin is the more exposed part
to the acid of bacterial metabolism and the less
ablated by the erbium laser irradiation (2780 and
2940 nm) because of the less water content than
the intertubular dentin. The dentin ultrastructural
composition explains the peculiar microscopic
morphology after erbium laser irradiation
(Figs. 1.76 and 1.77).

Following external irritative stimulus, odonto-
blasts start again the deposition of the peritubular
dentin, producing a reduction of the tubules
diameter, in the attempt to protect the tooth by
interrupting the communication between pulp
and dentin in a process called dentin sclerosis
(Figs. 1.78, 1.79 and 1.80).

Fig. 1.73 Coronal, middle root and apical dentin (total width). The number and diameter of dentin tubules vary
from the coronal to the apical part, decreasing from coronal to apical
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Fig. 1.74 SEM image at 4620x magnification: coronal
dentin with visible odontoblastic filaments

Fig. 1.75 SEM image at 2500x magnification shows
intertubular and peritubular dentin: the higher dentin min-
eralization in the peritubular area appears whiter because
of more electron reflection

Fig. 1.76 SEM image at 2000x magnification of dentin
irradiated with Er,Cr:YSGG laser at 75 mJ, 20 Hz with a
200 pm fibre. More mineralized peritubular dentin pres-
ents less ablation compared to the intertubular, showing
the typical erbium-lased pattern termed “chimney” effect

Fig. 1.77 SEM image at 2500x magnification shows
dentin irradiated with Er,Cr:YSGG laser at 125 mJ, 20 Hz
with a 200 pm fibre. Higher power setting produces a
wider dentin ablation which involves both intertubular
and peritubular dentins; superficial thermal effect is also
present with vaporization of the organic matrix
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Fig. 1.78 Image at 2500x magnification shows sclerotic
dentin. In correspondence to dental caries, inside the
dentinal tubules, the acids, produced by the bacterial
dentin destruction, cause a precipitation of calcium salts
with saturation of dentin fluid and consequently a pre-
cipitation of calcium crystals and formation of hydroxy-
apatite crystals that form calcified moulds of dentinal
tubules

Fig. 1.79 SEM image at 33,000x magnification shows
the presence of calcification (whitlockite) inside a dentinal
tubule, occluding it (Reprinted with permission from
PICCIN)

Fig. 1.80 Thready calcification spread along pulp capil-
laries (image at OM) (Reprinted with permission from
EDRA)

1.13 Types of Dentin

During the lifetime of a tooth through the years, a
progressive mineralization of the dentin’s organic
part happens to define different morphologic
types of dentin. Primary dentin is that produced
during the odontogenesis before the dental
eruption.

After the eruption, the dentinogenesis pro-
duces the secondary dentin, starting from the
predentin at the level of the pulp horns (cornets)
and at the floor of the pulp chamber, leading to
the maturation and completion of the root.

Tertiary dentin is a reactive dentin, formed
as a pulp reaction to external acute irritative
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stimulation, physical (hot, cold, bruxism, abra-
sions), chemical (erosions) or bacterial (cavi-
ties) especially in the crown. Tertiary dentin is
formed from pre-existing odontoblasts and from
the undifferentiated cells of the pulp, which dif-
ferentiate into odontoblasts deprived of periph-
eral extension. Tertiary or reactive dentin
doesn’t have tubules or have just some incom-
plete traces.

Over the tertiary dentin, another defence
mechanism of the dental pulp is the sclerotic den-
tin (see Figs. 1.78, 1.79 and 1.80).

For a more accurate analysis of the histology
of the human dental tissues, the reader is invited
to explore other texts, including Laser in
Restorative  Dentistry, also published by
Springer [19].
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Root Canal Catheterization

Mohammed Alshahrani, Roberto DiVito,
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Abstract

The ultimate goal of endodontic treatment is the eradication of microor-
ganisms, which lead to endodontic disease. Ultimately a triad approach to
treating dental pathology in endodontics results. They are shaping, clean-
ing, and disinfection via irrigation and finally obturation.

The complete sterilization of the root canal system is a daunting task
and frequently unattainable due to the complex anatomy of the root canal
system. However, a more reasonable and achievable goal is to bring the
microorganism count down to a level where the body can heal itself.
Current techniques encompass the use of chemo-mechanical debridement
followed by a three-dimensional obturation of the root canal system.

The cleaning and shaping are an integral part that must be carried out in
a smooth, dynamic way and reproducible way. A prior comprehensive
knowledge of tooth anatomy helped the clinician to perform the endodon-
tic treatment safely and efficiently.

In this chapter, a thorough description of the routine orthograde end-
odontic treatment will be addressed. It includes a comprehensive explana-
tion of biological and technical objectives as well as the strategies of
shaping the root canals. The armamentarium required to complete the non-
surgical endodontic treatment will be discussed including the use of nickel-
titanium rotary instruments in contemporary endodontics. Objectives,
requirements, and techniques available for optimal results will be explained.
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Early in root canal treatment history, procedures
were focused on exposing the root canals to
receive a medicament because technology had
not progressed to a point where doing so was
even feasible. However, according to Schilder
(1974), the goal of modern endodontics is to
clean the canal’s contents as well as possible and
then shape it to receive a three-dimensional bio-
compatible filling material [1]. By doing so,
harmful contents are removed to a degree that
enables the body to heal itself.

The “cleaning and shaping” process can be
divided into several stages. First, access cavity
preparation is required to locate all root canals;
then each canal is debrided and shaped to receive
the inert filling material.

2.1 Access Cavity Preparation

The access cavity is considered by many to be the
most difficult part of root canal therapy. It is the
process which opens the tooth’s occlusal surface
to expose the coronal aspect of the root canal sys-
tem. If done well, it greatly facilitates cleaning,
shaping, and obturation. If done poorly, it makes
proper root canal treatment much more difficult
and can lead to incidences of unnecessary iatro-
genic events. Proper access cavity preparation
should meet the following objectives:

» Caries removal

* Conservation of crown tooth structure while
creating a straight-line path to each canal’s
midpoint

e Complete de-roofing of pulp chamber

* Coronal pulp tissue removal

* Locating all canal orifices

» Establishing restorative margin to minimize
the leakage and ultimate reinfection

* Eliminating the chance of lateral strip perfora-
tions during the cleaning and shaping process

Proper access cavity preparation must include
the careful examination of both the pulp chamber
and root canal anatomy. Radiographs reveal valu-
able information but one must consider that
radiographs reveal only two dimensions of a

three-dimensional object. Therefore, much inter-
pretation and assumption still remain, and accu-
rate treatment is left up to the skill and experience
of the clinician.

Recently the use of 3D CT cone beam has
been introduced and gives the clinician more
accurate and comprehensive information of both
external and internal root morphologies. Krasner
and Rankow (2004) found that the pulp chamber
of every tooth is located at the middle of the tooth
in relation to the level of CEJ [2]. They referred
to this as the law of centrality. They also described
that the wall of the pulp chamber is always con-
centric to the external surface of the crown at the
CEJ level. As such, teeth should be probed to
locate the CEJ. Once the CEJ is located, the point
of entry can be then determined. Clinicians
should avoid using the angulation of clinical
crowns only to access preparations as this can
lead to mishaps. Tables 2.1 and 2.2 demonstrate
this occurrence.

After locating the point of the entry, the access
preparation should be initiated using the appro-
priate bur. Bur selection depends on clinician
preferences and the type of material (natural or
man-made) that you are cutting. Usually #2
round bur will be used with small teeth and #4
round bur used with larger teeth. There are also
other burs such as a tapered fissure bur which
cuts efficiently through prosthetic restorations.
Tapered diamond, Endo Z bur, and 245 burs can
be used also. The drilling should be carried on
until a “drop” is felt. Caution must be taken since
this drop is not applicable in teeth with shallow
pulp chamber as defined by pre-treatment radio-
graphs. De-roofing should be attempted until the

Table 2.1 Krasner and Rankow’s proposed laws [2]

Relationships of the pulp chamber to the clinical crown
Law of centrality: the floor of the pulp chamber is
always located in the center of the tooth at the level of
the CEJ

Law of concentricity: the walls of the pulp chamber are
always concentric to the external surface of the tooth at
the level of the CEJ

Law of the CEJ: the CEJ is the most consistent,
repeatable landmark for locating the position of the
pulp chamber
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Table 2.2 Krasner and Rankow’s proposed laws [2]

Law relationships of the pulp-chamber floor

Law of symmetry 1: except for maxillary molars, the
orifices of the canals are equidistant from a line drawn
in a mesial-distal direction through the pulp-chamber
floor

Law of symmetry 2: except for the maxillary molars,
the orifices of the canals lie on a line perpendicular to a
line drawn in a mesial-distal direction across the center
of the floor of the pulp chamber

Law of color change: the color of the pulp-chamber
floor is always darker than the walls

Law of orifice location I: the orifices of the root canals
are always located at the junction of the walls and the
floor

Law of orifice location 2: the orifices of the root canals
are located at the angles in the floor-wall junction

Law of orifice location 3: the orifices of the root canals
are located at the terminus of the root developmental
fusion lines

pulp chamber is completely uncovered. No
attempts should be made to locate the orifices
until de-roofing is completely finished. Then the
canals can be observed. Any unsupported tooth
structure should be removed for restorative
assessment.

2.2 The Shaping Concept

After adequate access opening has been prepared,
a sharp endodontic explorer is typically used to
locate the orifices and to assess for straight-line
access. Pre-flaring the coronal third should be
carried out with the goal of creating a “funnel” at
each canal orifice so that instruments easily “drop
into” the canal without the clinician having to
“search and find” canals. Gates Glidden burs and
many other “orifice opener” instruments are
available for creating such funnels without goug-
ing the pulpal floor. All dentin triangles in ante-
rior teeth and dentinal overhangs in posterior
teeth are removed to reveal orifices and establish
straight-line access to the middle third of each
root canal. Preparation in this manner makes the
subsequent steps easier and faster while eliminat-
ing any unnecessary bending of instruments
which can later lead to broken instruments and
ledged canals.

Schilder (1974) described the cleaning and
shaping process, often called “instrumentation,”
in great detail. He emphasized the importance of
achieving certain objectives that result in suc-
cessful endodontic treatment [1]:

* A continuous funneled and tapered prepara-
tion from apical to coronal third.

* As aresult of this continuous taper, the small-
est diameter should be kept apically and larg-
est diameter coronally.

¢ The apical foramen should be kept as small as
practical.

* The apical foramen should be kept in its origi-
nal geographic location.

¢ When the canal is shaped, it should be shaped
in three dimensions and the preparation should
be a continuous funnel to the apical area.

A continuous funneled and tapered prepara-
tion ensures adequate delivery of irrigants close
enough to the working length, and it exposes lat-
eral canals by shortening its length. Tapered
preparations increase the contact between the file
and dentinal walls, whereas in parallel prepara-
tion it is less likely to have such contact.
Obturation also will be enhanced with funneled
preparations, and compaction forces are distrib-
uted evenly resulting in a better seal.

The diameter of the root canal should be as
small as the canal preparation apically. This kind
of preparation will transmit the compaction
forces to the smallest area including lateral
canals, fins, and isthmus. This results in denser
compaction of gutta-percha. Caution must be
taken not to weaken the coronal structure by cre-
ating too large of a taper. This is particularly true
in teeth that have internal resorption.

Clinicians, during root canal therapy, fre-
quently deviate from the canal’s original path
thereby creating a new artificial path, commonly
called “transportation” of the canal. This is most
often caused by the rigidity of the instruments
and their inability to accurately follow the curves
of the canals. One objective of proper root canal
instrumentation is to minimize transportation
because it can result in unnecessarily removing
of healthy dentin and incomplete debridement of



WWW.HIGHDENT.IR

QS 10159 9 Ol jludluss jles

40

M. Alshahrani et al.

the harmful contents within the main canal.
However, conservative straightening of the
canal’s coronal third is often desirable in order to
achieve better access to the apical third.
Transportation of the foramen is one of the most
common reasons for wet or bleeding canals,
which can result in chronic persistent inflamma-
tion and failure of root canal therapy. The rigidity
of the metals creates a lever effect when the
instrument goes around a curve. This exerts a lat-
eral force, which can lead to transporting the
foramen. In severe cases, a lateral perforation
through the side of the root is the result. Creating
straight-line access to at least the mid-root of the
canal helps to reduce this level effect and reduces
the lateral force of the instrument leaning against
the side wall of the canal. The use of copious
amounts of irrigation during instrumentation also
helps prevent accumulation of dentinal shavings
and canal blockage that also cause instruments to
deviate away from the canal’s original path.

The following biological objectives are neces-
sary for adequate root canal preparation:

(a) Confine the instrument to the root canal space
without preparing the surrounding bone.
Care should be taken not to force or push the
root canal content to the periradicular area.
(c) Removing and debriding the root canal con-
tent meticulously.

Completing vital and non-vital cases in one

visit if the chance of successful treatment is

not compromised by doing so.

(e) Creating sufficient space for effective irriga-
tion and intracanal medicaments to accommo-
date the periradicular discharges as a result of
inflammation caused by instrumentation.

(b)

(d)

2.2.1 Hand Instrumentation

There are essentially two primary techniques to
shape the root canal system using hand files.
They are step-back and crown-down technique.

* Step-back technique [3]
This technique involves completing instru-
mentation of the apical third first and then
debriding the remainder of the canal by “step-

ping back” coronally from the working length
with successively larger instruments, in
0.5-1 mm increments.

¢ Crown-down technique [4]

In this technique the coronal third is flared
first, using Gates Glidden drills or similar
instruments to remove the obstructions from
coronal and middle third. The apical third is
negotiated and completed last. Pre-curved
files are advocated during this technique.

In many instances, clinicians use a combination
of both crown-down and step-back techniques as
they are not mutually exclusive of each other.

2.2.2 Rotary Instrumentation

Endodontic instruments typically have design
features as described in Table 2.3.

2.2.2.1 File Design Features

and Functions
Nickel-titanium rotary instruments were first
introduced to the market in 1993. Nickel-titanium,
also known as nitinol, is a metal alloy made of

Table 2.3 Rotary endodontic instrument components

File

components  Definition Role

Flutes The groove in the  Debris collection
working surface depends on the
used to collect depth, design, and
debris finish

Land The non-cutting Reduces file
part of the file, engagement and
which is a metal keeps the file
projection away centered
from the center of
the file

Rake angle The angle formed  The more obtuse
by the leading edge the angle is, the
and radius of the =~ more cutting the
file file is

Pitch The distance The more pitches

Helix angle

between two
adjacent leading
edges

The angle formed
by the cutting edge
and long axis

the file has, the
greater the helix
angle

It is important to
determine the
filing technique
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nickel and titanium in generally equal proportions.
It was developed initially in the 1960s for military
purposes, but its potential in the dental field was
recognized and has been used for hand files, rotary
files, and even orthodontics.

The discovery of NiTi changed the way the root
canal instruments were made and how canals were
prepared. It allowed files to be placed into air-
driven and electric handpieces, rotating them at
high speeds thus making root canal preparation
easier and faster for clinicians. Curved canals were
more easily negotiated, and shaping errors were
minimized due to NiTi’s superior flexibility and its
ability to return back to its original shape [5].

Many endodontic rotary systems exist in the
industry today, with many more being introduced
yearly. This chapter will discuss two of the most
popular systems.

2.2.2.2 ProTaper Universal

The design of the ProTaper rotary files by
Dentsply Maillefer differs from other designed
instruments. It incorporates a progressive taper
along the length of the instrument, whereas most
other instruments have just one taper from one
end of the cutting blade to the other. It has two
shaping and five finishing files to choose from. It
includes also an SX file, which is used in opening
the orifice. S1 and S2 files are used to flare the
coronal and middle third of the canal system. The
finisher files F1, F2, F3, F4, or F5 are used for
preparing the apical third.

Once the access opening is established, #10
and 15 k-type hand files are used to explore the
coronal and middle third. S1 and S2 are taken to
resistance not more than two thirds of the canal
depth in brushing motion. Then #10 and 15 k-files
are used to explore the apical third and to deter-
mine the working length. S1 and S2 are taken to
working length followed by F1 as well. The api-
cal foramen is then gauged with hand files pas-
sively. F2, F3, F4, and F5 are used as needed for
refinement and completion of apical shaping.

2.2.2.3 Twisted Files (TF)

SybronEndo introduced the Twisted File rotary
system to the market in 2008. These were the first
files made using a proprietary heat treatment

method to form the spiral-shaped cutting blades.
Whereas files are typically ground into their final
configuration by a grinding machine, TF’s flutes
are created by twisting a metal alloy blank,
lengthwise, instead of grinding it. This process
eliminates microfractures caused by grinding the
surface of the metal which in turn reduces the
chance of instrument separations and more flexi-
ble files. TF comes in two lengths, 23 and 27 mm,
and also in different sizes and tapers. TF follows
the typical crown-down instrumentation sequence
described above.

2.3  Root Canal Obturation
The ultimate goal of root canal treatment is
either to prevent the development of apical
periodontitis or to create an adequate environ-
ment for the healing to occur. Thereafter, the
root canal space is filled, or obturated, in three
dimensions to seal and avoid reinfection of the
cleaned root canal system. Obturation encom-
passes two key components: (1) the core filling
material and (2) sealer. The core material occu-
pies the canal space, whereas sealer fills the
gaps between and the core material and canal
walls. Some obturation techniques warm the
filling material to allow it to better adapt (flow)
to the root canal system. Yet, because sealer is
liquid before it cures and becomes solid, it
flows better into the areas of the root canal sys-
tem than the solid or semisolid core filling
material.

The filling material should meet most of the
requirements listed in Table 2.4.

Table 2.4 Properties of an ideal obturation material

Ideal root canal filling Grossman [6]

Should be easily introduced in the canal system

Seal the canal apically and laterally

Should not shrink

Be radiopaque

Be bacteriostatic or at least prevents bacterial growth
Not stain the tooth structure

Not irritate the periradicular tissues

Sterilizable

Easily removed if necessary
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2.3.1 Lateral Compaction

Lateral compaction is one of the oldest and more
widely used methods to obturate the root canal.
In this method a “master” gutta-percha (or simi-
lar material) cone is selected corresponding to
the same size and shape as the final canal prepa-
ration size. The cone should exhibit resistance to
removal (tug back) when placed to full working
length. If the cone is too loose or goes passed the
working length, then 1 mm cuts from the master
cone tip should be made until good tug back is
established. Conversely, if the cone cannot reach
full working length, additional cones should be
tried or a cone of the next smaller size might be
required. To laterally compact the gutta-percha, a
hand instrument called a spreader is used. Also
available is a finger spreader. The advantages of
using finger spreader over the hand instrument
spreader are the tactile sensation and precise con-
trol of the applied force. Spreaders are available
in different sizes and made from both nickel-
titanium and stainless steel. Nickel-titanium fin-
ger spreader allows for more penetration, and it
adapts better to the root canal especially in curved
canals. The disadvantages of this technique are:

1. Lateral canals are not filled, with gutta-percha,
because in its solid form gutta-percha is not
able to flow laterally.

2. Lateral forces might cause root fracture or set up
micro cracks that later can lead to root fracture.

3. It is typically slow and labor-intensive com-
pared to some of the more modern techniques.

4. It often leaves large gaps which are easily
penetrated by micro-sized organisms.

Table 2.5 shows the detailed procedure of lat-
eral condensation.

Despite a well-shaped, cleaned, and obturated
root canal, failure can occur if there is insufficient
coronal seal. Therefore, one must not underesti-
mate the importance of the coronal restoration.

2.3.2 Warm Vertical Compaction

In an effort to improve upon then current obtura-
tion methods, Schilder (1977) advocated filling

Table 2.5 Lateral compaction

Lateral compaction technique

Cone fit to the working length

Canal then irrigated and dried

Sealer application using lentulo spiral or paper points
Spreader selection should match the accessory cone size

Spreader should be fit, 1-2 mm shorter of working
length

Accessory cones fit immediately after spreader removal
and repeated till the canal is completely filled

Accessory cones then are seared off and condensed
well at coronal part

the root canal system “in three dimensions” as
the primary goal of root canal obturation [7]. He
understood that inadequate obturation is a likely
cause of subsequent treatment failure and sought
improvement by heating gutta-percha so that it
would flow laterally.

Warm vertical compaction involves a number
of devices such as heat sources (System B,
Touch’n Heat, Elements Obturation Unit) and
pluggers, which carry the heat down into the root
canal. Like lateral compaction, this technique also
requires a master cone to be precisely fit. A larger
taper master cone helps to prevent the cone from
buckling while applying the vertical force. Also
the cone should fit tightly just short of working
length to help prevent the cone from being pushed
past the end of the root when the vertical force is
applied. One concern of warm vertical compac-
tion is heat damage to the periodontal ligament.
Thus, care must be taken to avoid applying heat
for extended periods of time. Manufacturer
instructions should be followed strictly; most sug-
gest removing the heat after no more than 5 s of
application. Selected pluggers should be engaged
against gutta-percha and not against the canal
walls as root fracture might occur (Table 2.6).

2.3.3 Carrier-Based Obturation

Carrier-based obturation involves forming a thin
layer of gutta-percha over a taper-shaped solid
core of material. The rigidity of the carrier allows
clinician to insert the gutta-percha easily into pre-
pared root canal system. The gutta-percha is
warmed in an oven just before use, and the
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Table 2.6 Warm vertical compaction

1. Cone fit should be done in wet canal with tug back

2. The cone is cut 0.5 mm to compensate compaction
forces

3. Pre-fitted pluggers should be selected for apical,
middle, and coronal third

4. Canal then should receive the final rinse and dried
appropriately

5. Sealer is applied to the canal using paper point or
lentulo spiral

6. With caution, the cone is placed to working length

7. System B or Touch’n Heat tip is activated to sear off
the gutta-percha cone at orifice level, and then coronal
plugger is used to compact the heated portion. This
process is repeated till desired apical 5 mm of
gutta-percha is reached

8. If post space is needed, then the obturation is
complete

9. If not the rest of the canal is filled with multiple
segments of warmed gutta-percha

Table 2.7 Carrier-Based Gutta-Percha

Carrier-based gutta-percha technique

1. Canal should be dried and appropriate sealer is
applied

2. The obturator selected should correspond to the
apical size preparation

3. The obturator is then placed in the oven and heated
according to manufacturer instructions

4. The heated carrier should be removed from the oven
and immediately placed into the prepared root canal

5. The placement of the carrier should be smooth, and
it should not require any serious force during placement

6. The carrier should be left in the canal to cool

7. Using a high-speed handpiece, the carrier is severed
at the orifice level

hydraulic force of pushing the carrier into the
canal causes the gutta-percha to flow vertically
and laterally. This technique was adopted by
many general dentists as it was both quick and
easy. However, the disadvantage is that the carrier
can be difficult to remove if retreatment is required
in the future. Recently, manufacturers have helped
alleviate this problem by making the carrier from
materials more easily removed (Table 2.7).

24 Endodontic Instruments

Endodontic instruments for root canal debride-
ment can be divided into several categories:

(a) Manually operated instruments
* K-type instruments
— K-type instruments include both files
and reamers. They are made in a grind-
ing machine from tapered stainless steel
or nickel-titanium wire having a square
or triangular cross section. The differ-
ence between the file and reamer is the
number of spirals around the file shaft.
Reamers typically have fewer spirals
and thus are slightly more flexible.
e H-file
— Hedstrom files are very similar to
K-type files except for their cross-sec-
tion shape and the way they are used. Its
sharp cutting edges cut when pulled in a
coronal motion. Care must be taken not
to twist or prebend these instruments as
they are fragile and subject to fracture
when using in a rotating motion.
* Barbed broaches
— This is one of the earliest instruments
used in root canal therapy to extirpate
the pulp. These instruments are designed
with small sharp projections along its
working length to engage and remove
soft tissue from the canal.
(b) Low-speed instrument with latch type
Gates Glidden drills and Peeso reamers
are two low-speed instruments made mostly
from stainless steel. They come in different
sizes 1-6 (corresponding to 0.50, 0.70, 0.90,
1.10, 1.30, and 1.50 mm diameter) and
lengths (28 and 32 mm). They have a non-
cutting tip and are mainly used for the prepa-
ration of the coronal portion of the root canal
to establish a straight-line access. Peeso
reamers are mostly used for post space
preparation.
(c) Engine-driven nickel-titanium rotary instru-
ment, e.g., ProTaper and TF
(d) Adaptive files
The self-adjusting files are made from a
hollow tube of NiTi with an abrasive mesh-
like surface. This design allows the files
cross-sectional to change its shape to closely
match the root canal’s cross-section anatomy.
Its design allows continuous irrigant flow
through the hollow portion of the file during
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(e)

the instrumentation process. The concept is
to remove a thin layer of dentin from all parts
of the canal wall regardless of canal shape
(oval or round) as opposed to always creating
around shape which tends to remove more or
less dentin than necessary.

Reciprocating file

The first introduction of this kind of hand-
piece was the Giromatic handpiece in 1969.
It delivers 3000 quarter-turn reciprocating
movements per minute. Stainless steel-
barbed broaches and k-files are typically
used with this handpiece.

Recently, several manufacturers have
reintroduced reciprocating files made of
nickel-titanium. Those include WaveOne,
RECIPROC, and Twisted File Adaptive, and
the goal is to reduce the number of instru-
ments required to prepare canals to an abso-
lute minimum.

(f) Sonic and ultrasonic

The sonic and ultrasonic have been used in
cleaning and shaping the root canal. Ultrasonic
is used in conjunction with files to instrument

the root canal system, whereas the sonic needs
special tips like Rispi-Sonic, Shaper-Sonic,
TrioSonic, or Heli-Sonic files. The difference
between both sonic and ultrasonic is the oper-
ating frequency. Ultrasonic frequencies range
from 20 to 30 kHz. Sonic frequencies typi-
cally operate in the 2—3 kHz range.
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The Role of Irrigation
in Endodontics
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Abstract

During root canal irrigation, we aim for the chemical dissolution or dis-
ruption and the mechanical detachment and removal of pulp tissue, dentin
debris and smear layer (instrumentation products), microorganisms
(planktonic or biofilm), and their products out of the root canal system.
The different endodontic irrigation systems have their own irrigant flow
characteristics, which should fulfill these aims. Flow (convection) pro-
motes the distribution of irrigants through the root canal system. However
without flow, the irrigant has to be distributed through diffusion which is
slow and depends on temperature and concentration gradients. During the
flow of irrigants, frictional forces will occur between the irrigant and the
root canal wall (wall shear stress). These frictional forces participate in
the mechanical cleaning of the root canal walls. This chapter describes
the typical flow of irrigants produced by different irrigation systems
including their related wall shear stress. Furthermore, the influence of
flow on the chemical effect of the irrigants, including the effect on the
biofilm (disinfection), will be discussed.
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3.1 Introduction

Apical periodontitis (AP) is defined as an oral
inflammatory disease caused by a reaction of the
host immune system to the presence of microor-
ganisms (planktonic state or biofilm) or their
products. The microorganisms are close to or in
the root canal system or at the outside around the
root apex [1]. The goal of a root canal treatment
is to prevent or to heal AP. Therefore microorgan-
isms that have invaded the root canal system
should be removed, in order to facilitate healing.
Unfortunately, due to the complexity of the root
canal system containing isthmuses, oval exten-
sions, and lateral canals, a complete removal of
biofilm from the root canal system is not feasible
during a root canal treatment [1]. Furthermore,
the tooth and root structure consist of dentin
which is a porous material containing tubules
with a typical diameter of 0.6-3.2 pm and length
of 1-2 mm and which provide a shelter for micro-
organisms [1]. Nevertheless, minimization of the
number of microorganisms after treatment should
be attempted, using instrumentation comple-
mented by irrigation.

Instrumentation of the root canal is associated
with several disadvantages such as smear layer and
dentin debris production, iatrogenic errors such as
stripping and apical transportation, weakening of
the root structure, and apical crack formation [2—
6]. Furthermore, the instruments do not touch the
whole surface of the root canal wall [7] impeding
complete mechanical biofilm disruption. This
problem was recognized by Lussi and coworkers
[8] who introduced an irrigation device for root
canal cleaning that did not require prior instrumen-
tation. Promising results (in vitro and in vivo) were
published; however, further improvements were
needed, and the system is currently not commer-
cially available [9]. Establishing an alternating
negative and positive pressure that would enable an
effective irrigation procedure without instrumenta-
tion and extrusion of the irrigant seems, for the
moment, not to be possible. Therefore, it is still
necessary to create space in the root canal system
with instruments to be able to effectively apply and
disperse antimicrobial disinfection solutions or
medicaments throughout the root canal system.

When the root canal system is infected, so will
the dentin debris and smear layer requiring its
removal. The smear layer can be defined as a mix-
ture of dentine debris, remnants of pulp tissue,
odontoblastic processes, and microorganisms (if
present). The smear layer is strongly attached to
the root canal wall and can penetrate up to 40 pm
into the dentinal tubules [2, 10]. Dentin debris may
be defined as dentin chips, tissue remnants, and
particles attached to the root canal wall or present
in the root canal. Both dentin debris and smear
layer will inactivate the root canal medicaments
and irrigants and block their access to the biofilm
[11]. Recently, it was shown that the production of
dentin debris and the subsequent blockage of isth-
muses may be a larger problem than anticipated
[3]. After the first instrument is used in the root
canal, the wall will be covered with an infected
smear layer at the sites where the file touches the
canal wall. At these sites, the biofilm is mechani-
cally disrupted, but remnants of the biofilm will
have been merged with the smear layer. At the sites
where the files did not touch the walls, biofilm will
remain as a thin film attached to the root canal
wall, possibly covered with or blocked by dentin
debris. This situation typically encountered will
hinder disinfection procedures. Consequently the
removal of dentin debris and smear layer plays a
crucial role in the disinfection process.

Smear layer, dentin debris, and biofilm can
only be removed by irrigation. An effective irri-
gation, involves both the mechanical detachment
of pulp tissue, dentin debris and smear layer
(instrumentation byproducts), microorganisms
(planktonic or biofilm) and their byproducts (fur-
ther on referred to as substrate) from the root
canal wall and the chemical dissolution or disrup-
tion of these components. Both the mechanical
and chemical aspects of irrigation are related to
the flow of the irrigant.

Furthermore, irrigants are chemically inacti-
vated after their reaction with the biofilm and
dentin and therefore constantly need to be replen-
ished or mixed with fresh irrigant to maintain an
effective concentration. Consequently, insight in
the flow of the irrigant during a root canal treat-
ment is crucial in understanding the importance
of the disinfection of the root canal system.
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The objective for the flow of irrigants used
during irrigation is to create fluid dynamics that
exhibit the following characteristics:

*  Movement throughout the full extent of the root
canal system, allowing close contact with the
substrate, with removal of the substrate while
providing lubrication for instrumentation

* Ensuring an adequate delivery replenishment
and mixing of the irrigant throughout the root
canal system in order to retain an effective con-
centration of the active chemical component(s)
and compensate for its rapid inactivation

* Ensuring a force on the root canal wall (wall
shear stress) that promotes detachment and
disruption the substrate

* Maintains the irrigant within the confines of
the root canal system thus avoiding irrigant
extrusion towards the periapical tissues

During the irrigation procedure, two phases can
be distinguished: a flow phase, during which the irri-
gant is delivered and flows in and out of the root
canal, and a resting phase, where the irrigant is at rest
in the root canal. Since syringe irrigation alone has
limitations concerning the flow produced [12], agita-
tion/activation of the irrigant could help to improve
irrigant delivery throughout the root canal system as
well as enhancing the mixing, refreshment, and the
chemical properties of the irrigant. Irrigant agitation/
activation systems introduce an additional activation
phase which enhances the streaming of the irrigant
by an energy source. This chapter will discuss the
operational characteristics, fluid dynamics, and
mechanical and chemical interactions involved with
syringe- (positive and negative pressure), sonic-,
ultrasonic-, and laser-activated irrigation.

Research evaluating the smear layer of the
root canal wall is not discussed in this chapter
because the reliability of the methodology is not
fully developed [13].

3.2 Irrigation Systems

Syringe irrigation is still the conventional method
for root canal irrigation [14]; however, its efficacy
and safety have been questioned [1]. To improve

the efficacy of syringe irrigation or prevent extru-
sion of the irrigant, other irrigation systems have
been developed that use various energy sources to
activate or agitate the irrigant [15, 16]. The mecha-
nism of energy transmission to the irrigant deter-
mines the specific flow characteristics of the
irrigation systems and consequently their efficacy
and safety. Combinations of syringe irrigation to
deliver the irrigant in the root canal and different
ways to agitate the irrigant have established a vari-
ety of irrigation techniques. In this chapter, we will
focus on the most important irrigation systems
available: syringe (negative pressure), (ultra)sonic,
and laser-activated irrigation. Figure 3.1 provides a
sketch of each of these irrigation techniques.

3.3  Operational Characteristics
of the Irrigation Systems
3.3.1 Syringe Irrigation

As mentioned earlier, syringe irrigation is the most
commonly used root canal irrigation procedure
either as the sole irrigation technique or intermit-
tent with other activation techniques [17]. During
syringe irrigation, the irrigant is typically delivered
by a needle connected to a syringe, with the needle
tip preferably positioned as close to working length
as possible [18]. There are various needle types
available on the market, which can be categorized
as open-ended (sharp or blunt end) or closed-ended
(one or more side outlets) designs [12]. Various
needle sizes are available, but most commonly
used are the 27 and 30 gauge needles (respectively
0.4 and 0.3 mm outer diameter). Needles are made
from stainless steel, NiTi, or flexible material like
polyimide. The flow through the needle is generated
by applying a pressure on the attached syringe [19].
Syringes are available at sizes ranging from 1 mL
to 50 mL, with the smaller ones being more popu-
lar and easier to achieve high flow rates.

3.3.2 Negative Pressure Irrigation

Negative pressure irrigation systems make use
of a microcannula that is placed in the middle
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Fig. 3.1 Schematic representation of the discussed irrigation techniques. Sketches of the various manual (a, b) and
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part of the root canal or close to the working
length [15]. Irrigant is aspirated through the
cannula, while fresh irrigant is provided in
the pulp chamber using a larger needle. Thus,
the flow is directed from the pulp chamber to
the aspirating cannula. The negative pressure
systems involve less risk on irrigant extrusion
through the apical foramen than positive pres-
sure techniques due to the absence of a flow
directed towards the foramen [20-22]. This
technique is therefore considered safer than
positive pressure syringe irrigation.

3.3.3 Laser Activation

One of the more recent techniques available for
automated agitation/activation of irrigant in the
root canal is laser-activated irrigation (LAI). This
application uses laser energy to agitate and acti-
vate the irrigant. The lasers typically used for
LAI are the erbium laser family such as
ErCrYSGG and Er:YAG. These lasers have
wavelengths in the medium-infrared region
(2780-2940 nm) which is highly absorbed in
water and NaOCI [23]. These laser devices cycle
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and pulse at frequencies anywhere 1-100 Hz
with energy’s ranging from 5 to 1000 mJ per
pulse. The laser light is delivered through an opti-
cal fiber or an articulated arm to a handpiece with
a terminal flat or conical tip, suitable for insertion
into the root canal close to the root apex. To be
effective in the whole root canal, different LAI
protocols are used to apply the laser tip in the dif-
ferent segments of the root canal. In a variation
on this technique, the fiber tip is placed just above
the root canal entrance, in the pulp chamber
which is filled with irrigant [24, 25]. This leads to
agitation/activation and streaming of the irrigant
throughout the entire root canal system. This spe-
cific LAI technique, referred to as photon-
induced photoacoustic streaming (PIPS), uses
specially developed tapered and stripped laser
fiber tips in combination with low energy (20 mJ)
and short pulse duration (50 microseconds).
These fibers allow lateral emission of the laser
light at from the tip [25].

Pulse frequency and power do not appear to
heat the root canal wall more the 5 C during laser
activation [26]. Using the low pulse duration and
energy as is recommended for PIPS protocol, the
radicular apical third only increased 1.2 or 1.5 °C
after 20—40 s of activation respectively [27]. This
laser-activated irrigation is an indirect technique
that utilizes photoacoustics for activation and
agitation and not direct ablation of the biomate-
rial as seen in other applications [28].

3.3.4 SonicActivation

Sonic activation employs instruments that are
driven into vibration at one end (at the hand-
piece). The other (free) end of the instrument is
inserted to near the working length of the root
canal. The oscillations of the instruments agitate
the irrigant inside the root canal in order to
enhance mixing and cleaning of the irrigant by
fluid flow.

Sonic devices operate at audible frequencies
(below 20 kHz, typically 100 Hz for the current
devices) [29]. The sonically driven instruments

exhibit a simple bending pattern, consisting of a
large amplitude at the tip (antinode) and a small
amplitude at the driven end (node) [30]. The
amplitude at the antinode may be as large as
1 mm, which is larger than the diameter of a root
canal. Therefore, frequent wall contact is likely
to occur, which reduces the effectiveness of the
technique [29].

3.3.5 Ultrasonic Activation

Like sonic activation, the instruments used dur-
ing ultrasonic activation have an enforced vibra-
tion at one end (at the handpiece) and are allowed
to vibrate freely at the other end. The instruments
are typically either cutting or non-cutting files.
Recently, hollow instruments have been intro-
duced, which allow for simultaneous ultrasonic
oscillation and positive pressure irrigation [15].

Ultrasonic devices operate at higher frequen-
cies (typically 20-200 kHz) and have amplitudes
less than 100 pm [31-33]. The higher frequency
employed by ultrasonic activation leads to a more
complex pattern of several nodes and antinodes
than those of sonic devices. The currently avail-
able ultrasonic devices operate at 30 kHz leading
to an oscillation pattern of approximately three
wavelengths, or six nodes, and antinodes spaced
approximately 5 mm apart on the file [33]. The
geometry and material properties of the instru-
ment determine the exact oscillation pattern. The
oscillation amplitude of the tip of current ultra-
sonic devices and instruments is on the order of
10-100 pm in the direction of oscillation. There
is also a small oscillation perpendicular to the
main oscillation direction [32, 33].

The cross-section of instruments available for
ultrasonic activation is circular (non-cutting) or
square (cutting). The cutting action of the instru-
ments is not needed for this application; however,
these files are used for ultrasonic activation for
historical reasons. In 1980, Weller [34] proposed
intentional wall contact during ultrasonic activa-
tion; however, later it was shown that the irrigant
streaming is better in the absence of intentional



WWW.HIGHDENT.IR

O 10lu5s 9 Ol jludluss sl

50

L.W.M. van der Sluis et al.

contact [35]. Nevertheless, it was recently dem-
onstrated that unintentional contact with a root
canal wall nearly always takes place [36]. The
amount of contact depends not only on the power
setting used but also on the instrument stiffness
and on the force with which the instrument is
pushed against the root canal wall. Light contact
does not appear to affect its cleaning mechanisms
of streaming and cavitation as the file oscillation
is not damped out. Instead it builds up a second-
ary oscillation at audible frequencies during
which the file displaces away from the wall and
keeps on oscillating at the driving ultrasonic
frequency [36].

Heating of the irrigant inside the root canal by
the ultrasound is limited to at most 15 °C in
60 min [37].

3.4 Clinical Procedures
of Irrigant Activation
Techniques

3.4.1 Irrigation Activation Protocols

An easily application of irrigation protocol for
sonic, ultrasonic, or laser-activated irrigation is
the “intermittent flush technique” first described
by Cameron [150]. The irrigant is first delivered
into the root canal by syringe irrigation. Then the
irrigant can be activated inside the root canal
allowing the disruption of the substrate from the
root canal wall. After activation, the root canal
needs to be rinsed using syringe irrigation in
order to remove the substrate loosened from the
root canal wall by the irrigant activation.

Another protocol comprises a continuous flow
of irrigant through or alongside the handpiece or
fiber into the pulp chamber. The irrigant then has
to flow from the pulp chamber or coronal root
canal to the apical root canal by the activation of
the instrument thereby enhancing irrigant deliv-
ery into the (apical) root canal.

There are also needles (23-30 gauge) on the
market which allow a continuous flow of irrigant

through the needle into the root canal during
ultrasonic activation of the needle. These needles
allow irrigant delivery refreshment and activation
at the same time.

For the moment, it seems that irrigation proto-
cols are most effective when the root canal has
been shaped with a final apical file because there
is more space in the root canal for fluid dynamic
effects [45, 55]. However, this does not to imply
that other protocols cannot be used or will not be
effective during the root canal treatment.

3.4.2 Sonic Activation

Sonic-activated irrigation can be performed using
sonic handpieces that can drive instruments at
sonic frequencies (Fig. 3.2). Traditionally only
cutting files were available. Today, there are also
several new sonic activation systems available on
the market like the EndoActivator system or the
Vibringe. The EndoActivator system allows a
variation in driving power, frequency, and the size
of polymer tips that do not cut into the root canal
wall. The suggested manufacturer use advises
delivery of the irrigant into the root canal by
syringe irrigation after creating a “fully tapered
shape.” The irrigant is activated for 30-60 s using
a pumping action in short 2-3 mm strokes.

Vibringe system uses a sonically oscillating
needle to deliver the irrigant into the root canal.
The Vibringe can be used throughout the com-
plete root canal treatment procedure.

3.4.3 Ultrasonic Activation

For ultrasonic activation, most of the devices already
present in the clinic can be used in combination with
a variety of instruments (Fig. 3.3). Occasionally spe-
cial chucks or irrigation systems are needed.
Instruments for all of the mentioned activation pro-
tocols are available. The instruments can be applied
up to 1-2 mm from working length (with the excep-
tion of some of the ultrasonically activated needles)
or at the beginning of a strong curvature in order to
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Fig. 3.2 (a—d) Sonic activation, effect on NaOClI in the pulp chamber

prevent heavy wall contact [80]. For the “intermit-
tent flush technique,” a sequence of three times 10 s
seems to be favorable for dentin debris removal [17].
For a continuous flush, 1 min is advised. For optimal
cleaning efficacy of oval extensions, isthmuses, and
lateral canals of which the position is known, the
instrument should be directed to oscillate towards
these areas if possible [76].

At the moment, low-intensity settings of the
ultrasonic energy are advised to prevent fracture of
the instruments. Normally fractured instruments
will easily flow out of the root canal. Non-cutting

instruments are available which can safely be used
in the root canal. Heavy contact of the file with the
root canal walls should be avoided [36].

3.4.4 Laser Activation

For laser-activated irrigation, Er:YAG or
ErCrYSGG laser systems are available on the
market. The “intermittent flush technique” or a
continuous flow into the pulp chamber can be
used. The laser fiber can be inserted 1-2 mm
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Fig. 3.3 (a—d) Ultrasonic activation, effect on NaOCl in the pulp chamber

short of working length and vertically moved up
and down within the apical third [115]. It can also
be placed in the pulp chamber just above the root
canal orifice. The latter has been described for
conventional fibers [24] and for specially
designed fibers (PIPS: photon- induced photo-
acoustic streaming) (Fig. 3.4) [25, 27].
Commercially available laser devices allow
for a variation of the size and type of optical
fibers, pulse repetition frequency (PRF), applied
energy, and pulse length. De Groot et al. [115]

reported as optimal settings a combination of low
power (80 mlJ) per pulse and a PRF of 15 Hz.
Significant loss of irrigant from the pulp chamber
was reported for energy settings higher than
120 mJ per pulse reducing the efficacy of the irri-
gation procedure.

For the PIPS technique, the recommended
energy setting is even lower: 20 mJ. The PIPS
fiber is placed at the coronal opening of the root
canal after filling the root canal system and pulp
chamber with irrigant. There is noticeable irrigant
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Fig. 3.4 (a—c) Laser activation, effect on NaOCl in the pulp chamber

loss during activation therefore a continuous flow
of irrigant is required in the pulp chamber during
activation. The laser-activated irrigation part will
be also treated in depth in Chaps. 9 and 10.

3.5 Flow Characteristics
for Different Irrigation
Systems

3.5.1 SyringeIrrigation

The characteristics of the flow in the root canal
during syringe irrigation depend primarily on
the type of needle used [12, 38, 39] (Fig. 3.5).
Two needle groups can be distinguished namely
closed-ended and open-ended needles. The differ-
entiation is based on the needle outlet type and the
resulting flow. Open-ended needles, such as those
with a flat, beveled, or notched outlets, generate a
jet that extends along the longitudinal axis of the
root canal apically to their tip. The irrigant then
returns to the coronal opening along the outside
of the needle as the apex is considered closed [40,
41]. As the jet is directed at the apical foramen,

pressure is developed there with an associated risk
on irrigant extrusion [42, 43]. The jet may become
unstable and break-up at high flow rates or large
distances from the apex [38] leading to unsteady
(not turbulent) flow with enhanced mixing and
reduced pressure at the apex.

In the case of the closed-ended needles (side-
vented, double-side-vented), the irrigant leaves
the needle from the side outlets and is directed
towards the apex under an angle of approximately
30°. The flow then curves around the tip of the
needle before it returns to the coronal opening
[12, 39, 44]. A series of counter-rotating vortices
(flow structures where the fluid is rotating) is
formed apically from the tip up to the apex. The
size, position, and number of vortices are deter-
mined by the needle insertion depth, root canal
size, taper, and flow rate. The irrigant velocity
inside each consecutive vortex drops rapidly
towards the apex resulting in a very low irrigant
replacement near the apex. The irrigant exchange
of the closed-ended needles is therefore limited
to 1 mm beyond the needle tip [12, 38, 39, 44—
47] at clinically realistic timescales. A low veloc-
ity at the apex is associated with a small pressure,
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Fig. 3.5 Needle flow. Computational fluid dynamics results for the shear stress (a, ¢) and flow velocities (b, d) from a
side-vented (a, b) or open-ended (¢, d) needle inside a root canal (Boutsioukis et al. [47])

making closed-ended needles safer in terms of
risk on irrigant extrusion [42, 43].

For both types of needles, the flow that is
created contributes to the cleaning efficacy by
replacing and mixing fresh irrigant with irrig-
ant that has been consumed during its reac-
tion with biomaterials in the root canal system.
Concurrently with the flow, a shear stress up to
500 N/m [12] is exerted on (the material on) the
wall, which is directly proportional to the flow
velocity. As the flow from both needle types only
dominates a limited area beyond the needle tip, it
is important to place the needles close to work-
ing length. Closed-ended needles may be placed
around 1 mm from WL. For open-ended needles,
a larger distance is recommended due to the
higher pressure developed apically.

A curved root canal limits the placement of
stiff needles near the apex. However, small size
(30G or 0.32 mm) flexible irrigation needles are
currently available and can facilitate injection
near the working length even in severely curved
canals provided that the canal is enlarged at least

to size 30 or 35. The influence of canal curvature
on the flow and the apical pressure is limited [43,
48] except for severely curved canals (Schneider
angle 24-28°).

Near the apex, the irrigant flow can be very
slow, depending on needle placement and flow
rate [12, 38, 45-47], and has even been dubbed as
“dead-water” zone or stagnation zone [49, 50].
The flow doesn’t actually stand still there but is
too slow to contribute to mixing or to be observed
on the time scale of seconds. In addition, the
occurrence of a “vapor lock” (bubble entrap-
ment) in the apical part of the root canal has been
reported during syringe irrigation of root canals,
ex vivo [40, 51] and in vivo [52]. The presence of
such a bubble would prevent irrigant from reach-
ing the apical area. A recent study dedicated to
this phenomenon has shown that such bubbles
could indeed be formed, depending on irrigant
flow rate, needle type, insertion depth, and size of
the root canal [53]. However, it was also shown
(in vitro) that it can easily be removed or pre-
vented by positioning the needle within 1 mm
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away from working length or by using high flow
rates in the order of 0.2 mL/s [53].

The flow pattern of both needles is influenced
by the needle size, flow rate, needle insertion
depth, horizontal positioning, root canal size, and
taper [12, 36, 38, 44-47]. Small-diameter needles
seem to be more effective even when positioned
at the same depth [54]. Namely, a smaller needle
results in an increase of the annulus area avail-
able for the reverse flow between the needle and
the root canal wall and also increases the possi-
bility for irrigants to mix apically at the tip for
closed-ended needles [45, 46].

Several studies have shown that an increase in
the preparation size or taper of the root canal
results in a more efficient flow in the apical sec-
tion of the root canal [45, 46, 54-58]. An apical
size 30 .06 taper or larger allows irrigant to dis-
perse and mix 2 mm apically to an open-ended
needle, although still only 1 mm apically to the tip
of a closed-ended needle [46]. The space that is
created by preparation in the apical area appears
to be important as a minimally tapered root canal
preparation (size 60, .02 taper) appears to give a
significant advantage over the tapered ones in
terms of irrigant dispersion and mixing [46].

The amount of irrigant delivered is determined
by the flow rate and duration of irrigation. An
increase in the volume of irrigant allows for
improved irrigant dispersion, mixing, and chemi-
cal effect and has been shown to improve canal
cleanliness [59] and irrigant mixing [60—62].

3.5.2 Negative Pressure Irrigation

The aspiration of irrigant induced by the apically
placed microcannula of the negative pressure sys-
tems creates a flow that resembles the inverse of
the flow pattern described above for positive pres-
sure systems. The irrigant is sucked along the can-
nula towards the apex, meanwhile creating shear
stresses on the walls of the root canal [39]. As the
microcannula can be placed up to the apex, irrigant
mixing at the apex can be achieved [39, 63].
Various negative pressure irrigation systems
are available [15]. Since a lot of data on this sys-
tem is available, we use the EndoVac system for

an estimation of the flow velocities and shear
stresses. The maximum possible flow rate through
the EndoVac microcannula (30G) is determined
by the negative pressure and is, under ideal con-
ditions, 0.05 mL/s for an aspiration pressure of
25.4 kPa [64]. The efficacy of the system depends
on the magnitude of this pressure which is diffi-
cult to assess on the dental unit. The results of
various studies are therefore sometimes difficult
to relate to clinical practice.

Assuming a root canal of size 40, .04 taper
(this is recommended for an optimal flow rate
under clinical conditions) [64], an average irrig-
ant velocity of 1.1 m/s can be calculated for the
root canal near the tip of the microcannula [65].
At such flow rates, the flow will remain laminar
[65]. As the flow velocities produced during posi-
tive pressure irrigation (syringe irrigation) are
typically higher than this in areas near the needle
outlets, negative pressure systems are expected to
have a lower shear stress on the root canal walls
[39] and therefore be less effective than syringe
irrigation regarding cleaning efficacy of the root
canal wall. On the other hand, the generation of a
two-phase flow (irrigant and bubbles) has been
suggested as a mechanism of enhanced cleaning
[66]. In vitro tests are as of yet inconclusive on
the cleaning efficacy of this technique compared
to other techniques [16, 39, 66, 67].

The absence of high apical pressures could
make the negative pressure technique safer than
positive pressure systems [22, 68]. However, it is
difficult to fully control the flow near the apex [16].

Intermezzo: Flow into Lateral
Canals and Tubules

3.5.3

The flow generated by positive and negative pres-
sure techniques is predominantly along the wall
axis of the main root canal lumen. However, the
lateral canals and isthmuses that are part of the
root canal system can also harbor biofilm and
dentin debris and should be cleaned as well [69].
The absence of a strong lateral flow component in
the direction of these root canal extensions leaves
many areas of the root canal uncleansed and con-
sequently biofilm could remain. The clinical
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relevance of this was highlighted by two recently
published case reports [69, 70], where a direct
correlation between persistent apical periodontitis
and a biofilm remaining in a lateral canal or other
ramifications was suggested.

The tubules that are present in the dentinal
walls of the root canal can be considered an
extreme case of these lateral canals. The tubules
range from 0.5 to 3.2 pm in diameter but can nev-
ertheless harbor bacteria [71]. Although there is
no consensus on the possible clinical effect of
these microorganisms on root canal treatment
outcome, it seems reasonable to take efforts
against them.

When irrigant flows only over the entrance of
the lateral canal or tubule, only very limited irrig-
ant enter the lateral canal/tubule [72]. Such a so-
called cavity-driven flow is well known for its
limited flow in this cavity [73]. It was recently
shown that the flow is limited by two times the
diameter of the cavity which is a few hundred
micrometers for lateral canals but only a few
micrometers for tubules [72]. Beyond this dis-
tance, irrigant will have to be transported by dif-
fusion which is typically very slow [72, 74].

Irrigant activation/agitation techniques that
create a flow in the lateral direction could improve
the flow into lateral canals and tubules.

3.5.4 Sonicand Ultrasonic
Activation

The sonically or ultrasonically oscillating instru-
ments act as a mixing device when they are agi-
tating the irrigant. The oscillations induce a
streaming of the fluid around it, leading to alter-
nating pressures and shear stresses on biological
material on the root canal wall [75].

The flow along the file in the axial direction is
determined by the pattern of nodes and antinodes
that are set up along the instrument. Sonic instru-
ments typically have a single antinode at the tip
and a node at the driven end which leads to
streaming from the tip to the driven end. The
multitude of antinodes and nodes on an ultrasoni-
cally driven instrument leads to a more complex
pattern of microstreaming along the instrument.

In both cases, there is a strong component of the
flow in the lateral direction, which is advanta-
geous for cleaning extensions of the root canal
(lateral canals, isthmuses, webs, fins, and oval
extensions) [51, 76, 77]. Increasing the oscilla-
tion amplitude (e.g., a higher intensity of the
ultrasound) leads to more effective cleaning [78].

The flow directed towards the apex is weak for
both sonic and ultrasonic activations [79]. Mixing
and replenishment of irrigant facilitates debris
removal beyond the file tip when the ultrasoni-
cally activated instrument is inserted 3 mm from
the working length [80]. The risk on irrigant
extrusion is minor due to the absence of a strong
flow towards the apical foramen.

Although sonic or ultrasonic instruments
should be placed near working length, the curva-
ture of a root canal may limit the access to the
apex for the instrument. Nevertheless, when an
instrument is inserted to or near the working
length, its oscillation may be affected by heavy
contact or binding of the instrument with the root
canal wall [81]. Therefore, it is advised to insert
the ultrasonically driven instrument just in the
beginning of the curvature without bending of the
instrument. The flow itself should not be affected
by the curvature because the radius of curvature
is typically much larger than the scale on which
the streaming takes place [80].

3.5.4.1 Acoustic Streaming

Ultrasonic activation leads to a special kind of
flow called acoustic streaming. Acoustic stream-
ing is a phenomenon already introduced in 1884
by Lord Rayleigh [82] and extended later to the
case of a cylinder oscillating with high amplitude
[83] inside another cylinder [84, 85]. The appli-
cation of acoustic streaming induced by an oscil-
lating cylinder to clean biomaterial off a surface
was first described by Williams and Nyborg in
1970 [86, 87].

Acoustic streaming consists of two flows
superimposed on each other (Fig. 3.6). One
part of the streaming is oscillatory and the
other is steady. The strengths of both com-
ponents depend on the oscillation amplitude
of the file. Ahmad and coworkers [88] used
the theory of acoustic streaming to describe
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Fig.3.6 Acoustic streaming. Sketch of the acoustic streaming induced by an ultrasonically oscillating file (black circle
in (a)) (Verhaagen et al. [75]). Near the file, there is an area with oscillatory flow; further away and in the direction of
oscillation, there is a steady flow in the shape of a jet. This jet is important for cleaning extensions of the root canal.
When oscillating the file towards an extension (b), the jet will clean the extension, whereas when oscillating perpen-
dicular to the extension, (c) there is much less flow in the extension (Jiang et al. [76])

ultrasonic activation in endodontics; however,
only the steady part of the flow was considered.
It was shown recently that the oscillatory com-
ponent can also contribute significantly to the
overall streaming [75].

The oscillatory part of the acoustic streaming
makes the flow oscillate forward and backward
together with the file, with a velocity equal to that
of the file u,=Aw. However, the velocity
decreases quadratically with the distance from
the file, and the oscillatory flow component is
therefore only important near the file. Due to its
oscillatory nature, the fluid exerts an alternating
pressure and shear stress on the material on the
root canal wall with magnitudes of 100 and 1
kPa, respectively [75]. The values for the pres-
sure and the shear stress are similar to those
reported for syringe irrigation at a very high flow
rate (0.26 mL/s) near the outlet [44]. For ultra-
sonic activation, these forces are present around
every antinode of the instrument; therefore, more
sections of the wall can be cleaned simultane-
ously. The oscillatory nature of the pressure and
the shear stress may furthermore induce fatigue
in the substrate material [89].

Nonlinear effects of the fluid lead to steady
(i.e., non-oscillatory) streaming in the direction
of oscillation [76]. These “jets” have a velocity us
given by:

u =3

where @ is the oscillation frequency, y is the
oscillation amplitude, and R is the radius of the
file. The jet velocity is typically 1 m/s and
increases with increasing amplitude or power set-
ting [78]. Because jets specifically form in the
direction of oscillation, the oscillation direction
of the file should be taken into account in particu-
lar when cleaning oval canals, isthmuses, and lat-
eral canals [76].

Whereas the oscillatory component only
made the fluid oscillate back and forth, this
steady part of the flow is doing the actual trans-
port and mixing of the fluid. The jets also exert
a pressure (1 kPa) and shear stress (10 Pa) onto
the wall [75] and even at relatively large dis-
tances from the instrument, whereas the velocity
of the jet only slowly decreases with increasing
distance from the file. Near the file, the steady
pressure and shear stress values can be one or
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two orders of magnitude lower than the oscilla-
tory components. That is to say that further away
the components may become similar in strength.
The pressure is highest in the center of the jet,
while the shear stress is highest off-center at a
distance of 0.1 times the distance between the
oscillating file and the wall [90, 91]. Although
the details of the streaming may change [92],
especially near sharp corners, acoustic streaming
is induced for all of the cross-sectional designs
of the current instruments. A nearby wall or the
confinement of a root canal significantly affects
the streaming as well.

Oscillation of instruments at sonic frequencies
does not lead to acoustic streaming because its
frequency and associated oscillatory velocity are
too low to lead to these nonlinear effects [29].

3.5.4.2 Cavitation

When an instrument oscillates ultrasonically with
high amplitude, transient cavitation may be
induced. Cavitation is defined as the growth and
fast collapse of a bubble [93, 94] and is associ-
ated with surface cleaning [95-97], medical ther-
apy, surface erosion [98, 99], and other
mechanical effects [96]. This surface cleaning
potential makes cavitation interesting for root
canal cleaning. In non-pure water (tap water, dis-
tilled water), there are often tiny pockets of
entrapped gas (cavitation nuclei) on surfaces of
walls or particles from which bubbles can grow
followed by a fast collapse (a process called het-
erogeneous cavitation).

The life cycle of a bubble is determined by the
oscillating pressure of the ultrasound. The bub-
bles can grow when the pressure drops from
ambient pressure to below the vapor pressure of
the liquid (10° Pa for water) [93]. The typical
velocity u necessary to generate this negative
pressure AP in a liquid of density p can be esti-
mated from the Bernoulli relation:

AP =1

In water, the velocity threshold is around 15 m/s
which can be achieved with the current endodon-
tic ultrasonic devices but not with sonic devices
[29, 37, 100]. The bubble will collapse when the

pressure becomes positive during the ultrasonic
cycle. Small bubbles always collapse towards a
nearby solid hard wall. Alternatively, during bub-
ble collapse next to a soft wall (like a biofilm cov-
ering a wall), the soft material might be pulled
from the wall towards the bubble [101]. High-
velocity jets (hundreds of meters per second) and
shock waves [93, 102] have been reported in the
literature during the bubble collapse, and these
jets lead locally to pressures on the order of
1 GPa and shear stresses of 1 MPa [98]. These
small bubbles may therefore further enhance
cleaning of the root canal walls.

Several studies have demonstrated the occur-
rence of cavitation on or very close to endodontic
instruments [78, 103—105]. The bubbles prefer to
form near the sharp edges of files with a square
cross-section (cutting files) where the velocity
and pressure gradients are highest. However,
there is still a debate whether cavitation can con-
tribution to cleaning the root canal walls or not
[103]. Cavitation is well known for its cleaning
ability [95, 96, 106]; however, earlier studies
have ruled out cavitation as a significant contri-
bution to root canal cleaning [103, 104]. On the
other hand, recent articles with newer ultrasound
systems show otherwise [37, 107] even at the
lowest power settings [100]. High-speed imaging
has revealed that a cloud of cavitation bubbles is
generated around the tip of the instrument, and
this bubble cloud grows and collapses two times
per oscillation cycle. However, the bubble cloud
was observed to collapse only onto the file itself
and not onto a neighboring wall. Besides the
bubble cloud, small single bubbles occur around
other antinodes on the instrument which have
been demonstrated to be sonochemically active.
The amount of generated cavitation is different
for each file type. However, in general, non-
tapered instruments generate more of the small
bubbles than tapered instruments [37] (Fig. 3.7).
Irrigants with surface-active properties, such as
NaOCl, may affect the bubble formation and
collapse and therefore lead to a larger bubble
cloud consisting of much smaller bubbles [37].
Finally, a smaller confinement (i.e., a narrower
root canal) increases the amount of cavitation
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Fig. 3.7 Cavitation along file. Cavitation occurring on an
IrriSafe 25/21 and a K15/21 during ultrasonic activation.
The cavitation is visible as white clouds as they are reflect-
ing light from the side. The location of the cavitation coin-
cides well with antinodes on the files that have large
amplitudes, as determined with a numerical model
(Verhaagen et al. [33]). On the K15/21 file, there is only a
large amplitude at the two nodes near the tip, whereas the
antinodes on the IrriSafe 25/21 file all have the same ampli-
tude, leading to cavitation at all antinodes on the file

even beyond the file towards the apex into lat-
eral canals, isthmuses, and around a curvature
[100]. Nevertheless, no proof of their added ben-
efit for root canal cleaning has been presented as
of today. Meanwhile, the bubbles (clouds) on the
file may affect the generated acoustic streaming
[75] and therefore may have a negative impact
on cleaning.

Bubbles don’t necessarily need to collapse.
Gas-filled bubbles (such as in beer) may be stable
for a relatively long time (seconds to minutes).
The oscillating pressure field induced by the oscil-
lating file can make these stable bubbles oscillate
with large amplitude and thereby enhance the
streaming, and consequently, the cleaning can be
locally significantly [93, 106, 108]. This effect is
especially useful when bubbles are located in an
otherwise difficult to access area such as lateral
canals and isthmuses. This mechanism (stable
cavitation) was recently observed near an ultra-
sonically oscillating endodontic file where a sta-
ble cavitation was very effective in removing a
layer of viscoelastic hydrogel [109]. In another
study, a synergistic effect of a microbubble emul-
sion and ultrasonic agitation was observed to
improve biofilm removal [110].

The largest oscillation of these bubbles can be
achieved when they are driven at resonance with
the ultrasound, which in water may be approxi-
mated with: [93].

R =33

bubble

For ultrasound with a frequency of f=30 kHz,
bubbles are driven optimally when they have a
radius of R=100 pm.

There are three ways for introducing these
stable bubbles into the root canal during ultra-
sonic activation. First, these bubbles may be
introduced through entrapment which occurs
when file-induced instabilities at the irrigant—air
interface lead to gas being entrapped into the irri-
gant [37]. Secondly, these bubbles may grow dur-
ing rectified diffusion [111] which is a process
where during each ultrasound-induced oscillation
of the bubble leads to a little bit of gas diffusion
into the bubble. After several seconds (or hun-
dreds of thousands of oscillations), the bubble can
grow up to the resonance size of 100 pm in radius.
A third mechanism for stable bubble formation is
by the generation of gas during the reaction of the
irrigant with organic material [109, 112].

As stable bubbles dissolve slowly over time
their behavior is time-sensitive, which is why the
resting time between ultrasonic activations (or
pulsations) may be important [113].
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Fig. 3.8 Laser visualization. High-speed recording (9000 fps) of the vapor bubble generated by an Er:YAG laser with a
flat-tip fiber inside a curved root canal model (size 35/0.06) with a lateral canal of 250 pm in diameter (a). The bubble grows
for a few hundred microseconds (b) then collapses (c). During the final stage of its collapse, it creates (the growth of) bubbles
at the apex and inside the lateral canal (d) before coming to rest again (e) until the next laser pulse

3.5.5 Laser-Activated Irrigation

Cavitation also plays a large role in LAI because
it induces streaming of the irrigant at several
locations and length scales. The dynamics of LAI
have been studied using high-speed imaging
[114-116] showing the initial generation and
implosion of a large vapor bubble at the tip of the
fiber (Fig. 3.8) generated by the absorption of
laser energy and fast heating of the irrigant [28].
The size of the laser-generated bubble depends on
the output energy, pulse duration, and the absorp-
tion by the irrigant for the wavelength of the laser.
The following collapse of the laser-induced bub-
ble pulls fluid from the coronal and the apical
part, including the lateral canals, towards the bub-
ble center and thereby induces fluid velocities of
several meters per second that can loosen debris
from the canal irregularities. The last stage of the
bubble collapse was observed to induce a shock
wave that causes (secondary) small cavitation
bubbles throughout the root canal.

The pulsatile nature of the flow may also be
beneficial due to transient effects induced in the
flow by each pulse and also due to the interaction
with the growing or dissolving bubbles.

Stable bubbles that were already present in the
root canal, such as vapor lock at the apex, can be
driven by the pressure changes from the growth
and collapse of the laser-induced bubble and may
thereby enhance locally the streaming and asso-
ciated cleaning.

Plasma may also be induced by the laser
through ionization of the vapor in the induced

bubble [28]. The highly reactive ions of which
the plasma is made of may provide an additional
way of cleaning the root canal walls nearby the
fiber tip [117].

At high laser power settings, the generated
vapor bubble grows so large that it pushes irrigant
out of the root canal to the coronal opening [115]
thereby causing loss of irrigant inside the root
canal. The irrigant may be replenished with an
external supply. However, the activation mecha-
nism of LAI does not necessarily create mixing of
fresh and consumed irrigant; therefore, LAI should
be used intermittently with syringe irrigation.

Irrigant extrusion has been reported in the lit-
erature [118]. However, during recent years, the
LAI devices have been improved to optimize the
laser absorption (e.g., by using conical laser fiber
tips [119]) and to reduce the risk of irrigant extru-
sion [118]. Recent studies have also started to
look at other types of lasers operating at different
wavelengths but still with the purpose of induc-
ing a cavitation bubble [120].

The bubble growth and collapse may be
affected by surface-active irrigants such as
NaOCl which has been demonstrated to lead to
greater number and smaller bubbles as compared
to water [115].

The flow produced by the collapse of the
laser-induced bubble will produce a shear stress
on the root canal wall. This shear stress results in
a cleaning effect. The observed flow is similar to
negative pressure systems except that for LAI the
magnitude of the shear stress is of higher magni-
tude (1000 N/m?) (Fig. 3.9).
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Laser-activated irrigation and PIPS have been
shown in vitro to be more efficient in removing
dentin debris or smear layer than positive pres-
sure irrigation or ultrasonic activation [24, 27,
115, 121]. Nevertheless, despite the insight into
the flow characteristics of LAI, the exact cleaning
mechanisms during LAI or PIPS are to date not
fully clarified (see Chaps. 9 and 10).

Chemical Effects Enhanced
by the Irrigation Systems

3.6

When root canal irrigants are introduced in the
root canal, they will chemically react with dentin,
microorganisms, biofilm, tissue remnants [122,
123], or other irrigants [124]. This reduces the
chemical concentration and cleaning efficacy. To
maintain an active chemical process, the irrigant
needs to be mixed frequently with fresh irrigant.
Mixing of the irrigant involves transport of the
irrigant which can take place by diffusion or con-
vection (flow). Diffusion is the result of the ran-
dom movement of individual particles (molecules/
ions) in the fluid. This process is slow and

depends on the temperature and concentration
gradients present. Convection, on the other hand,
is a faster and more efficient transport mecha-
nism in which molecules are transported by the
motion of the fluid [125]. Convection contributes
to effective delivery, replenishment, and mixing
of the irrigant. The flow and activation phase of
irrigant agitation/activation techniques therefore
assists with the chemical activity through con-
vection and diffusion of the molecules/ions of the
irrigant. During the resting phase, diffusion is
dominant.

To obtain the optimal chemical effect of irrig-
ants, they should be delivered throughout the root
canal system and be refreshed and mixed as
effectively as possible with respect to the chemi-
cal reaction time. This process can be character-
ized with the second Damkohler number, which
is defined as the ratio of the typical irrigant trans-
port time to the reaction time.!

'"The second Damkéhler number is defined as
Da=irrigant transport time

in which U is the velocity and €2 the vorticity (rotation) of
the irrigant and D is the diffusion coefficient. The length
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It was shown recently that the Damkohler
number during syringe irrigation with a
side-vented needle was higher than 1 in the
apical area suggesting that the fluid transport
was too slow to ensure adequate refreshment
of irrigant [38]. Irrigant activation systems can
improve the delivery throughout the root canal
system (irrigant transportation time) and the
replenishment/mixing of the irrigant by induc-
ing additional convection.

To determine the optimal flow rate of the
irrigant, it is important to know its reaction rate
with biofilm, pulp tissue, or the root canal wall
(dentin and smear layer). Unfortunately, only
the reaction rate of NaOCl with dentin is known.
This reaction rate is enhanced with higher
concentration or laser or ultrasonic activation
[126]. Sonic activation has never been reported
to affect this reaction rate. The increase of reac-
tion rate with ultrasonic or laser activation was
even observed in the resting phase [126] but
reduced over time during the reaction. A similar
synergistic effect of NaOCI and ultrasound in
the dissolution of tissue [122] or the removal of
dentin debris from root canals has been reported
in the literature [16]. The influence of irrigant
activation can be attributed to a sonochemical
effect and/or refreshment/mixing of the irrigant
[107] or due to the formation of small bubbles
when NaOCl comes into contact with organic
tissue. However, the exact mechanisms are not
yet known.

The pH of the irrigant can also contribute
to the reaction rate [127], although the buffer-
ing effect of dentin may compensate this
effect [126].

With EDTA, an improved penetration into
dentinal tubules in the pulp chamber after
ultrasonic activation has been reported [128],
but the cause has not yet been explained.
Sonochemical reactions can be ruled out
because they are not easily achieved as high-
energy input is needed to drive sonochemical
reactions in EDTA [129].

scale L is a typical length over which the reaction takes
place near the surface.

Heating of the irrigant by ultrasonic and laser
activation is a secondary effect that may enhance
the chemical activity of NaOCI [130, 131]. Both
activation mechanisms slowly heat up the irrigant
by several degrees Celsius [26, 37, 132].

3.7  Effect of Irrigation on Root

Canal Disinfection

Before we can discuss the impact of irrigation
systems on the disinfection of the root canal sys-
tem, it is important to understand the biological
situation of the infected root canal system. When
the root canal system is infected, biofilm will
cover the root canal walls including those of the
tubules, lateral canals, and apical deltas [1].
Furthermore, biofilm formation outside the root
canal covering the outer root apex has been
reported [1]. This external biofilm can never be
removed by root canal irrigation.

Biofilm can be defined as microbial aggre-
gates that usually accumulate at a solid—liquid
interface and that are encased in a matrix of
highly hydrated extracellular polymeric sub-
stances (EPS) [133]. The EPS mainly consists of
water, proteins, and polysaccharides that effec-
tively protect the microorganisms from attacks
by antimicrobials [133]. Consequently, the anti-
microbial irrigants need to diffuse or break
through the matrix to kill the microorganisms.
The EPS can make up more than 80 % of the bio-
film content, and this makes the biofilm a visco-
elastic fluid [134] causing the biofilm to exhibit
elastic behavior at low stress and viscous flow
behavior at high stress [135]. This viscoelastic
behavior provides an excellent protection mecha-
nism against mechanical attacks. Therefore, in
order to obtain an effective disinfection, disinte-
gration of the matrix structure is essential.

The specific constitution of biofilms strongly
depends on the type of microbial species (e.g., in
one root canal, around 600 bacterial species have
been indentified [136]) and on environmental condi-
tions during growth such as the presence of oxygen,
nutrition, and typical substances present [137]. For
example, metal ions like Ca** can be incorporated in
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the matrix, causing cross-links of the negative bind-
ing sides of polysaccharides thus reinforcing the
matrix [138]. It is important to realize that in most of
the research on disinfection in endodontics, plank-
tonic (unbound) microorganisms have been used
that are not protected by the EPS and are therefore
less resistant [ 1]. Consequently, the effect of our dis-
infection strategies will be underestimated. Biofilm
models that allow for effectively screening the effi-
cacy of irrigation systems are not available yet;
therefore, it is difficult to determine the real impact
of irrigation procedures on biofilms.

Forces on the biofilm exerted by irrigant flow
could cause absorption of energy into the biofilm
leading to volumetric expansion [ 139]. Deformation
beyond the yield point could disrupt the top lay-
ers of biofilm, or its EPS matrix (cohesive failure),
or could completely remove the biofilm (adhesive
failure). If deformation is in the plastic range but
below the yield point, biofilm is expanded but not
removed [139]. However, disruption of the top
layers or EPS matrix or expansion of the biofilm
facilitates irrigant penetration in the biofilm and
could therefore already enhance the chemical
effect of irrigants [140]. Furthermore, a disruption
of the biofilm matrix could leave “footprints” in the
remaining biofilm, which may facilitate or impede
adhesion of microorganisms thereby influenc-
ing reorganization of the biofilm [139]. However,
not much information is available in the literature
on the effect of fluid flow on a biofilm mainly
because of a large variety in biofilm constituents
and associated physical properties, which makes
it a difficult multidisciplinary subject. In addition,
measurement of the mechanical properties should
take place in a short time scale (within minutes)
because the biofilm is a living organism and will
adapt to its environment [89]. Also the time scale
of irrigant activation systems should be consid-
ered, as the behavior of a biofilm under 30 kHz
ultrasonic oscillations or laser pulsations may be
different than when deforming it slowly. Critical
loads necessary to disrupt biofilms by a variety of
different techniques have recently been reviewed
[141]. It was found that the sensitivity to certain
loading modes, such as normal or shear stresses,
varies extensively among biofilms. Furthermore,

the reported values of adhesion strength depend
greatly on the testing technique, which range from
coarse macro-scale measurements down to atomic
force microscopy (AFM) operating on a nanoscale
[141]. Typical values found in the literature give
an elastic modulus on the order of 10™! — 10* Pa
and a cohesive shear strength of 10! — 10° Pa [89,
141, 142]. Pressures and shear stresses produced
by different irrigation techniques show that some
techniques should be able to remove biofilm.
Unfortunately, the mechanical properties of an
endodontic biofilm are not known therefore a
prediction of the effect of fluidic stresses on bio-
film removal in the root canal is not yet possible.
Recently, a 3D numerical study on the effect of
fluid flow on biofilm has shown that for high EPS
matrix stability, only exposed structures at the sur-
face of the biofilm are detached. Low EPS matrix
stabilities may lead to the detachment of large
portions from the top of the biofilm. Interestingly,
it has been observed that a smooth basal biofilm
surface structure remains after detachment [143].
This is confirmed by another study where smooth
base biofilms remain after the biofilm had been
subjected to high shear stresses using the fluid
dynamic gauging (FDG) technique [144]. These
observations can be explained by the stratification
of biofilms, which leaves older, stronger layers at
the base of the biofilm, typically adhering strongly
to the substrate [144, 145]. Therefore, complete
removal of biofilm from the root canal wall could
be a difficult task, and a combination of mechanical
and chemical stress on the biofilm remains crucial.
Figure 3.10 shows the possible biofilm removal
mechanisms related to irrigant flow and activation.

Interaction Between a Biofilm
and the Flow Created by
Sonic, Ultrasonic, or Laser
Activation

3.7.1

Weak forces (low pressures and shear stresses) or
a high EPS matrix stability cause only an elastic
deformation of the biofilm that reverses as soon as
the stress is removed. Repeated loading of the bio-
film structure with a periodic stress, as is the case
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Fig.3.10 Biofilm removal
mechanisms
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with sonic, ultrasonic, and laser activation, may
result in cohesive failure or fatigue of the biofilm
[89]; however, the threshold (force and number of
loading cycles) for damage due to fatigue is
unknown. At increased force (or lower EPS matrix
stability), viscous deformation of the biofilm may
occur. The biofilm deforms and displaces in order
to distribute and minimize the applied stresses
[146]. When a steady force is applied, for exam-
ple, in the case of a steady flow, the biofilm will
attain a steady state, and no further deformation or
removal will take place. Therefore, it may be
advantageous to generate a non-steady flow, for
example, by unsteady oscillations of the ultrasonic
file or by generating pulsations with ultrasound
[113] or laser [115]. At stresses exceeding the
cohesive or adhesive strength of the biofilm, parts
of the biofilm may detach from the bulk biofilm
(mechanical failure of the biofilm, a process called
sloughing [142, 147, 148]) or from the substrate,
respectively. Detached biofilm parts may reattach
at a different location where the mechanical and
chemical conditions are more favorable [142].

3.7.2 Interaction with Cavitation
Bubbles Created by Ultrasonic

or Laser Activation

The gradients associated with the time scales and
length scales of the exerted stress are important
with regard to the behavior of a viscoelastic mate-

Biofilm

rial. Cavitation bubbles, such as those created by
fast irrigant vaporization with a laser device, typi-
cally exhibit large velocities and accelerations on
a small time scale, making them efficient in plas-
tic deformation of the biofilm [93, 109]. For tran-
sient cavitation, velocities of 100 m/s are feasible
at micron scales [101]. To clean larger areas such
as the entire root canal system, many cycles (laser
pulses) may be required.

3.8 Effect of Irrigation

on Endodontic Outcome

From the activation systems discussed in this
chapter, ultrasonic and laser activation contrib-
ute positively to both the mechanical and the
chemical aspects of the irrigation procedure.
However, it is not exactly known to what extent
this will contribute to the disinfection procedure
and if this eventually will improve the outcome
of the treatment. Both systems have the poten-
tial to disrupt or remove biofilm, but to what
extent they can remove biofilm from the root
canal wall and from more remote regions such
as oval extensions, lateral canals, and tubules is
not known. No reliable endodontic biofilm
models are currently available for research.
Apical periodontitis is a multifactorial disease,
and therefore, also its healing depends on a
range of variables and not only on the irrigation
during the endodontic treatment. From the
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clinical research, it is clear that the length and
the quality of the root canal filling are two of the
few risk factors that are obvious. However, the
influence of the irrigation procedure, complex
canal anatomy (apical delta and dentinal
tubules) structure of the biofilm, and external
biofilm around the root apex on the endodontic
outcome is not known because data from ran-
domized controlled trials (RCT) are lacking.
Recently, it was demonstrated in an RCT that an
ultrasonic-assisted irrigation protocol did not
significantly improve the endodontic outcome
from syringe irrigation alone [149]. This could
indicate that we need to improve the mechanical
and chemical aspects of the irrigation proce-
dures or that other factors such as the presence
of an external biofilm or the biofilm structure
itself is more important in determining the end-
odontic outcome. More RCTs are necessary to
answer these questions.
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Abstract

The Bohr’s atomic model and the Einstein’s theory of stimulated emission
of radiation were a prelude to the invention and realization of the first ruby
laser.

The characteristics of laser light are described as well as the difference
between laser and ordinary light. Most of the laser wavelength used in den-
tistry fall in the visible and infrared spectrum of the light. The visible and
near- and far-infrared lasers are mainly used for soft tissue applications;
some of them have applications in caries detection and biostimulation
(LLLT). The medium infrared lasers, the Er,Cr:YSGG and Er:YAG lasers,
represent all tissue lasers, for application on both the mucosa and gingiva,
and the tooth and the bone. The basic components that constitute a dental

laser unit are described as well as the parameters of use of the lasers.

4.1 History of Lasers
The word “laser” is an acronym of light amplifi-
cation by stimulated emission of radiation.

If we take into consideration the theory of the
atomic model (Neil Bohr, 1913), the description of
stimulated emission (Albert Einstein, 1916), and
the theory of the stimulated emission of radiation
(Albert Einstein, 1917), laser technology already
has a century of scientific history behind it.

M. Olivi (P<) » G. Olivi, MD, DDS

InLaser Rome - Advanced Center for Esthetic and
Laser Dentistry, Rome, Italy

e-mail: olivimatt@gmail.com; olivilaser@gmail.com
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In 1958 Charles Townes and Arthur Schawlow
coined the word “maser,” acronym of microwave
amplification by stimulated emission of radia-
tion, precondition for the realization of the first
laser in 1960.

The word laser was first coined in 1957 by
Gordon Gould, without patenting it, so that it was
later used by Theodore Maiman, who introduced
the acronym “laser,” realizing the first ruby laser
in 1960 [1].

In 1965 the physicist Leon Goldman was the
first to use a ruby laser in vivo on dental tissues
of his brother Bernard, who was a dentist, with-
out any success due to excessive thermal dam-
age [2].
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4.2 Electromagnetic Spectrum

of Light

In nature, the electromagnetic spectrum of light
is composed by visible and not visible radiations.
The radioactivity produced from the cosmos gen-
erates cosmic radiations. From underground, tel-
luric radiations are also emitted. The solar system
emits a wide spectrum of radiations including
ultraviolet, visible, and infrared radiations. The
laser radiation, a human invention, belongs to the
electromagnetic spectrum in different zones,
depending on the specific wavelength produced.

4.2.1 Visible Spectrum of Light

The optical perception of human eyes does not
recognize electromagnetic radiation beyond the
violet zone of the spectrum (0.4 pm) or farther
the red zone (0.7 pm). Accordingly, the spectrum
of visible light covers a range approximately
between 0.4 and 0.7 pm (400-700 nm); however,
the border between visible and invisible spec-
trum is not precisely defined, depending on dif-
ferent factors, and is between 380 and 400 nm on
one side and 700 and 800 nm on the other side.

4.2.2 Invisible Spectrum of Light
Beyond the violet zone, with a wavelength of less
than 0.4 pm (400 nm), there is a zone called ultra-
violet, between 0.4 and 0.01 pm. On the left side
of this zone, with a decreasing wavelength, there
are the X-rays extended to a wavelength of about
0006 pm. In the more external part, there are the
gamma rays.

Invisible ionizing radiation Visible

Gammaray Xray

Near IR Medium IR Far IR

Beyond the red spectrum of light, with a
wavelength superior to 0.7 pm (700 nm), the
infrared spectrum is located between 0.7 and
400 pm.

On the right side of this zone, there are the
microwaves and farther the radio waves (short
1-100 m; medium 200-600 m; far >600 m).
Figure 4.1 illustrates the electromagnetic spec-
trum of radiations.

In the visible and invisible infrared spectrum
of light, we find the majority of the wavelengths
used in dentistry (Fig. 4.2).

4.3 Classification of Dental
Lasers in the Electromagnetic

Spectrum of Light [3]

A classification of lasers considers their position
on the electromagnetic spectrum of light accord-
ing to the wavelength :

e Laser in the ultraviolet spectrum

e Laser in the visible spectrum

¢ Laser in the near-infrared spectrum

e Laser in the mid-wavelength
spectrum

e Laser in the far-infrared spectrum (Table 4.1)

infrared

Another classification identifies the main appli-
cations of specific lasers in:

Laser for soft tissue applications, laser for hard
and soft tissue applications (also called
all-tissue laser), laser for low-level therapy,
and laser for diagnosis (Table 4.2).

Another distinction considers the low-power
lasers and the high-power lasers.

Invisible thermal radiation

Micro waves Radio waves

TN | 1 NAVAVAN=

Wavelenghtym>m 0.3um 0.4 0.7

Fig. 4.1 Electromagnetic spectrum of radiations

1.5 3.0 1000.0 0.01lm 1m
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Fig. 4.2 Lasers in the electromagnetic spectrum of the light

Table 4.1 Classification of lasers according to their wavelength position on the electromagnetic spectrum of light

Ultraviolet Visible Near infrared Medium infrared Far infrared
Excimer 308 nm Blue diode 445 nm Diode 810 nm Er,Cr:YSGG 2780 nm CO, 9300 nm
Argon Diode 940 nm CO, 9600 nm

Blu 470-488 nm
Green 514 nm

CO, 10,600 nm

Green KTP Diode 970 nm

532 nm

Red diode Diode 1064 nm Er:YAG
635-675 nm Nd:YAG 1064 nm 2940 nm

Nd:YAP 1340 nm

Table 4.2 Classification of dental lasers according to clinical applications

Soft tissue lasers Hard and soft tissue lasers
Diodes 445> 1064 nm Er,Cr:YSGG

Er:YAG
Nd:YAG, Nd:YAP CO, 9300 nm

CO, 10,600 nm

4.4 Properties of Laser Light [3]

Light is an electromagnetic radiation which,
besides its wave characteristic, has a photonic cor-
puscular characteristic that transports a defined
amount of energy (quantum). A laser device is able
to deliver (aim) an elevated quantity of energy in a

LLLT Diagnosis
Diodes 445> 1064 nm 405 nm 655 nm

limited space in the form of light radiation, visible
or invisible, generating the laser light.

Laser light is different from ordinary light due
to a number of characteristics:

e It is collimated, that is to say, it has a “one
way” direction, thanks to the spatial coher-
ence of emitted photons.
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Table 4.3 Reports the active medium of lasers most used in dentistry

Laser Abbreviation Active medium
Argon Ar Gas

Carbon dioxide CO, Gas

Diode - Semiconductor
Potassium titanyl KTP Solid
phosphate

Neodymium-doped Nd:YAG Solid

yttrium aluminum

garnet

Neodymium-doped Nd:YAP Solid

yttrium aluminum

perovskite

Erbium-doped Er,Cr:YSGG Solid

yttrium scandium

gallium garnet

Erbium-doped Er:YAG Solid

yttrium aluminum
garnet

e It is coherent, that is to say, every photon has
the photon phase which determines the emis-
sion kept in time and space.

e Itis monochromatic, that is to say, there is just
one visible color and just one wavelength.

4.5 Basic Components

of Lasers [3]

A laser is composed of several basic elements for
the generation and emission of the laser beam.
The principal elements of a laser are:

» Optical resonator (or optical cavity)

* Active medium

* Source of energy (or pumping source)
* Controller (or microprocessor)

* Cooling system

e Delivery system

* Handpiece and tips

Hosting Wavelength

medium Doping atom (nm)

- - 488 and 514

- - 9300; 9600 and
10,600

- - 445, 635-810
940-980-1064

YAG Neodymium 532

crystal frequency doubled

YAG Neodymium 1064

crystal

YAP crystal Neodymium 1340

YSGG Erbium and 2780

crystal chromium

YAG Erbium 2940

crystal

4.5.1 Optical Cavity

It is a cavity which contains the active medium and
two mirrors located at its extremities, one completely
reflective and the other partially reflective and per-
meable. Photons, emitted by the excitement of the
active medium (stimulation), are reflected inside the
optical cavity and pass through the active medium
many times, amplifying their energy via a waterfall
phenomenon (amplification), before exiting (com-
ing out from) the partially permeable mirror.

4.5.2 Active Medium

It is the heart of a laser. The active medium can be
solid, liquid, gas, or a semiconductor (diode) and
determines the specific wavelength of different
lasers; its name identifies different lasers. The atomic
population of the active medium, excited by an
external source of energy, supplies the electrons for
energetic transition from one orbit to another, which
produces the emission of laser photons (Table 4.3).
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4.5.3 Energy Source (or Pumping
Source)

The pumping source excites the atoms of the active
medium, producing the inversion of the population
of electrons. This source of energy is usually repre-
sented by an electric coil or a diode laser or a flash
lamp. The characteristics of the energy source are
important for the generation of the laser pulse, espe-
cially for short-duration pulses (high peak power).

4.5.4 Controller Subsystem
and Cooler

The controller is a microprocessor that veri-
fies the characteristics of the production of laser
energy, the laser emission mode (continuous
wave, mechanically interrupted or pulsed), the
pulse frequency of repetition (pulses per second
or pulse repetition rate, also improperly called
Hz), and the length of the emission of the single
pulse. The cooling system is necessary to dissi-
pate the heat produced for the pumping process.

4.5.5 Delivery System

Once generated, laser light must be conducted to
the point of use. There are various systems of deliv-
ery, depending on the difference of the wavelength
carried: optic fiber, hollow fiber, and the articulated
arm (Figs. 4.3,4.4,4.5,4.6,4.7, and 4.8).

4,5.6 Handpiecesand Tips

All the delivery systems use angular or straight-
ended handpieces. The ideal handpiece should
be small, lightweight, and handy. Some hand-
piece does not have any terminal tip, but a reflect-
ing mirror which works at a distance from the
tissue (tipless or noncontact or far-contact hand-
piece). Some other has a terminal tip which
works almost in contact with the tissue and/or
within a root canal (close-contact handpiece)

Fig. 4.3 Erbium, chromium:YSGG laser equipped with
flexible optic fiber

(Figs. 4.9 and 4.10). Others are hollow hand-
pieces which permit the passage of the fiber up to
the extremity (typically for the near-infrared
laser) (Fig. 4.11).



WWW.HIGHDENT.IR
Ql&fo}él.&.’aa 9 Oildludd jled
78 M. Olivi and G. Olivi

Fig.4.4 Erbium:YAG laser equipped with flexible optic fiber ~ Fig. 4.5 Erbium:YAG laser equipped with articulated arm

4.6 Laser Parameters [3] 4.6.1 LaserEnergy

The laser energy is emitted with different The amount of energy emitted is calculated in
modality and parameters, depending on the Joule (J); normally each pulse energy ranges
peculiarity of construction of different laser from few mJ (minimum 5 mJ) up to hundred mJ
devices. Laser emission and parameters strongly  (maximum 1000 mJ or 1 J).

influence (condition) the final effects of the When considering the energy emitted, it is
procedure. important to know the irradiated surface area and
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Fig. 4.6 Erbium:YAG laser equipped with articulated arm

Density of energy (ﬂuence =J/cm’ )

the diameter of the delivering laser fiber/tip that
conditions the density of energy applied to the
target tissue.

This is fundamental in endodontics, consider-
ing how the diameter of the canal and the irradi-
ated surface vary from the apical one-third to the
cervical one-third.

The minimum quantity of energy necessary to
generate a clinical effect of ablation or vaporiza-
tion is called “threshold of ablation.” For every
(each) target chromophore exists a threshold of

Fig. 4.7 Multi-wavelength diode laser with optic fiber
and terminal handpiece with disposable tip

Fig. 4.8 940 nm diode laser with optic fiber and terminal
handpiece with disposable tip

ablation/vaporization under which no effect is
produced. For example, if we consider the erbium
laser and its target chromophore, the water con-
tained in the enamel and dentin or in the irrigat-
ing solution, the threshold of ablation is about
12-20 J/cm? for the enamel and 8-14 J/cm? for
the dentin, respectively, for erbium:YAG and
erbium,chromium: YSGG lasers [4] and less for
water. Apel et al. (2002) calculated enamel
threshold values slightly inferior to previous ones
[5, 6]. Lin et al. (2010) calculated a similar
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Fig. 4.9 Noncontact tipless handpiece for erbium:YAG
laser; the focus is at distance from the target

Fig. 4.10 Close-contact
erbium: YAG laser, the focus is 1-1.5 mm close to the tar-
get. In this case the PIPS tip works directly onto the irrig-
ant in liquid solution-filled canal

handpiece with tip for

Fig. 4.11 Hallow handpiece for thin optic fibers (200—
300 pm) that permits the passage of the fiber up to the
extremity (typically for the near-infrared laser)

threshold of ablation: 2.97-3.56 J/cm? for
Er:YAG and 2.69-3.66 J/cm? for Er,Cr:YSGG
lasers [7]. Therefore, when using an erbium laser
in endodontics, energy higher than 20 mJ with a
200 pm fiber produces ablation on the dentin sur-
face; the ablation is much more with higher
energy and less or none using lower energy and

Table 4.4 Parameters of laser light emission
Average power (P): expressed in Watt=E (J)x F (Hz or pps)
Energy (E): expressed in J
Frequency of pulsation (F): expressed in Hz or pps
Power density (Pd): expressed in W/cm?
Fluence (Fl): expressed in J/cm?
Peak power (PP): W=E (J)+duration of the single
impulse (s)

larger-diameter fiber/tip. Table 4.4 reports the
parameters of laser emission.

4.6.2 Laser Emission Mode

The modality of emission of the energy (continu-
ous or pulsed), the frequency of pulses in the time
unit, and duration of each single pulse are impor-
tant and condition the average power and the
peak power of laser emission.

4.6.2.1 Continuous Wave
and Gated Mode

A laser can emit energy in a continuous mode
(cw), without interruption. A continuous emis-
sion of energy is not always advisable because of
the excessive thermal effect released.

Alternatively, the emission can be mechani-
cally interrupted (also called “chopped” or “gated”
mode) in order to have a better control of the ther-
mal emission. Short time of emission ("), of
about 10-20 milliseconds (ms), is more correctly
and effectively used in endodontics with KTP and
diode lasers than continuous wave emission;
shorter time, in the unit of microseconds, permits
the use of higher power. Newest cutting-edge
diode laser technology has frequency of emission
of thousand hertz (10,000-20,000 Hz). Diode
lasers typically emit laser energy in such a mode.

4.6.2.2 Free-Running Pulsed Mode

Nd:YAG lasers and erbium family lasers emit
laser energy in “free-running pulsed mode”
(defined also a pulsed mode); each pulse has a
beginning, a peak, and an end, with a progressive
increment and end in the unity of time. Between
one impulse and the other, the tissue has the time
to cool down, allowing a better control of the
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thermal effect. This emission mode is much more
efficient than the continuous wave or gated mode.

4.6.3 Pulse Duration and Pulse
Repetition Rate

In pulsed laser, the duration of the single impulse
influences the pick power (PP) of the laser emis-
sion (W =energy + duration of the single impulse).
The concentration of energy in a short time (high
peak power) permits a better ablation, reducing
the dispersion of thermal energy. In endodontics
an elevated peak power allows an efficient activa-
tion effect on the irrigants, improving the effec-
tiveness of cleaning and decontamination.

The number of pulses emitted in the unit of
time (1 s) is defined as pulse repetition rate or
pulse per second or pulse frequency (pps or
Hz); the range varies from few pulses (2-3 Hz)
up to many (100 Hz) in the free-running pulsed
lasers.

In endodontics a pulse repetition of 10-20
pulses per second (Hz or pps) is currently used.

4.6.4 LaserPower

The power emitted by a laser is determined by the
energy of each single pulse (expressed in J) mul-
tiplied by the number of pulse repetition in the
time unit (pps or Hz). As previously reported for
the energy, the power density is determined by
power used per unit of surface of the irradiated
area (expressed in W/cm?).

Power (W)=Energy (J) x Frequency of
repetition (pps or Hz).

Power density (W/cm?).

Peak power (PP)=W=FE (J) + duration of
the single impulse (s).

The more power is applied, the faster the
speed of the effect on the tissue.

The more energy is applied, the greater the
effect on the tissue.

4.6.5 Operator Modality

Moreover, many other parameters, related to the
operator, influence the result of irradiation.
Operator modality of the clinician includes dis-
tance from the target, angulation of the irradia-
tion, speed of the movement, and time of
irradiation. The distance from the target influ-
ences energy density and power: when the dis-
tance between fiber and tip of the laser increases,
the density of emitted energy decreases, enlarg-
ing the size of the spot due to the effect of a cer-
tain grade of emission divergence and increasing
the necessary amount of energy for the
interaction.

Conclusion

The knowledge of what has been addressed in
this chapter and will be analyzed in successive
chapters represents an essential basic theory
for optimizing clinical results. Learning the
variations of the parameters and operative
modalities, it is possible to control and condi-
tion the quantity and quality of irradiation on
the tissue, foreseeing the biological effects
and reducing the collateral risks in the use of
laser technology.
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Different Lasers Used
in Endodontics

Giovanni Olivi and Matteo Olivi

Abstract

Lasers have been used in endodontics with different techniques to improve
the percentage of success of pulp capping or apical surgery procedures in
permanent teeth and of pulpotomy and/or pulpectomy in primary teeth.
However, the main objective of laser in endodontics is to improve the decon-
tamination and cleaning of the root canal system in permanent teeth.
Accordingly, the lasers can be used to directly irradiate the dentin walls (con-
ventional laser endodontics, CLE) or to irradiate/activate photoactive sub-
stances (photoactivated disinfection, PAD) or irrigants (laser-activated
irrigation, LAI and PIPS), so performing the clinical action on the endodontic
system, indirectly. The use of different wavelengths with different techniques
is presented, exploring the effects of different techniques on dentin walls and
discussing the several advantages and disadvantages related to the use of a

fiber inserted into the canal or a tip positioned in the pulp chamber only.

5.1 History of Laser
in Endodontics

Studies of the use of laser in endodontics began
in the early seventies with Weichman and Johnson
and Lenz (1971, 1972, 1974) [1-3] but were
mainly developed from the early 1990s (nineties)
onward.
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The aim was to improve the results obtained
with traditional procedures using laser light to:

* Increase the percentage of success in the pro-
cedures of pulp capping in permanent teeth
and of pulpotomy and/or pulpectomy in pri-
mary teeth

* Improve decontamination of the endodontic
system in permanent teeth

* Improve the capacity for cleaning and removal
of pulp remnants and smear layer from the
root canals

* Improve cutting procedures, decontamination,
and sealing of the apex in endodontic surgery
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The first researches investigated the wave-
lengths available in those days in dentistry: the
CO, laser (10,600 nm) first and excimer XeCl
laser (308 nm) later, for periapical surgery and
for vital and not vital pulp therapy.

Hooks et al. (1980) initiated investigations on
CO, lasers as a new method for the sterilization of
dental instruments [4]. Shoji et al. (1985) studied
the histopathological changes induced on dental
pulp after a CO, laser pulpotomy procedure [5].
Paschoud and Holz (1988) investigated the effects
of low-energy therapy (LLLT) on the formation of
the dentin bridge after direct pulp capping with
calcium hydroxide [6]. Miserendino (1988) pub-
lished the results of his studies on the use of CO,
in periapical surgery [7], as also did Neiburger
(1989 and 1992) who used the CO, laser to seal
the not obturated, instrumented teeth using a pro-
cedure of dentin fusion (welting) [8, 9].

At the end of the 1980s (eighties), with the
introduction of optical fibers with reduced diame-
ters, studies on root canal application of the excimer
laser light (308 nm) began. Pini et al. (1989) and
Liesenhoff et al. (1989) investigated, ex vivo and
with positive results, the application of excimer
laser (308 nm) in endodontics for the removal of
debris and organic remnants and for the prepara-
tion of the root canals [10, 11]. Studies of Frentzen
et al. (1991) instead showed opposite results [12].

At the beginning of the 1990s (nineties), with
the introduction of pulsed technology for
Nd:YAG lasers with optical fibers [13], the
research was aimed to the decontamination and
the cleansing of the smear layer and organic rem-
nants of root canals [13-21].

In the later years, all the available wavelengths
were studied for different applications in end-
odontics, and in particular, many studies in vitro
and in vivo confirmed the efficacy of different
laser wavelengths in reducing the bacteria load of
infected canals. This part will be extensively ana-
lyzed in Chaps. 6, 7, 10, and 11.

5.2 Laser Wavelengths Used

in Endodontics

In the spectrum of electromagnetic radiation,
many wavelengths are used in endodontics.

Laser in the Ultraviolet
Spectrum of Light:
Excimer Laser

5.2.1

In the left side of the visible spectrum in the ultra-
violet spectrum of light (between 0.3 and 0.4 pm),
there are the excimer lasers. The excimer lasers
use a gas as active medium. In endodontics, the
XeCl at 308 nm was among the first lasers to be
experimented [10] and is mentioned here simply
for historical reasons, since it is no longer used in
endodontics, because of its large and bulky size,
the cost, and the controversial results of the
investigations [10-12, 22, 23].

5.2.2 Lasersin the Visible Spectrum
of the Light

In the visible spectrum of light, there are many
wavelengths that can be used in dentistry. Some
of them are still in use nowadays for endodontic
applications, such us the KTP laser (532 nm) and
some diode laser (from 635 to 675 nm) for anti-
bacterial photodynamic therapy (aPDT or PAD),
while the argon lasers are partially abandoned
and not in use anymore in dentistry Fig. 5.1.

5.2.2.1 Argon Laser
Argon is a noble and inert gas and extremely sta-
ble chemical element. Argon gas is used as active
medium inside the optical cavity; when it is
bombed by the pumping system, its ionized mol-
ecules produce different kinds of wavelengths,
among them two in the blue spectrum (470-
488 nm) and one in the green spectrum (514 nm).
The possibility of using the blue argon laser
(470 nm) in dentistry has been extensively studied
by a Japanese group at Showa University School of
Dentistry, Tokyo, Department of Endodontics, in
1998 and 1999 [24-26]. The investigations verified
the ability of argon laser for smear layer and debris
removal from the root canals, prepared in a conven-
tional way and irradiated at 1 W, with 0.05 s pulse
duration and 5 Hz pulse frequency [24, 25] and at
0.3 W in continuous wave [26]. However, as of
today, the use of the argon lasers remains limited
only to ophthalmology in retinal pathology for
superficial photocoagulation (see Fig. 5.1).
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Fig.5.1 Relative absorption in the visible electromagnetic spectrum of hemoglobin (Hb), oxyhemoglobin (HbO,), and

melanin (Image courtesy of Giovanni Olivi, Rome, Italy)

5.2.2.2 KTP Laser

In the spectrum of visible light, in the green band,
the wavelength 532 nm was chosen for the con-
struction of the KTP laser (a duplicate neodymium
of 532 nm), with high affinity with hemoglobin
(see Fig. 5.1). This laser in fact was introduced to
dentistry in the 1990s (nineties), due to its elevated
capacity for soft tissue cutting and coagulation
[27, 28], and it is used mainly in oral surgery and
periodontics. Nowadays however, its diffusion
remains limited because of its cost.

Effectively its system of construction is com-
plex. The active medium is a solid: a crystal of
Nd:YAG is excited by a diode laser pumping sys-
tem; a crystal of KTiOPQ, is located between the
active medium and the semi-reflecting mirror and
duplicates the vibration frequency of photons,
splitting the wavelength of the Nd:YAG
(1,064 nm) and emitting a radiation of 532 nm in
the green visible spectrum.

KTP laser emits energy continuously.
Alternatively, a mechanically interrupted mode
(chopped or gated) can be used to control the
thermal rise in tissue during the irradiation. The
delivery system is a flexible optic fiber that exits
through a terminal handpiece. Fibers of different
diameters (200, 300, and 600 pm) permit differ-
ent uses in dentistry including endodontics.

The effective use in endodontics was reported
by several studies [28-33], at power ranging
from 2.25 to 3 W, at 5 Hz, per 2-5 s, and repeated
for 4-5 cycles, depending on the study; no dam-
aging thermal rise for the periodontal tissue was
observed at these parameters [28, 29]. Also the
root canal decontamination ability after conven-
tional endodontic instrumentation was studied, at
different power output (at 1 and 1.5 W), in dry
mode or wet model [30-34].

5.2.2.3 Semiconductor Laser: Diode
Lasers

Some diode lasers are built with wavelengths in
the range of visible light. Lasers at 635-675 nm
are used for antibacterial photodynamic therapy
(aPDT or photoactivated disinfection, PAD) [35—
40] because the light of these lasers, emitted in
the red spectrum of light, is absorbed by particular
photoactive colored substances, which when acti-
vated release singlet oxygen with elevated lytic
capacity on many species of bacteria. For this rea-
son, LED lights or diode lasers in this spectrum
of light have been used in recent years with suc-
cess in root canal, periodontal, and implant decon-
tamination. This laser application in endodontics
will be analyzed in Chap. 7. Recently, a new
diode emitting laser radiations in both visible and
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near-infrared spectrum of light is promisingly
introduced at 445, 660, and 970 nm for several
application in dentistry, including endodontics; the
optical characteristics of the blue wavelength are
similar to those of blue argon laser (see Fig. 5.1).

5.2.3 Near-Infrared Lasers

Following the first studies with excimer lasers,
near-infrared lasers were the first to be studied and
then largely used for root canal decontamination,
in particular the Nd:YAG (1,064 nm) and then
diode lasers (from 810 to 1,064 nm), thanks to the
optic fiber technology, introduced at the end of the
1980s (eighties) [13] that allow the introduction of
the laser light deeply in the root canal.

Target chromophores of near-infrared lasers
are the hemoglobin, the melanin, and the pig-
ment of some type of bacteria (Fig. 5.2). Near-
infrared lasers are mainly scattered in the target
tissues; the absorption is negligible and reflec-
tion minimal. Shorter wavelengths have less
deep diffusion than the longer Nd:YAG laser
(1,064 nm), both in soft tissues and in radicular
dentin. Near-infrared lasers of different wave-
lengths have slight different optical behavior,
depending on the affinity of the specific wave-

length with the target chromophore (see the
absorption curve). Different affinities with the
target correspond to different energies necessary
for the clinical use.

This paragraph analyzes only the constructive
characteristics and the interaction with tissues
typical of these lasers. Chapter 6 will analyze dif-
fusely the effects of these lasers in endodontics.

5.2.3.1 Semiconductor Laser:
Diode Laser

The diode laser was introduced in endodontics at
the end of the 1980s, initially for treatment of dentin
hypersensitivity [41, 42] and to bio-modulate the
inflammatory response during vital pulp therapy
(pulp capping or pulpectomy) and other inflamma-
tory pathologies of the maxillary bone [43, 44].

Today, diode lasers represent a valid alterna-
tive to Nd: YAG lasers for incision, vaporization,
and coagulation of soft tissues (gingiva, mucosa,
and pulp), for treatment of periodontal pockets
(curettage, decontamination) and root canal
decontamination.

The constructive simplicity and the contained
dimensions justify the contained cost, which
facilitates its diffusion.

The active medium is a semiconductor, which
is, nowadays, miniaturized, made up of various

HbO2
1.064 Melanin
980 4340
940
Lo — Hb
810 .-

uv

NearIR Medium IR Far IR

Wavelenght nm

810 —— 1340

Fig. 5.2 Relative absorption in the near-infrared electromagnetic spectrum of hemoglobin (Hb), oxyhemoglobin
(HbO,), and melanin (Image courtesy of Giovanni Olivi, Rome, Italy)
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layers (wafer-like construction). The gallium
arsenide (GaA1lAs), doped with aluminum atoms,
is widely used. Some lasers use the indium as
doping atom (IGaAsP).

The activation of the semiconductor produces
the emission of laser light in the invisible spec-
trum of the near infrared in different wavelengths
(from 810 to 1,064 nm), depending on the type of
semiconductor. In order to see and control the
interaction of laser light with tissue, there is a vis-
ible aiming beam with low mW of power (1 mW),
generally red at 650 nm or green at 530 nm.

Diode laser energy is emitted in continuous
wave mode, and a mechanical system can inter-
rupt the impulses (chopped or gated), dividing
their exit in variable intervals (*"/#°™). The sin-
gle impulse (") has a linear evolution without
variations from the beginning to the end of the
emission, and its duration is variable, from a
few microseconds to many milliseconds, with
variable frequency up to 20,000 Hz. The
mechanical interruption of the emission
(chopped or gated mode) makes it possible to
choose the time interval between one pulse and
another (°"-¢°), which is important for clinical
purposes because it allows cooling of the irradi-
ated tissue. By modulating the quota of thermal
energy released and its effects, it is also possi-
ble to control the patient’s pain sensitivity.

The diode laser delivery system is similar to
that of Nd:YAG laser and uses an optic fiber

(diameter 200-300—400 pm) which ends in a ter-
minal handpiece, going through it and coming
out in a terminal curve tip. The fibers are steriliz-
able after cleaning and cutting of a pair of milli-
meters after use. Diode lasers of more recent
design have fiber which ends in a handpiece
where disposable tips of different diameter,
angle, and length are inserted (Figs. 5.3 and 5.4).
The fiber/tip must be activated before the surgical
procedures. It has to be kept constantly clean
using sterile dressings soaked with nonflamma-
ble disinfectant or cotton rolls. For decontamina-
tion of periodontal pockets or root canals, the
activation of the tip is still a topic of debate
(Fig. 5.5). It should be remembered that:

Fig. 5.3 Long and 200 pm thin disposable tip for end-
odontics, available for diode laser (Picasso, AMD; USA)

Fig. 5.4 Long and 200 pm thin disposable tip for endodontics, available for diode laser (BluLaser, Sirona: Germany)
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Fig. 5.5 The fiber/tip activation is performed at 1 W on
dark-blue articulating paper, repeating the procedure 4-5
times up to seeing the tip becomes darker

The use of thin fiber (200 pm) inside a root
canal permits decontamination in the endodontic
system at up to 500-750 pum of distance from the
main canal [45].

It should be remembered that diode lasers are
also used for LLLT: the diode laser emitted at low
energy and for a long time is converted into photo-
chemical energy that bio-modulates many cellular
functions. Photochemical energy is also used for
the activation of (whitening) bleaching systems.

5.2.3.2 Neodymium:YAG Laser

It is one of the first lasers to be experimented with
in dentistry [13, 14]. Still today it is a valid laser
system for incision, vaporization, and coagulation
of soft tissues (gingiva, mucosa, and pulp) and for
the treatment of periodontal pockets (curettage,
decontamination) and is the best system for ther-
mal decontamination of the root canals.

Its active medium is a solid crystal of yttrium,
aluminum, and garnet (YAG), doped with neo-
dymium. Neodymium (Nd, atomic number of 60)
is a metal of the group of rare heart elements. The
energy of neodymium YAG laser is produced
through stimulation of the active medium using a
powerful flash lamp (free-running pulse mode).
Each pulse has a Gaussian development, with a
quick start, a peak, and an end; between one pulse
and another, there is a time of latency.

The stimulated neodymium YAG emits invisi-
ble photonics radiation at 1,064 nm, and it is
equipped with a coaxial aiming beam, with low
power (1 mW), generally red at 650 nm or green
at 530 nm.

Fig. 5.6 Small hollow handpiece for Nd:YAG laser
allows the passage of the fiber up to the terminal tip

Activation of the fiber/tip concentrates the
emitted energy near the tip itself; without
activation of the tip a major quota of energy
can be diffused at distance.

The emitted energy is delivered through an
optic fiber (diameter 200-300-400 pm) that
enters in a hollow handpiece and ends in a termi-
nal curved tip (Fig. 5.6).

The energy emitted by the laser radiation is
mainly scattered in the target tissues under the
form of thermal energy, while a certain quota of
retrograde diffusion of energy can overlap the inci-
dent radiation, with the risk of the phenomenon of
summary accumulation of thermal energy and tis-
sue damage. For this reason, the Nd:YAG laser is
only used in dentistry, in free-running pulse mode
with variable frequency from 10 to 200 Hz and
with a pulse duration from microseconds to milli-
seconds. This greatly limits the possibility of heat
accumulation in irradiated tissue. The emission of
short duration pulses produces elevated peak
power, so to justify the elevated efficiency of
Nd:YAG lasers compared to diode lasers. Only a
small quota of energy is diffused for reflection.

The use of thin and flexible fibers (200 pm
microns) facilitates access to the radicular canals,
where the scattering and penetration in depth of
this wavelength allow decontamination of the
endodontic system up to a distance of 1 mm from
the main canal [45—48]. The power and energy
used for clinical applications produce high photo-
thermal effect and never ablative effect on the
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dentin. For this reason, the near-infrared lasers are
used in endodontics only for decontamination.

5.2.3.3 Neodymium:YAP Laser

The Nd:YAP laser has been constructed with a
wavelength of 1,340 nm. The active medium is
solid, a crystal of yttrium, aluminum, and
perovskite (YAP), doped with neodymium. The
optic fiber of a reduced diameter (200 pm) per-
mits endodontic application. The constructive
characteristics of this laser are very similar to
those of the Nd:YAG, with a slightly different
affinity with hemoglobin, melanin, and water. It is
not very diffused and the clinical indications are
comparable to those of other near-infrared lasers.

5.2.4 Medium-Infrared Lasers:
Erbium YAG and Erbium,
Chromium YSGG Laser

At the end of the 1980s (eighties) to the begin-
ning of the 1990s (nineties), the erbium YAG
laser (2,940 nm) [49-52] first and then the
erbium, chromium YSGG laser (2,780 nm) [53,
54] were introduced in dentistry with the idea of
substituting the drill for caries removal.

Studies in endodontics started in 1998 for the
erbium YAG laser and in 2001 for the erbium
chromium YSGG laser [55, 56] for the availabil-
ity of specific thin tips to access to the root canals
(Fig. 5.7).

Fig.5.7 Longand 200-300 pm thin tip and handpiece for
Er,Cr:YSGG laser

The Er:YAG laser has a solid active medium,
a crystal of yttrium, aluminum, or garnet, doped
with erbium atoms. Erbium is a silver metal of
the group of rare heart elements (Er, atomic num-
ber of 68). When stimulated, the YAG crystal
emits photons of a wavelength of 2,940 nm. The
laser energy is delivered to a terminal handpiece
through different systems, among which the optic
fiber and the articulated arm are still in use.

The Er,Cr:YSGG laser also has a solid active
medium, a crystal of yttrium, scandium, gallium,
and garnet (YSGG), doped with atoms of erbium
and chromium. When stimulated, the crystal
emits radiations in the medium-infrared spectrum
at 2,780 nm. This energy is transferred to a termi-
nal handpiece through an optic fiber.

The term erbium family lasers combines the
two wavelengths and is frequently used when
referring to both the wavelengths without any
specific connection to one another.

Erbium lasers use a visible aiming beam, red
or green, to provide good visibility and control of
interaction with tissue.

These lasers can develop high power, and for
this reason, the energy is emitted in free-running
pulsed mode, with pulses of duration and fre-
quency of variable repetition depending on the
different equipment used.

The wavelengths of the erbium family fall on
the curve of water absorption (principal target
chromophore). Absorption in hydroxyapatite is
also high, but it has unimportant value for clinical
purposes [57-60] (Fig. 5.8).

The high absorption in water explains the
effects on dentin, more pronounced in the intertu-
bular zone, that is, more rich in water than in
mineral.

The photothermal effect of erbium lasers pro-
duces vaporization of the smear layer and a cer-
tain grade of ablation and decontaminating effect
that are however limited to the dentin canal
surface (up to 250-300 pm in depth), where laser
energy is mainly absorbed and where it produces
a direct photothermal effect.

The dentin ablation happens when the energy
used exceeds the threshold of dentin ablation (see
Sect. 4.6.1). The ability of medium-infrared lasers
to ablate radicular dentin encouraged research in
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Fig. 5.8 Relative absorption in the medium-infrared electromagnetic spectrum of water (blue line) and hydroxyapatite
(orange line) (Image courtesy of Giovanni Olivi, Rome, Italy)

the past years, to explore the possibility of prepar-
ing the canal with lasers, with quite poor results.

The affinity of erbium lasers with water
explains the activation and agitation of the irrig-
ant solution (NaOCl ed EDTA), their tridimen-
sional streaming through the endodontic system
(LAI and PIPS techniques), and their effect on
bacteria decontamination, on debris and smear
layer removal, via an indirect laser action.

The great presence of water in the oral soft
tissues; in the hard dental tissue, such as the
enamel and the dentin; and much more in the car-
ious tissue explains the extensive use of erbium
lasers in dentistry. Water is also present in the
bone. For this reason, erbium lasers are consid-
ered “all tissue” lasers, very versatile for clini-
cal use in dentistry, in periodontics, restorative,
endodontics, and bone surgery, and also recom-
mended for soft tissue therapy, especially on tis-
sues with low vascularization and more evident
fibrous components (fibroma removal, labial and
lingual frenectomy, gingivectomy, gingivoplasty,
operculectomy).

Clinically, the two wavelengths work in over-
lapping mode. However, the higher absorption in
water tissues for the Er: YAG laser makes its tis-
sue interaction more superficial when compared

to Er,Cr:YSGG laser (Fig. 5.9). Under equal
parameter used, also less energy is necessary for
the Er:YAG laser, compared to the Er,Cr:YSGG,
to ablate hard dental tissues (see ablation thresh-
old, Chaps. 4 and 7) [61, 62]. However, is the dif-
ferent technology of construction and control
(analogic or digital) of different laser units that
produces variable performances of different
lasers.

Different erbium lasers can have differences
in terms of delivery system (optical fiber or artic-
ulated arm), handpiece (in close contact with the
tip or no contact using a mirror), straight or
angled, and big or small (see Figs. 4.3, 4.4, 4.5,
4.6, 4.9, and 4.10); also tips are of different shape
and size, as well as the efficacy and modulability
of the air-water spray. Technological characteris-
tics include the temporal characteristic of the
pulse (pulse duration) which varies from 50 to
1000 ps and the spatial characteristics of the
pulse (pulse shape). Different laser systems also
offer different choice of a variety of pulse fre-
quency from 2 to 100 pps and different power
output from 0.1 to 20 W, all characteristics that
allow greater possibility of managing the interac-
tion with tissues, with better clinical application
and better control of pain stimulation.
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Fig. 5.9 Different water absorption coefficients in the medium electromagnetic spectrum 2780 and 2940 nm. Er:YAG
at 2920 nm is three times more absorbed in water than the Er,Cr:YSGG at 2780 nm (Image courtesy of Giovanni Olivi,

Rome, Italy)

5.2.5 Far-Infrared Laser: CO, Laser

CO, far-infrared lasers (9,300-10,600 nm) were
the first to be studied and used in endodontics for
the decontamination and fusion of the apex in
endodontic surgery [7-9]. Nowadays, they are no
longer used in endodontics, except for the vital
pulp therapy (decontamination, vaporization, and
coagulation in pulp capping and pulpotomy).

Together with KTP and near-infrared lasers,
the CO, laser is still one of the best systems for
incision, vaporization, and coagulation of soft
tissues (gingiva, mucosa, and pulp) but is not
very widely used because of its cost and the range
of clinical applications limited to soft tissues.

The main target tissue is water that greatly
absorbs the wavelengths.

The active medium is a gas, the carbon diox-
ide (CO,), and the emitted laser radiation is

delivered through an optic fiber or an articulated
arm.

The radiation is emitted, with different wave-
lengths (9,300 nm, 9,600 nm, or 10,600 nm), in
the invisible far-infrared spectrum. Native CO,
laser at 10,600 nm is only useful on soft tissue.
New laser technology introduced some modifica-
tions and an oxygen isotope (Oyz) to emit a radia-
tion at 9,300 nm, matching the peak absorption of
hydroxyapatite and making also the interaction
with hard tissue applicable.

Being invisible in the far-infrared spectrum,
also these wavelengths are supported by a visible
coaxial aiming beam (red or green, of a few mW
of power).

In the past, the modality of continuous emis-
sion (CW) created problems of thermal damage,
especially in the hard tissues. Today, pulsed and
super-pulsed technology make this laser one of the
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best systems for oral surgery, due to its elevated
coagulating ability via photothermal effect. The
thermal effect of CO, lasers is able to seal small
(0.3-0.5 mm of diameter) blood or lymphatic ves-
sels, realizing an excellent coagulating effect.

Classification of Lasers
in Endodontics

5.3

Lasers are used with different techniques in end-
odontics (Table 5.1).

They can be used to directly irradiate the den-
tin walls or to irradiate/activate photoactive sub-
stances or irrigants, so performing the clinical
action on the endodontic system indirectly
(Table 5.1) (Fig. 5.10).

5.3.1 Conventional Laser
Endodontics (Direct Laser

Irradiation)

The laser technique used since the beginning
involves the use of fibers or tips with end emis-
sion (end firing) positioned in the canal, conven-
tionally at 1 mm from the apex. The activation of
the laser starts during the movement of retraction
of the fiber/tip, performing a helical movement,
in a determined time. This technique is suitable
for most of the wavelengths in the visible (445

and 532 nm), near-infrared (from 810 to
1,340 nm), and medium-infrared (2780 and
2,940 nm) zones of electromagnetic spectrum.
The laser energy is delivered through fibers or
tips inserted on terminal handpiece; endodontic
tips have a specific diameter of 200-300 pm and
a length suitable for this application, and also the
optic fibers have a small diameter of 200 pm
allowing the insertion within the root canal (see
Figs. 5.3,5.4,5.6, and 5.7).

When in the canal, laser irradiation produces a
direct thermal effect on dentin walls and bacteria that
generates also undesired effects that vary depend-
ing on the wavelength used and on its interaction
with the dental walls (laser-tissue interaction).

The light of the near-infrared laser (with diffu-
sion prevalent to absorption) scatters in the den-
tinal tubules until it hits the pigment of the target
bacteria cells, producing also thermal effects on
the surface of the dentin walls.

The light of the medium infrared is mainly
absorbed in the surface by the watery component of
the dentin (water is the target chromophore of the
erbium laser), with vaporization of the smear layer
and of the debris, generating also a certain degree of
dental ablation, depending on the energy used.

This technique is named by Olivi [63] “con-
ventional laser endodontics,” because it was the
first to be used in endodontics and to distinguish
it from the more recently introduced. This tech-
nique is extensively discussed in Chap. 6.

Table 5.1 Classification of laser techniques used in endodontics (Olivi [63])

Laser tissue

Wavelength Laser technique Target chromophore interaction Laser effects

Visible Conventional Bacteria pigment Diffusion Photothermal

Near infrared Direct irradiation

Medium infrared Conventional Water content of dentin ~ Absorption Photothermal
Direct irradiation bacteria

Visible PAD Photosensitizers Absorption Photochemical

Near infrared Indirect irradiation

Medium infrared LAI Water content of irrigants Absorption Photothermal cavitation
Indirect irradiation

Medium infrared PIPS Water content of irrigants Absorption Photothermal photo-

Indirect irradiation

acoustic cavitation



WWW.HIGHDENT.IR

QS 10159 9 Ol jludluss jles

5 Different Lasers Used in Endodontics

93

— —

Fig. 5.10 Different laser endodontic techniques consider different positions of the tip and its movement inside the
canal, or its position stationary in the chamber; also different techniques propose a dry mode or the use of different dye
or irrigant solutions. From left to right: conventional laser endodontics, PAD, LAI, and PIPS (Image courtesy of

Giovanni Olivi, Rome, Italy)

5.3.2 Photoactivated
Disinfection (PAD)

Photoactivated disinfection (PAD) also called
antibacterial photodynamic therapy (aPDT)
involves the use of photosensitizers with antimi-
crobial activity introduced in the root canal and
selectively activated by an affine wavelength:
these are visible (from 635 to 675 nm) and
near-infrared (810 nm) wavelengths. The laser
irradiation produces a photochemical effect that
activates the photoactive colored liquid with the
release of active radicals and singlet oxygen that
finally generate the bactericidal effect. There is
no direct laser interaction with the dentin sur-
face, almost eliminating any undesired collat-
eral effect. This part is discussed in Chap. 7 (see
Fig. 5.10).

5.3.3 Laser-Activated Irrigation
and PIPS™

The laser-activated irrigation (LAI) involves the
activation of the irrigant (watery solutions) with the
use of the erbium and erbium chromium laser. The
target is water that completely absorbs the radiation.
Endodontic tips used are end firing and/or radial fir-
ing tips (conical and modified conical tips)
(Fig. 5.11), and, in particular, the PIPS™ technique
uses a radial and stripped tip (the last 3 mm), in
order to increase the lateral emission of laser pho-
tons (see Chaps. 10 and 11) (Fig. 5.12). The irrig-
ants, so activated by erbium lasers, become more
reactive and can flow three-dimensionally in the
canals, improving their antibacterial and cleaning
effect. When the liquid is present in the canal, no
direct interaction on dentin surface happens.
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Fig. 5.11 Radial firing tips of different diameters (200—
400-500 pm) and lengths for Er,Cr:YSGG laser
(Waterlase MD, iPlus; Biolase; USA)

Fig. 5.12 Radial and stripped PIPS tips of 400 and
600 pm diameter, 14 and 9 mm long, respectively, for
Er:YAG laser (LigthWalker, Fotona; Slovenia)

Laser-Tissue Interaction
in Endodontics

54

The interaction between laser light and the target
tissue follows the rules of physics. Laser radia-
tion can be:

¢ Reflected

¢ Absorbed

¢ Diffused

¢ Transmitted

Reflection is an optical phenomenon due to the
lack of affinity and absorption of light from the

target, which, once hit, rejects the light com-
pletely. The quota reflected is about 5 % of the
radiation emitted and represents the aspect of laser
therapy that involves safety measures (protective
glasses specific for each wavelength), because of
the potential eye damage of laser radiation.

Absorption on the contrary is the expression
of high affinity between light and the target
which retains light in the point of irradiation.
The portion of laser energy absorbed is respon-
sible for the majority of therapeutic effects, and
itis locally converted into photochemical energy,
photomechanical energy, and photo-acoustic
energy depending on the type of laser used, the
modality of emission, and the parameters used.

Diffusion depends on the capacity of the light
to spread irregularly deeper into the target. The
portion of laser energy which diffuses into the tis-
sues is responsible for the therapeutic effects of
some wavelengths (visible red and near infrared),
which allows decontamination at a distance from
the irradiation point.

Transmission is the passage of light through a
body or tissue, in the absence of interaction with
it and, in consequence, without producing physi-
cal or biological effects.

Besides intrinsic optical properties of dif-
ferent wavelengths, the interaction depends
also on the optical characteristics of the target
and, in particular, on the absorption coefficient
of the specific chromophore of the target tis-
sue for a specific wavelength (optical affinity).
Accordingly, different interactions happen
with the target tissues: dentin, smear layer,
debris, organic remnants, bacteria, and irrigant
fluids.

In summary, three groups of laser-tissue inter-
action can be identified:

e Laser radiation emitted in the visible blue-
green spectrum of light, such as KTP laser (or
neodymium duplicate at 532 nm) and argon
lasers (488-514 nm), that produces effects of
absorption and diffusion (scattering) of over-
lapping entities, with penetration in tissue at
intermediate depth

¢ Radiation emitted in the visible red spectrum
(600-700 nm) and in the near infrared (from
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810 to 1,340 nm), which renders scattering
highly predominant over absorption, with
deeper penetration in tissues

* Radiation emitted in the medium- or far-
infrared spectrum (2,780-2,940-10,600 nm)
that mainly produces absorption in tissue and
in water, superficially with unimportant phe-
nomena of diffusion

When the laser light interacts with the target
tissue, for diffusion or absorption, it generates on
it the biological effects responsible for the desired
therapeutical results and for the unwanted collat-
eral effects.

5.5 Laser Effects in Endodontics
The laser light, absorbed and/or diffused in the
target, generates different effects:

(a) A photothermal effect results from the direct
laser irradiation on the dentinal walls, when
the lasers are used with the conventional
technique for the decontamination and
removal of the smear layer, positioning the
fiber inside the canal; all the wavelengths
produce thermal effect.

(b) A photochemical effect produces the activa-
tion of photosensitive substances (photosensi-
tizers) inoculated in the canal and responsible
for the antibacterial effects of the photoacti-
vated disinfection (PAD), without direct irra-
diation (and interaction) on the dentin; this
effect is characteristic of visible (635—
675 nm) and near-infrared (810 nm) lasers.

(c) Photothermal  effect  primarily  and
photomechanical-acoustic effect succes-
sively activate the commonly used irrigants
in endodontics during the laser-activated irri-
gation and PIPS, without any direct irradia-
tion (and interaction) on the radicular dentin,
when the irrigant liquids are present and
remain in the canal. These effects are typical
and exclusive of medium-infrared lasers.

Depending on the wavelength and on the tech-
nique used, the laser interaction will target with
different modalities different substances:

e Bacteria (in their different forms of aggrega-
tion, planktonic or biofilm)

¢ Photosensitizer contained in the dye solutions

¢ Dentin, with the smear layer, debris, and pulp
remnants

* Free water (of the irrigant solutions)

e (Figs. 5.13,5.14,5.15, and 5.16)

Fig. 5.13 SEM image (1000x) of dentin walls 4 mm
shorter of the radicular apex after conventional chemo-
mechanical rotary instrumentation (not lased). Note the
presence of debris and heavy smear layer that completely
occlude the dentin tubules orifices. Chemo-mechanical
preparation resulted ineffective to completely shape and
clean the root canal

Fig. 5.14 SEM image (1000x) of dentin walls 8§ mm
shorter of the radicular apex after conventional chemo-
mechanical rotary instrumentation (not lased). Note the
presence of micro and macro debris (from few microns up
to 10 pm) completely covering the dentin surface. Chemo-
mechanical preparation resulted ineffective to completely
shape and clean the root canal



WWW.HIGHDENT.IR

O 30153 9 Ol jluld sleod

96

G. Olivi and M. Olivi

Fig. 5.15 SEM image (2000x) of E. faecalis-infected
dentin walls 3 mm shorter of the radicular apex after con-
ventional chemo-mechanical rotary instrumentation (not
lased). Heavy smear layer and organized biofilm remain
on some areas of dentin surface after instrumentation.
Chemo-mechanical preparation resulted ineffective to
completely shape, clean, and disinfect the root canal

5.5.1 Effect of Laser Light

on Bacteria

All of the wavelengths have different direct lytic
effects on bacterial cell walls via a photothermal
effect. Depending on structural characteristic of
cellular wall, the gram~ bacteria are easily
destroyed, with less energy and less time com-
pared to gram* [46] (see Chap. 6).

The effects of PAD and LAI techniques on
bacteria are not directly performed by laser light
and are discussed in the following paragraphs.

5.5.2 Effects of Laser Light
on Photosensitizers

Laser wavelengths in the red and near-infrared
(810 nm) window of the spectrum act as photoac-
tivator of a chemical reaction for the specific com-
pound that releases toxic elements to the target.
Photosensitizer substances, such as methylene
blue (MB), toluidine blue (TB), tolonium chloride
(TC), and green indocyanine (IG), increase the
bacteria sensitivity when activated by these diode
laser lights, due to the production of singlet oxygen
throughout a photochemical reaction [35-40] (see
Chap. 7). The reactive oxygen species (ROS), in
the presence of oxygen, mediate cellular toxicity to
each tissue that has affinity for the photosensitizer.

Dot WD ———— 2um
0" 10000x SE 127
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Fig. 5.16 SEM image (10,000x) of E. faecalis-infected
dentin walls 7 mm shorter of the radicular apex after con-
ventional chemo-mechanical rotary instrumentation (not
lased). Dentin mud and planktonic bacteria colonies cover
the access to dentin tubules. Chemo-mechanical prepara-
tion resulted ineffective to completely shape, clean, and
disinfect the root canal

5.5.3 Effects of Laser Light
on Dentinal Walls

The thermal effect of the laser, used for antibacte-
rial effect, must be controlled to avoid damages on
the dental walls. All the laser radiations, used in dry
canal with the conventional techniques, can pro-
duce morphological alterations of the dental sur-
face [64] due to the thermal effect typical for every
wavelength. Heating of the substrate contributes to
the (indirect) lytic effect on bacterial cells.

5.5.3.1 Near-Infrared Laser

These lasers kill bacteria but do not remove the
smear layer. The heat deposited during the dif-
fusion of thermal energy provokes the partial
closure of the dental tubules through a process
of fusion of the organic and inorganic dental
structure (Figs. 5.17, 5.18, 5.19, 5.20, 5.21, and
5.22). Furthermore, when the terminal part of
the tip/fiber comes in contact with the dental
wall during the laser emission, this can provoke
(produce) thermal damages such as hot spots,
bubbles, and cracks [65-68] (Fig. 5.23).

When near-infrared laser is used in a wet root
canal, filled with water or irrigant solutions, the
water-based liquid limits the direct interaction of
the laser radiation on the dentin walls, reducing
the undesired side effects but also limiting its
decontamination effect. The water, in this case, is
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Fig. 5.17 SEM image (622x) 7 mm shorter of the apex
after conventional chemo-mechanical rotary instrumenta-
tion and irradiation with an 810 nm diode laser in dry
mode at 2.5 W, 20 ms ton/20 mstoff, four times x5 s. The
smear layer is partially removed by a process of fusion of
the organic and inorganic dental structures; presence of
superficial thermal damage with flakes, microcracks, and
detached particles including debris and smear layer

Fig. 5.18 SEM image (1222x) 7 mm shorter of the apex
after conventional chemo-mechanical rotary instrumenta-
tion and irradiation with an 810 nm diode laser in dry mode
at 2.5 W, 20 ms ton/20 mstoff, four times x5 s. The smear
layer is not removed and mainly occludes the dentin sur-
face; presence of superficial thermal damage with flakes
and detached particles including debris and smear layer

Fig. 5.19 SEM image (1000x) of the root canal surface
after conventional chemo-mechanical rotary instrumenta-
tion and Nd:YAG laser irradiation in dry mode, 1.5 W,
15 Hz, 100 mJ, four times x5 s. The canal surface presents
some debris and obliterated dentin tubules

not an absorbent chromophore for these wave-
lengths that can be transmitted through the fluid
without giving interaction (just heating it) [32]
but only an intermediate medium.

In this case, the near-infrared lasers activate
the irrigant solutions via heating (warming), and
this procedure increases the efficacy of the irri-
gation [69]. The irradiation with near-infrared
laser, diode laser (2.5 W, gated mode), and
Nd:YAG laser (1.5 W, pulsed mode at 15 Hz),
performed after irrigation in a fluid filled canal,
produces a dentin pattern, more similar to the

Fig. 5.20 SEM image (1000x) of the root canal surface
after conventional chemo-mechanical rotary instrumenta-
tion and Nd:YAG laser irradiation in dry mode, 1.5 W,
15 Hz, 100 mJ, four times x5 s. The canal surface presents
some debris and obliterated dentin tubules

one obtained with just the irrigation alone than
with dry laser irradiation. The canal irradiation
associated with sodium hypochlorite irrigant
produces a dentin morphology with some
remaining smear layer and debris but less areas
of fusion and thermal damage compared to the
dry irradiation. When the irradiation follows the
irrigations with EDTA, it results in cleaner sur-
faces with less smear layer, open dentinal tubules,
and less thermal damages than with dry laser
irradiation [70-74] (Figs. 5.24, 5.25, 5.26, 5.27,
5.28, and 5.29).
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Fig. 5.21 SEM image (5000x) of the root canal surface
after conventional chemo-mechanical rotary instrumenta-
tion and Nd:YAG laser irradiation in dry mode, 1.5 W,
15 Hz, 100 mJ, four times x5 s. The canal surface presents
some debris and incomplete dentin tubules obliteration

Fig. 5.22 SEM image (5000x) of the root canal surface
after conventional chemo-mechanical rotary instrumenta-
tion and Nd:YAG laser irradiation in dry mode, 1.5 W,
15 Hz, 100 mJ, four times x5 s. The canal surface presents
some debris and partially obliterated dentin tubules

Fig.5.23 Drawing representation and image of split root show the thermal effects produced by the contact of the fiber with
dentin walls during the conventional laser irradiation performed with helical retracting movement in dry mode. Hot spots
are visible on the canal surface (Image courtesy of Giovanni Olivi and Vasilios Kaitsas, Rome, Italy)

5.5.3.2 Medium-Infrared Laser

The dentin morphologic pattern after irradia-
tion with medium-infrared laser is different
than that with the near-infrared lasers. Erbium
lasers vaporize the smear layer, leaving the den-

tinal tubules mainly clean and well open.
Moreover, erbium lasers are generally used at a
level of energy higher than the ablation thresh-
old of the dentin (see Chap. 4), so that a certain
degree of dentin ablation is produced, more evi-
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Fig. 5.24 SEM image (1000x) of dentin walls 8 mm
shorter of the radicular apex after conventional chemo-
mechanical rotary instrumentation and 810 nm diode laser
irradiation in wet canal (2.5 W, 20 ms ton/20 mstoff), four
times x5 s after 20 s irrigation with 5 % NaOCI and fol-
lowed by a final 20 s NaOCl irrigation. The use of NaOCl
irrigation before and after laser irradiation reproduces
more of its typical morphologic pattern than that of the
laser irradiation; dentin tubules are mostly open, some
debris are still present, and no thermal damage is visible

A ] e [
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Fig. 5.26 SEM image (250x) of dentin walls 8 mm
shorter of the radicular apex after conventional chemo-
mechanical rotary instrumentation and 810 nm diode laser
irradiation in wet canal (2.5 W, 20 ms ton/20 mstoff), two
times x5 s after 20 s irrigation with 5 % NaOC]l and irradi-
ated again two times x5 s after 20 s irrigation with 17 %
EDTA, followed by a final washing with 20 s EDTA. The
main canal and the dentin walls appear clean. A central
area of predentin shows the typical calcospherules or cal-
coglobulins: the presence of these structures clearly indi-
cates that the mechanical preparation did not work on this
area that remained untouched. However, chemical irriga-
tion was able to clean this part of the root canal surface

dent at the intertubular level, because richer in
water, with a typical morphological aspect
(chimney-like pattern); also superficial thermal
damage is present (Figs. 5.30, 5.31, 5.32,
and 5.33).

Fig. 5.25 SEM image (5000x) of dentin walls 8 mm
shorter of the radicular apex after conventional chemo-
mechanical rotary instrumentation and 810 nm diode laser
irradiation in wet canal (2.5 W, 20 ms ton/20 mstoff), two
times x5 s after 20 s irrigation with 5 % NaOC] and irradi-
ated again two times X5 s after 20 s irrigation with 17 %
EDTA, followed by a final washing with 20 s EDTA. Dentin
surface presents some debris and smear layer; dentin tubules
are mainly open; the final EDTA washing partially exposed
the organic collagen structure and cleaned the surface from
the debris and smear layer; laser thermal damage is absent

Fig.5.27 SEM image at higher magnification (1000x) of
the predentin area with calcospherules or calcoglobulins:
the dentin surface shows presence of few debris from
canal instrumentation and opened dentin tubules from
EDTA irrigation

When used in curved or narrow canals and
the terminal part of the tip comes in contact with
the dentin wall during the laser emission, the
laser energy produces typical aspects of abla-
tion and thermal damage, depending on the
power used (hot spots, ledging, cracks, superfi-
cial areas of melting), and, in some case, apical
transpositions and root perforations are possible
[56, 75, 76] (Figs. 5.34, 5.35, 5.36, and 5.37).
Many studies agree on the need of the presence
of water (from the spray or from irrigants via
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Fig. 5.28 SEM image (100x) of the root canal surface
after conventional chemo-mechanical rotary instrumenta-
tion and Nd:YAG laser irradiation in wet canal (1.5 W,
15 Hz, 100 mJ), two times x5 s after 20 s irrigation with 5 %
NaOCl and irradiated again two times x5 s after 20 s irriga-
tion with 17 % EDTA, followed by a final washing with 20 s
EDTA. It is evident that rotary instruments did not work on
all of the canal surface that in part remained untouched by
mechanical instrumentation: in the middle area, calcospher-
ules or calcoglobulins in the predentin are still visible

Fig.5.30 SEM image (1300x) of the root canal surface at
1 mm from the apex, after conventional chemo-mechanical
rotary instrumentation and conventional Er,Cr:YAG laser
irradiation at 1.0 W, 20 Hz, 50 mJ, 140 ps pulse duration;
300 pm tip inserted into the canal and moved up and down,
irrigated with distilled water. Chimney-like pattern, with
ablation more pronounced at intertubular dentin, is evident
(Image courtesy of Prof. V. Kaitsas (Rome, Italy))

syringe) during the irradiation of the canal with
erbium laser to avoid the undesired thermal
effect, strongly present when the irradiation is
performed in dry mode [56, 76, 77], as con-
firmed by several studies [25, 55, 78-82].

B0 prm

Fig. 5.29 SEM image (1000x) of the root canal surface
after conventional chemo-mechanical rotary instrumenta-
tion and Nd:YAG laser irradiation in wet canal (1.5 W,
15 Hz, 100 mJ), two times x5 s after 20 s irrigation with
5 % NaOCl and irradiated again two times x5 s after 20 s
17 % EDTA, followed by a final washing with 20 s
EDTA. The surface is quite clean but a large part of dentin
tubules is obliterated by dentin-smear layer fusion

Fig. 5.31 SEM image (1500x) of the root canal surface
1 mm to the apex, after conventional chemo-mechanical
rotary instrumentation and conventional Er,Cr:YAG laser
irradiation at 1.5 W, 20 Hz, 75 mJ, 140 ps pulse duration;
300 pum tip inserted into the canal and moved up and
down, laser air-water spray 35-25 %. Waves of laser abla-
tion evident on the surface

5.5.4 Effects of Laser Light
on Free Water

The use of erbium laser tips in the root canals
(LAI) or in the pulp chamber (PIPS) for the acti-
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Fig.5.32 SEM image (2000x) of the root canal surface at
1 mm from the apex, after conventional chemo-mechanical
rotary instrumentation and conventional Er,Cr:YAG laser
irradiation at 2.5 W, 20 Hz, 140 ps pulse duration; 300 pm
tip inserted into the canal and moved up and down, laser
air-water spray 35-25 %. The intertubular dentin, richer in
water, is more ablated at 125 mJ than the peritubular

i

Fig.5.34 SEM image of the middle one-third of the canal
showing thermal damage seen after Er,Cr: YAG laser irra-
diation, with single overlapped pulses “pot marks” as tip
was retracted out of canal per conventional protocol advise.
Note the area of untouched mechanically prepared dentin
wall (Courtesy of Dr. Graeme Milicich Hamilton, New
Zealand and Dr. Enrico DiVito, Scottsdale, Arizona USA)

vation of the irrigants produces absorption in
water and an instantaneous superheating up to the
boiling point of water (100 °C). Consequently, a
vapor bubble expands at the tip of the fiber
(explosion) and consecutively collapses (implo-
sion) following immediately after the expansion;
the shrinkage creates a cavitation that generates

Fig. 5.33 SEM image (5000x) of the root canal surface
at 4 mm from the apex, after conventional chemo-
mechanical rotary instrumentation and conventional
Er,Cr:YAG laser irradiation at 1.0 W, 20 Hz, 50 mJ, 140 ps
pulse duration; 300 pm tip inserted into the canal and
withdrawn back in 5 s. Irrigation from laser water spray
(air 35 %, water 25 %). Tubules are open; few debris are
present together to superficial thermal effects

Fig.5.35 SEM image showing ledging after Er,Cr:YSGG
laser tip placed into the canal. Note the area of untouched
mechanically prepared dentin wall (Courtesy of Dr.
Graeme Milicich, Hamilton, New Zealand and Dr.Enrico
DiVito, Scottsdale, Arizona USA)

pressure wave within the water fluid (shock
waves and jets) [83—85].

The shock wave provokes a direct bacteria
lysis and detachment of the biofilm due to tan-
gential shear stress action of the fluids on the
dentinal walls [86]; this effect is typical when
sodium hypochlorite is activated by lasers [87].
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Fig. 5.36 SEM image (5000x) of the apical area after
chemo-mechanical preparation and Er:YAG laser irradia-
tion performed in a conventional way at 1 W, 15 Hz. Visible
thermal damage with melting of dentin in the apical area

Fig. 5.37 SEM image of the middle one-third area after
chemo-mechanical preparation and Er,Cr:YSGG laser
irradiation performed in a conventional way at 1.5 W,
15 Hz. Visible thermal damage with bubble and recrystal-
lization of dentin in the touched area

Fig.5.38 SEM image (1000x) of the middle one-third of
the canal after irrigation with 17 % EDTA activated by
PIPS technique at 20 mJ, 15 Hz, 50 ps pulse duration;
PIPS tip 600 pm positioned stationary in pulp chamber.
PIPS irrigation resulted in very clean surface with the
absence of smear layer and debris and of sign of thermal
ablation

When the fluid is the EDTA, the effect is the
cleaning of dentin walls from debris and smear
layer (Figs. 5.38, 5.39, and 5.40) [88-90].
Usually a direct effect of laser irradiation on
dentin walls is absent, considering the massive
absorption of the erbium radiation by the water
present in the wet canal; anyway, depending on
the amount of energy applied, the different posi-
tions of the tip in the canal or in the pulp
chamber, and the continuous or interrupted irri-
gation using different techniques, complete
vaporization of the irrigant fluid may occur with
possible direct thermal damage to dentin walls

Fig. 5.39 SEM image (2000x) of the middle one-third of
the canal after irrigation with 17 % EDTA activated by
PIPS technique at 20 mJ, 15 Hz, 50 ps pulse duration; PIPS
tip 600 pm positioned stationary in pulp chamber. Dentin
tubules are open, and smear layer and debris are absent

S000x
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Fig. 5.40 SEM (5000x) magnification of the previous
image. PIPS resulted in a very clean surface. Absence of
any sign of ablation or thermal damage, with EDTA
exposing the collagen matrix
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[91]. Later in the text, these points will be
largely debated (Chaps. 10 and 11).

Parameters that Influence
the Laser Effects

5.6

The laser energy is emitted with different modali-
ties and parameters, depending on the peculiarity
of construction of different devices and operator
choice, influencing the quantity and quality of
tissue irradiation, and foreseeing the biological
effects of the result.

5.6.1 Continuous Wave Mode

Diode lasers emit the energy in continuous wave
(cw). However, at power higher than 1.5 W, the con-
tinuous emission in the root canal is inadvisable
because of the excessive thermal damage released
on the canal’s walls. It is possible and advisable to
use the mechanically interrupted (chopped or gated)
modality of energy emission, in order to have a bet-
ter control of the thermal effect. When diode laser
continuous wave emission is “chopped” (or gated),
with duration of short time (milliseconds or micro-
seconds), it produces more or less thermal effect.
Short duration of ", of 10-20 ms, is correctly and
effectively used in endodontics with diode lasers at
a power ranging from 2 to 3 W (see Chap. 6).

5.6.2 Pulsed Mode and Pulse
Duration

Nd:YAG lasers and erbium family lasers emit
laser energy in pulsed mode (defined also “free-
running pulsed”), so that every pulse has a begin-
ning, a progressive increment up to a peak, and
an end in the unit time (second). Between one
pulse and the other, the tissue has the time to cool
down allowing a better control of the thermal
effect. Short duration of pulse permits to control
the side effects of thermal emission; when the
energy is concentrated in a short time (high-peak
power, PP) produces less thermal effect and a
more powerful interaction (PP=energy + dura-
tion of the single pulse).

5.6.3 Pulse Repetition Rate

Also the frequency of pulse repetition for second
(expressed in Hz o pps) conditions the thermal
effect of free-running pulsed laser. The more fre-
quent the repetition is, the shorter the time for
thermal release is and the greater the thermal
effect on the tissue is. The time for thermal
release is necessary for the tissue to dissipate
thermal energy accumulated to 50 % of the initial
temperature (also called thermal relaxation time).

The pulsed mode makes it possible to emit a vari-
able succession of pulses in the unit time (second),
defined in Hz or pps (generally between 2 and 100
pulses in 1 s). Low repetitions of pulse (5—-10 Hz/
pps) allow a longer time for thermal relaxation and
more control of tissue irradiation. In endodontics,
the Nd: YAG and erbium lasers are normally used at
10-20 pulses for second (Hz o pps).

5.6.4 Fluence and Power Density

The power of density (power density W/cm?) and
of energy (fluence J/cm?) depends on the diame-
ter of the tip used and of the irradiated square sur-
face; for the same amount of energy and power
emitted, larger is the diameter of the fiber or the
irradiated surface, and lower is the density of
power and energy. The higher the fluence, the
more pronounced the effect is.

5.6.5 Distance Between Target
and Fiber

Distance from the target influences energy den-
sity and power density. When the distance
between the target and fiber/tip of the laser
increases, the density of emitted energy decreases,
enlarging the size of the spot due to the effect of
a certain grade of emission divergence and
increasing the necessary amount of energy for the
interaction. If we imagine how the diameter of
the canal varies from the apical part to the cervi-
cal one, we can imagine how the density of
energy applied will produce different results in
different areas of the canal, when applied at the
same power. This condition affects the result that
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varies from excessive thermal damage to decon-
tamination or to ineffective irradiation, depend-
ing on the position of the fiber within the canal.
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Conventional Laser Endodontics
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Abstract

Laser irradiation of root canals is performed with the conventional fibers or
tips inserted into the canal up to the working length and successively acti-
vated during the retraction. This technique is suitable for most wavelengths
used in dentistry. Medium-infrared wavelengths are well absorbed by water
in the dentin and spread their energy superficially over the canal surface;
they produce some thermal and ablative effect, clean the canal walls very
well, vaporizing the smear layer, exposing the dentinal tubules, and increas-
ing dentinal permeability. Near-infrared wavelengths are not well absorbed
by the dentin chromophore and are more penetrating in depth; they produce
evident thermal effects with areas of recrystallization of the dentin surface
where the smear layer is mainly fused, occluding the dentinal tubules. All
wavelengths have an efficient decontaminating action on the main canal
surface, with different capacity of penetration in dentin tubules. However, a
precise and unambiguous determination of the real bactericidal effect in
depth of different lasers has not been reached and also many results are
contradictory. When the diode lasers are used in conjunction with conven-
tional irrigation techniques, significant elimination of bacteria is reported,
and the morphological pattern produced remained similar to the pattern
produced by the use of irrigant alone, limiting the undesired thermal effects
correlated with near-infrared laser irradiation. However, the anatomic and
operative problems of the introduction of a fiber in narrow and curved
canals are still not solved, with the probable impossibility or inefficiency of
the procedure in teeth with complicated root canal anatomy, not completely
satisfying the needs of modern endodontics.
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Fig. 6.1 Draft representing the typical irradiation proposed for conventional laser endodontics; the fiber is positioned
in a dry canal 1 mm shorter from the apex and is retracted with helical motion in an established time (2 mm/s) (Image

courtesy of Giovanni Olivi, Rome, Italy)

The first experimentations with lasers in endodon-
tics were focused on the use of thermal energy for
decontamination of endodontic bacterial flora.

Delivering the laser light to the radicular apex,
conventionally one millimeter from the anatomic
apex, requires the use of fibers or tips with a thin
(narrow) diameter (generally 200-300 microns)
that are flexible and resistant to negotiate (follow
or overtake) the anatomical curvatures of dental
roots with minimal risk of breakage.

Laser activation happens during fiber/tip
retraction, in an established amount of time (usu-
ally 2 mm/s), in the attempt to supply a density of
energy for an irradiated surface (fluence) that is
uniform in different areas of the canal (Fig. 6.1).

The technique requires helical (circular)
movement of the fiber, in order to increase the
irradiation angle between laser fiber and dentin
surface, trying to improve the angle (directional-
ity) and energy diffusion.

This technique is suitable for most wave-
lengths used in dentistry, in the visible (532 nm),

in the near-infrared (from 810 to 1340 nm), and
medium-infrared (2780 and 2940 nm) electro-
magnetic spectrum and utilizes fibers or tips (flat
or end firing), which permit the direct irradiation
of the canal surface.

Olivi (2013) called this technique “conven-
tional laser endodontics” (see Table 5.1) [1], in
order to distinguish it from the more recent PAD
(or aPDT) and LAI, which involve the irradiation
and the activation of different antibacterial solu-
tions and irrigants.

Mechanism of Conventional
Laser Endodontics

6.1

When a laser fiber/tip is inserted into the canal
and laser irradiation starts, it interacts with the
canal surface following the optical characteristic
of every wavelength (see Sect. 5.4).

The presence and concentration of specific
chromophores on the canal surface and inside the
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dentinal tubules determine absorption, diffusion,
or transmission of laser light. Depending on the
wavelength, there are different effects and differ-
ent depths of penetration (see Sect. 5.4).

Under the same conditions, the medium-
infrared wavelengths, which are well absorbed
by the dentin water (chromophore), spread their
energy superficially over the canal surface, while
the near-infrared wavelengths, which are not well
absorbed by the dentin chromophore, are more
penetrating in depth.

If the objective is removal of tissue (ablation-
preparation of the canal), correct management of
the wavelength and parameters (energy, power,
and pulse duration) allows superficial absorption,
reducing heat diffusion which is inefficient for
ablative purposes. On the contrary, if the objec-
tive is not ablation but decontamination, the abil-
ity for penetration through the target tissue of the
selected wavelength can constitute a desirable
and valued advantage.

The medium-infrared laser radiation is mainly
absorbed at the canal surface by the watery com-
ponent of dentin, with vaporization of debris and
smear layer, leaving the dentinal tubules open
and also producing surface decontamination and
minimal dental ablation.

The near-infrared laser radiation mainly
diffuses in the dentinal tubules and dentin walls,
to target the pigment of bacterial cells performing
a deep decontaminating effect and also a thermal
effect on the surface during the diffusion of light;
the thermal effect results in inorganic melting of
the smear layer producing occlusion of dentin
tubules, more or less evident depending on the
wavelength and the parameters used (fluence,
peak power, and modality of emission).

When the energy applied is high, many unde-
sired thermal effects on the dentin walls are pres-
ent, varying on the wavelength used.

Laser technology has been proposed for
different phases of endodontic treatment for:

* Access cavity preparation

* Root canal preparation

* Root canal cleaning

¢ Root canal decontamination

Research and clinical use, after initial interest
in all possible therapeutic uses of lasers in
endodontics, are today limited to cleaning and
decontamination of the root canal system.

6.2  Access Cavity

Beyond the conventional use of rotative
instruments, the access to the pulp chamber can
be performed with erbium lasers, able to remove
all the hard and soft dental tissues: enamel,
dentin, carious tissue, and pulp without contact.
These lasers can be used both with a handpiece
with terminal tip and with a tipless handpiece.
When using a handpiece with a tip, the choice of
diameters ranging from 600 to 1000 microns is
preferable. Larger diameters give rise to more
elevated energy and power during ablation of the
enamel with a larger irradiated surface. Preparing
the access cavity, the energy is progressively
reduced in depth, from the dentin to the pulp. The
high affinity with carious tissue and pulp (richer
in water) helps to remove carious dentin and to
selectively uncover the pulp horns with less
energy, reducing the risk of a false path. The
following are the suggested energy setting to
progressively use on enamel, dentin, carious tis-
sue, and pulp:

Enamel Dentin caries  Pulp tissue Canal orifices
250 mJ> 200mJ>150mJ 150 mJ 120 >80 mJ

The importance of the laser approach for
access cavity preparation should not be under-
estimated. Erbium lasers, due to their selectiv-
ity of action, allow an access to the endodontic
system after a consistent abatement of bacte-
rial load, therefore reducing contamination
with bacteria, toxins, and debris in the apical
direction during subsequent instrumentation. A
study by Hibst et al. (1996) demonstrated that
bacteria are killed during cavity preparation up
to a depth of 300-400 microns, under the irradi-
ated surface [2].

Erbium lasers are also useful in the removal of
pulp stones and in the search for calcified canals.
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Lasers for Root Canal
Preparation

6.3

Root canal preparation with steel and nickel-
titanium instruments is today considered the gold
standard in Endodontics. This section is presented
with the sole aim to give information on the
development of laser technology in Endodontics.

6.3.1 Excimer Laser

Among the first experiments with lasers in end-
odontics, root canal preparation was studied
in vitro by Liesenhoff et al. (1989), which used
an excimer laser (308 nm) and concluded that the
laser can prepare a root canal safely and efficiently
and produce a canal surface without a smear layer,
with open dentinal tubules and a lack of over-
instrumentation and false path (via falsa) [3].

In another in vitro study, Frentzen et al. (1991)
reported opposite results, concluding that the energy
density of excimer laser was not high enough for the
ablation of dentin and pulp tissues [4].

The value of excimer laser technology in end-
odontics was limited. The latter also accounts for
their use in dentistry in general.

6.3.2 Nd:YAG Laser

At the beginning of the 1990s, the first
investigations with Nd:YAG laser with optical
fiber in the root canals were started.

Gutknecht et al. (1991), in an in vitro prelimi-
nary study with SEM observation, showed the
modifications of the root canal surface following
irradiation at 1.5 W (100 mJ, 15 Hz); the smear
layer was removed through superficial inorganic
melting with closure of dentin tubules, and these
modifications were considered useful for end-
odontic treatment [5].

Levy (1992) as well, in a SEM study, concluded
that Nd:YAG laser preparation was possible and
that it allowed better cleaning of canal surface than
conventional instrumentation [6].

Goodis et al. (1993) confirmed the Nd:YAG
laser’s ability to interact with dentin walls with

smear layer removal and, only occasionally,
surface alterations were seen [7].

Some years later, Moogi and Nageshwar
(2010) reported the same results. SEM observa-
tions showed the presence of areas of fusion and
recrystallization, especially in the apical one-
third; these dentin surface alterations were pos-
itively considered by the authors, as a possible
seal to bacterial recolonization [8].

Research on the use of Nd:YAG technology
for root canal preparation was soon abandoned
and the technology is today used in endodontics
only for the final decontamination at the end of
conventional chemomechanical instrumentation.

6.3.3 Nd:YAP Laser

Blum and Abadie (1997) compared different
systems of root canal preparation, using sodium
hypochlorite as irrigant. Manual preparation
and combined manual/laser-assisted techniques
ended in similar results, differing just in size of
remaining debris, that were smaller in case of
laser-assisted preparation. Preparation executed
with just laser irradiation produces an enhanced
diameter in the prepared canals with the pres-
ence of debris. Different conventional manual
preparations, associated with both laser irradia-
tion and subsonic irrigation, showed no statisti-
cally significant differences. The combined use
of subsonic and laser systems, associated with
manual preparation, demonstrated better clean-
ing after preparation, with very small debris
remnants. The study concluded by referring to
the potential capacity of Nd:YAP laser to com-
plete manual preparation of the canal with bet-
ter cleaning [9].

Also for Nd: YAP laser, studies on this specific
use were not continued.

6.3.4 Erbium Lasers

The recognized ablative capacity on hard tissues
of erbium lasers (2780 and 2940 nm), and their
FDA approval (according to the US FDA
Marketing Clearance by Wavelength) for shaping,
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enlarging, and cleaning of the canals, guided the
following research toward medium-infrared
lasers.

Many studies analyzed the erbium lasers’
potential for root canal preparation in different
operative conditions, evaluating the efficacy,
possible morphological damage, and possible
thermal damage to the periodontal tissues.

The initial studies reported positive results
using Er:YAG laser with different experimental
radial emission tips, encouraging future research.

Shoji et al. (2000) used a Er: YAG laser system
with a conical tip with 80 % lateral emission and
20 % end emission, for the enlargement and
cleansing of the canals.

Using 0.3 W (30 mJ and 10 pps), they obtained
canal enlargement of about 13 % with a cleaner
dentinal surface compared to the samples treated
without laser [10].

Kesler et al. (2002), in a preliminary study on
the effects of Er:YAG laser, equipped with
microprobes with radial emission, used 140 and
90 mJ with 400 and 200 micron tips, respectively,
and reported, in the study’s conditions, good
capacity for enlargement and shaping, quickly
and better than the traditional system. The SEM
observations demonstrated a dentin surface
equally clean from the apex to the coronal
portion, without pulp remnants and clean open
dentinal tubules [11].

Stabholz et al. (2003 and 2004) also presented
positive results regarding treatment executed
with the same Er: YAG laser and lateral emitting
endodontic microprobes [12, 13].

A study by Inamoto et al. (2009) investigated
in vitro the cutting capacity and morphological
effects of Er: YAG laser irradiation, using 0.3 and
0.75 W (30 mJ at 10 Hz and 25 Hz), withdrawing
a fiber at a speed of 1 mm/sec and 2 mm/sec,
reporting positive results [14].

Recently, Kokuzawa et al. (2012) evaluated the
shaping capacity of the root canal using Er:YAG
laser equipped with conical fibers of 185 and 280
micron diameter; the conical fibers diffused 80 %
of the energy laterally. Irradiation was executed at
0.4 W (20 mJ, 20 pps), with water spray (5 ml/
min), 3 times for 10 s. SEM observations showed
clean dentin surface, with open tubule orifices.

The authors underlined that for efficient ablation, a
shorter distance between the fiber and the walls of
the canal is necessary, in order to avoid natural dis-
persion of energy due to the distance between
source and target [15]. This observation empha-
sizes the difficulty to apply the concept of fluence
in endodontics that will be debated in the discus-
sion session. Also, the difference of energy set-
tings used in these studies underlines the different
technologies of the laser systems used and the
impossibility to establish a common protocol.

Studies on radial firing tips were resumed
again by other investigators [16, 17] as a prelude
to techniques of laser activation of the irrigants
(LAI). The latter will be addressed later.

Other studies instead investigated Er, Cr:YSGG
and Er:YAG lasers, equipped with plane end-firing
tips.

Chen (2002 and 2003) presented case studies
with root canals entirely prepared using the
Er,Cr:YSGG laser (the first to obtain the FDA
license for the entire endodontic procedure) with
positive results. Chen used endodontic end-firing
tips of different lengths, with diameters of 400,
320, and 200 microns, and used with a crown-
down technique at 1.5 W (75 mJ and 20 Hz) with
35-25 % water spray [18, 19].

A study by Minas et al. (2010) showed positive
results using Er,Cr:YSGG laser at 20 Hz and
different power settings of 1.5, 1.75, and 2,0 W
and higher water spray (65 % water, 35 % air).
The study concluded that the laser’s ablative
capacity proved to be strongly influenced by the
power and the diameter of the fiber used [20].

On the contrary, other studies reported less
positive results regarding the use of the erbium
lasers for root canal preparation of teeth with
curved roots. The efficacy of laser was not
comparable with the endodontic standard
preparation with stainless steel manual and
nickel-titanium rotary instruments.

The group at the Showa University School of
Dentistry, Tokyo, Japan, performed a great body
of research on the use of Er: YAG and Er,Cr: YSGG
lasers, evaluating the thermal variations at
periodontal level, the cleaning ability of dentin
surface, and the ablative efficacy in straight and
curved canals.
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Kimura et al. (2002) measured temperature
rise during root canal preparation with the
Er:YAG laser for one minute, with a water spray
at 2 Hz, 136 mJ, and 230 mJ. The temperature,
measured with thermocouples, rose more at
apical level (6 °C), demonstrating the safety of
the procedure for the periodontal tissues at the
tested parameters [21].

Ali et al. (2005), Matsuoka et al. (2005,), and
Jahan et al. (2006) later used a Er,Cr:YSGG
laser with a power of 2 W (200 mJ and 10 Hz),
with 200 and 320 micron end-firing tips.
Irradiation resulted in clean dentin surfaces,
with less smear layer and better cleaned surfaces
as compared to conventional manual prepara-
tion. The studies concluded that the preparation
of canals with curves inferior to 10 degrees can
be well performed, while the preparation of
canals with curves of more than 15 degrees pro-
duces ledges, perforation, and over-instrumenta-
tion [22-24].

Matsuoka et al. (2005,), in another study,
used the Er,Cr:YSGG laser for canal prepara-
tion with fibers of 200 and 320 micron diameter,
at 2 W and 3 W and 20 Hz (100 mJ e 150 mJ,
respectively), obtaining clean but irregular
surfaces [25].

In 2010, Roper et al. (2010) compared con-
ventional root canal preparation techniques with
rotative instruments and laser-assisted tech-
niques, measuring the quantity of dentin removed
in the various sections of the radicular canals and
the cleaning. Both techniques were equivalent in
the coronal and the middle third, while the con-
ventional technique was more efficient in the api-
cal one-third [26].

In conclusion, the dentin surface prepared
with erbium lasers is always well cleaned and
without smear layer. However, as a result of laser
ablation, the surface is irregular; some ledging
can be present, often there are signs of superficial
thermal damage, and there is a risk of root
perforation or apical transposition (see Figs.
5.34, 535, 5.36 and 5.37). Canal shaping,
realized with the erbium laser, is nowadays quite
a complicated procedure, suitable only for
straight and wide canals but without adding par-
ticular advantages to conventional techniques.

6.4 Morphological and Cleaning
Effects of Lasers on Root

Dentin Surface

Many thermographic and morphological prelimi-
nary studies were performed for identifying safe
parameters of use and described the collateral
effects of laser irradiation on the radicular walls.
Medium-infrared lasers, even if they produce
some thermal and ablative effects, clean the canal
walls very well, vaporizing the smear layer,
exposing the dentinal tubules, and increasing
dentinal permeability [27-29].

Near-infrared lasers, on the other hand, produce
more evident thermal effects without removal of
dentin, with areas of recrystallization of the dentin
surface where the smear layer is mainly fused,
occluding the dentinal tubules [29-33].

When used dry, both near- and medium-infrared
lasers produce peculiar thermal effects [30-32].

Irradiation with KTP 532 nm laser, in the spec-
trum of visible light, used in dry mode at 1 W per
1 sand 5 W per 0.5 s, also led to modifications of
the dentin surface and of the smear layer without
modifying dentinal permeability [34].

6.4.1 Near-Infrared Laser

Many studies evaluated the thermal rise produced
by near-infrared lasers and the consequent
morphological alterations of the dentin walls.
The smear layer is only partially removed,
dentinal tubules are mainly closed as result of
superficial fusion of dentin structures, and smear
layer and phenomena of recrystallization and
cracks are present [33, 35-38].

The effects produced by diode lasers, with
different wavelengths, Nd:YAG and Nd:YAP
lasers are similar but not equal at the same
parameters of use, so that laser settings must be
adjusted to the wavelength used. Nd:YAG laser
was among the first to be studied in endodontics.

6.4.1.1 Nd:YAG Laser

Saunders et al. (1995) studied in vitro the effects
of different laser power settings at 15 pps (from
0.75 to 1.7 W), with the aim of obtaining an
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Fig. 6.2 SEM image of radicular dentin irradiated with
Nd:YAG laser at 1.5 W, 100 mJ, 300 ps pulse duration,
with a 200 micron fiber (2 mm/s speed). Inappropriate
time of irradiation, or long pulse duration, or the contact
of the fiber on dentin walls creates hot spots. The high
magnification shows the dentin surface covered of melted
smear layer with obliteration of dentin tubules (Imagine
courtesy of Prof. V. Kaitsas Rome (Italy))

Fig. 6.4 SEM image of radicular dentin irradiated with
Nd:YAG laser at 1.5 W, 100 mJ, 300 ps pulse duration, with
a 200 micron fiber (2 mm/s speed). Bubbles of recrystalli-
zation and cracks resulted from laser thermal damage
(Imagine courtesy of Prof. V. Kaitsas Rome (Italy))

apical seal. The study showed the removal of pulp
tissue from the non-prepared canals, but there
was no creation of complete dentinal fusion [39].

Harashima et al. (1997), in an in vitro study on
mono-radicular teeth treated with conventional
instruments, irradiated the canals with Nd:YAG
laser at 1 W (50 mJ and 20 pps) and 2 W (100 mJ
and 20 pps). SEM observation of the non-lased
group and the irradiated group at 1 W showed
canal surfaces with debris and a smear layer that
covered the dentin tubule orifices. Otherwise, the
group irradiated at 2 W showed cleaner canal sur-

Fig. 6.3 SEM image of radicular dentin irradiated with
Nd:YAG laser at 1.5 W, 100 mJ, 300 ps pulse duration,
with a 200 micron fiber (2 mm/s speed). Evident melted
surface with cracks and recrystallization structures
resulted from laser thermal damage (Imagine courtesy of
Prof. V. Kaitsas Rome (Italy))

faces; debris and smear layer were partially
vaporized but areas of fusion and recrystalliza-
tion were present [40].

Koba et al. (1998), also in vitro, investigated
the effects of Nd:YAG laser irradiation, at apical
and periapical level. In the majority of cases,
there was a good removal of debris, correlated
with the energy used. Carbonization was visible
on the canal surface at 2 W, 15 pps for 2 s and at
1 W, 15 pps for3 and 4 s, butnotat 1 W, 2 s [41].

Barbakow et al. (1999) observed in vitro areas
of recrystallization in the apical area at every
energy setting and at 6 and 10 mm from the apex
only in the group irradiated with 318 J/cm?. Areas
of carbonization were also observed at 2 mm
from the apex [42].

Kaitsas et al. (2001), in an in vitro study on
mono-radicular teeth irradiated with Nd:YAG
laser after conventional chemomechanical prepa-
ration, concluded that irradiation executed at
1.5 W (100 mJ, 15 Hz), with a fiber of 320
microns inserted at 1 mm from the apex and then
withdrawn in 5 s with rotatory movement, pro-
duced a partial reduction in debris and smear
layer together with the production of collateral
thermal effects, such as melting, cracks, phenom-
ena of recrystallization with bubbles, and partial
obliteration of the dentin tubules [33] (Figs. 6.2,
6.3, and 6.4).
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Santos et al. (2005) evaluated with SEM
observations the effect of different parameters
and angles of irradiation of Nd:YAG laser on
the morphology of radicular dentin. Laser irra-
diation was executed at 1 W (10 Hz, 100 mJ
and 20 Hz, 50 mJ) and at 3 W (10 Hz, 300 mJ
and 20 Hz, 150 mJ), with a 250 micron fiber,
with a retraction speed of 2 mm/s, for 1 min
using a clockwise movement. More elevated
parameters produced more morphological
alterations of the dentin surface, with melting,
glazing, recrystallization and bubbles, and
superior removal of smear layer with cleaner
surface. Two teeth from every group were sec-
tioned perpendicularly and received an irradia-
tion with perpendicular incidence. A sample
received, before irradiation, a treatment with
17 % of EDTA for 5 min. The samples which
received the perpendicular irradiation showed
typical morphological alterations with fusion,
melting, and recrystallization with bubbles.
The smear layer was not removed from the den-
tin surface which presented a few visible
tubules. The samples which received the irriga-
tion with 17 % EDTA before irradiation showed
dentinal tubules more opened and a variegated
morphological pattern, depending on the energy
used [43].

He et al. (2009) studied the rise in tempera-
ture at the coronal and apical levels at different
power settings of a Nd:YAG laser, revealing the
production of morphological thermal damage.
Every sample, mono-radicular tooth, was irra-
diated four times for 5 s with a pause of 5 s,
moving a fiber 330 micron diameter with a heli-
coidal movement. The most significant rise in
temperature was verified at the apical level,
with relevant correlation with the power and
frequency of repetition used. Better results
(removal of the smear layer, open dentinal
tubules, rise of temperature in the accept-
able limits) were obtained at 2 W (20 Hz,
100 mJ) [38].

Hasheminia et al. (2012) also confirmed the
incomplete removal of the smear layer in the
samples irradiated with the Nd: YAG laser and the
superior efficacy of irrigants such as sodium
hypochlorite and maleic acid [44].

6.4.1.2 Nd:YAP
Nd:YAP laser has a physical behavior which is
slightly different from that of other near-infrared lasers,
due to its major coefficient of water absorption.

Blum and Abadie (1997) underlined the use-
fulness of this laser in root canal cleaning [9].

Moshonov et al. (2003) also studied the
capacity of the Nd:YAP laser for root canal
cleaning and its influence on the mineral content
of the dentin, confirming the capacity of the laser
to provide cleaning statistically superior than the
non-lased group, without alteration of the
relationship Ca/P at dentinal level [45].

Also here, studies on this specific use were not
continued.

6.4.1.3 Diode Laser

In the spectrum of the near-infrared light, diode
lasers are built with different wavelengths (from
810 to 1064 nm). Their different positions on the
hemoglobin absorption curve condition the
adjustment of laser setting to use, but it is the lack
of absorption in water that makes the interaction
on the radicular dentin different.

Diode Laser 810 nm

Da Costa Ribeiro et al. (2007) studied the increase
in temperature during 810 nm diode laser
irradiation; at 2.5 W, the thermal rise in the apical
third varied from 1.6 to 8.6 °C, while at 1.25 W,
10 Hz proved to be less, from 1.2 °C to 3.3 °C. The
SEM morphological study demonstrated canal
surfaces with dentinal tubules closed, especially
in the apical third [36].

De Moura-Netto et al. (2005) in a study
in vitro compared the effect of Nd:YAG laser
(1.5 W, 100 mJ, 15 Hz) and of diode laser 810 nm
(2.5 W in cw) using a fiber extraction speed of
2 mm/s, for 20 s. Both lasers proved to be able to
partially remove debris and smear layer, showing
also some morphological alteration (fusion and
recrystallization) which was more evident with
the Nd: YAG laser [46] (Figs. 6.5, 6.6, and 6.7).

Parirokh et al. (2007), in their in vitro study,
concluded that 808 nm diode laser produced
closure of the dentinal tubules of the irradiated
surface in every condition of use and especially at
the level of the apical third [47].
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Fig.6.5 SEM image (610x) of radicular dentin irradiated
with 810 nm diode laser in dry mode at 2.5 W, 50 % duty
cycle, 10 ms t*, and 200 micron fiber (2 mm/s speed).
Dentin surface showing debris, melted smear layer, and
few open orifices

Fig. 6.6 SEM image (1264x) of dentin irradiated with
810 nm diode laser, at 1.5 W CW, 200 micron fiber, in dry
mode (2 mm/s speed). Clear signs of thermal effect are
visible: surface melting with detachment of dentinal
substance and partial obliteration of the dentinal tubules.
The smear layer is only partially removed (Reprinted with
permission from Olivi et al. [70]) (Fig. 2))

Da Fonseca Alvarez et al. (2012) studied with
thermocouple the variation of temperature on
the external root surface of inferior incisors in
order to evaluate possible periodontal damage.
Samples were irradiated with a continuous circu-
lar retrograde movement at different parameters
(1.5, 2.0, 2.5, 3.0, and 3.5 W). Thermal varia-
tions, measured on both buccal and lingual sides,
at the apical level and at the middle third of the
root were considered acceptable and safe within
7 °C, only the use of 3.5 W exceeded the 7 °C
borderline [48].

Fig. 6.7 SEM image (2000x) of radicular dentin
irradiated with 810 nm diode laser in dry mode at 2.5 W,
50 % duty cycle, 10 ms t°", and 200 micron fiber (2 mm/s
speed). Heavy smear layer heated by laser irradiation
covering dentin surface

Diode Laser 980 nm

Diode laser 980 nm was studied in vitro by Wang
etal. (2005), who irradiated mono-radicular
teeth for 7 s with different diameter fibers (550
and 365 micron) at 5 W power. The maximum
rise in temperature was 8.1 °C. Laser irradia-
tion produced good removal of smear layer, with
cleaning statistically superior to the nonirradiated
control group. Apical leakage, after the filling,
also proved inferior in the laser group than in the
control group [49].

The Brazilian group in the Endodontics
Department of the University of Ribeirdo Preto
(SP, Brasile) carried out a series of in vitro studies
on the 980 nm diode laser, investigating the
morphological and thermal variations at radicular
level with parameters from 1.5 to 5 W, in CW and
gated at 100 and 1000 Hz, both dry and distilled
water wet canals.

Marchesan et al. (2008,) evaluated the effect on
the dentinal permeability of the diode laser 980 nm
after final irrigation with different solutions: distilled
water, 1 % NaOCl, and 17 % EDTAC. Irradiation
was performed at 1.5 and 3.0 W both in a continu-
ous wave and gated mode (100 Hz). The laser irra-
diation associated with water produced an increase
in dentin permeability, while a reduction in perme-
ability was found with laser irradiation after the use
of EDTAC, the conclusion being that the dentinal
permeability is strictly dependent on the final irriga-
tion solution [50].
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Marchesan et al. (2008,) evaluated also the
morphological effect produced on the dentinal
wall with the same parameters. Irradiation was
executed using a helicoidal movement in exit for
20 s with different emission modes (1.5 W in CW
and at 100 Hz, 3 W in CW and at 100 Hz),
producing variable results from removal of the
smear layer to fusion [51].

Alfredo et al. (2008) also evaluated the tem-
perature variation using thermocouples localized
at radicular and apical level, after irradiation with
980 nm diode laser at the studied parameters:
1.5, 3.0, and 5.0 W in CW and gated mode at
100 and 1000 Hz, both dry and irrigated with dis-
tilled water. The radicular portion with the major
increase of temperature was the cervical third
(+9.68+5.80 °C), followed by the middle third
(+7.66+4.87 °C) and apical (+6.70+4.23 °C),
with a significant statistical difference between
them. The continuous mode of irradiation, dry
and with more power (3 W e 5 W), produced
disadvantageous thermal variations (respectively
+12.15+5.14 °C and +7.88+3.92 °C), which
definitively contraindicate the use of those param-
eters and conditions of use. Continuous irradia-
tion produced a more elevated thermal variation
(+11.82+5.78 °C), whether the canal was wet or
dry. Gated mode irradiation produced less ther-
mal rise, without statistically significant differ-
ences, at 100 Hz (+6.22+3.64 °C) and 1000 Hz
(+6.00+3.36 °C). The authors concluded that
canal irradiation with the 980 nm diode laser at
1.5 W, in every operational mode and at 3.0 W at
100 Hz, and 1000 Hz, for 20 s, can be used safely
in endodontics in both dry and wet canals [37].

In a successive study, Alfredo et al. (2009)
evaluated the alteration of the canal dentin
irradiated with the 980 nm diode laser at different
parameters, i.e., 1.5 and 3 W in CW and gated
mode at 100 Hz after irrigation with NaOClI and
EDTA. It was concluded that the laser produced
morphological alterations depending on the
chemical pre-treatment. Pre-treatment with
NaOCI showed surfaces with typical morpho-
logical alterations induced by lasers with some
cracks; smear layer and closed dentinal tubules
were present; those pretreated with EDTA and
then irradiated presented melting areas but

instead no smear layer and partially open tubules
and [52]. This combined treatment is explored
ahead in Sect. 6.4.6.

6.4.2 Medium-Infrared Laser

Erbium: YAG and erbium,chromium: YSGG lasers
interact with the watery component of the den-
tin. Consequently, laser settings above the dentin
threshold of ablation, the presence or not of air-
water spray or of irrigants during irradiation, are
all conditions that affect the morphological effects
on the dentinal surface. The latter may vary from
the removal of smear layer and superficial abla-
tion to thermal damage with areas of superficial
melting and creation of ledges and perforations.

Takeda et al. (1999) compared, in vitro, the
effects of laser irradiation with 17 % EDTA, with
that of 6 % orthophosphoric acid and that of 6 %
citric acid. The effects of the CO, and Er:YAG
lasers lead to the removal of the smear layer. The
study concluded that the irrigant solutions
produced excessive intertubular demineralization
with notable enlargement of dentin tubules. CO,
lasers on the other hand, produced fusion of the
smear layer with superficial melting, while
Er:YAG lasers proved to be the most efficient
system for removal of the smear layer [53].

The Japanese school of the Department of
Endodontics, Showa University School of
Dentistry (Tokyo, Japan), conducted a great deal
of research on the use of erbium:YAG and
erbium,chromium:YSGG lasers.

Yamazaki et al. (2001) concluded their stud-
ies on erbium,chromium:YSGG laser, stating
that the presence of water was essential to avoid
undesired morphological aspects, strongly pres-
ent when the irradiation was performed in dry
mode. The erbium,chromium:YSGG laser, used
in dry mode, besides the researched vaporization
of the smear layer, produced undesired signs of
ablation and thermal damage, proportionally to
the power used. SEM investigation of the irra-
diated surface showed the presence of ledges,
cracks, and melting [54].

Kimura et al. (2002) investigated the thermal
rise using thermocouples located on the radicular
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surface after irradiation with Er:YAG lasers at
2 Hz, 136-184 mJ and 170-230 mJ for 1 minute
with air-water spray. Teeth were then observed
using stereo microscope and SEM. The thermal
rise found at the apical level was less than 6 °C in
the apical area and less than 3 °C in the radicular
one-third. Morphological observations revealed
the absence of carbonization or melting, using
230 mJ/pulse for 1 min [21].

When using air-water spray or in the presence
of irrigant solutions, a typical pattern of dentin
irradiated with the erbium laser is visible.
Thermal damage is reduced; vaporization of
intertubular dentin is greater than of peritubular
dentine, showing a protrusion of the dentinal
tubules with a cuff-like appearance; dentinal
tubules are open at the peak of these peritubular
areas (with more calcified dentin then for
intertubular dentin and therefore less ablated).
The smear layer is vaporized by irradiation with
the erbium laser and mainly absent [27, 28].

Later on, Ishizaki et al. (2004) also investi-
gated thermal rise on the periodontal surface and
the morphological alterations on the dentin walls
after irradiation with Er,Cr:YSGG lasers, used
for smear layer removal after manual instrumen-
tation. The Er,Cr:YSGG laser was used at 2 W
(100 mJ, 20 Hz), 3 W (150 mJ, 20 Hz), and 5 W
(250 mJ, 20 Hz), for 7 s with fibers of differ-
ent diameters (200, 320, and 400 microns). The
thermographic study showed an average thermal
rise inferior to 8 °C. Observations with optical
microscope showed aspects of dentin ablation
at the apical terminus, while SEM indicated that
the use of 5 W (250 mJ, 20 Hz), with a fiber of
400 microns, proved to be efficient in removing
debris and smear layer without carbonization or
melting [55].

Silva et al. (2010) investigated canal morphol-
ogy and dentin permeability after Er,Cr:YSGG
laser irradiation, in comparison with conven-
tional preparation associated with EDTA-T
irrigation and with conventional preparation
associated with EDTA-T and irradiation with
the Er,Cr:YSGG laser at different power set-
tings: 0.75, 1.5, 2.5 W, always at 20 Hz. SEM
investigation revealed irregular surfaces with
morphological alterations that increased dentinal

permeability, when using the laser at 1.5 W and
2.5 W [56].

Kimura et al. (2011) conducted histological
examinations of the radicular surface in order to
evaluate possible thermal damage after 30 s of
Er:YAG laser irradiation of root canal at 2 Hz with
energy of 34, 68, and 102 mJ/pulse. Irradiation
with 34 mJ did not produce any thermal dam-
age at the periodontal level, proving to be a safe
parameter for irradiation. Irradiation with 68 and
102 mJ produced, in some cases, inflammation,
from medium to high, with external resorption of
the root surface. The difference between the con-
trol group and the laser group was not significant,
with the conclusion of minimal thermal influence
on the periodontal tissues, if appropriate param-
eters are used [57].

A study of Ebihara et al. (2012) evaluated the
effects of Er:YAG laser irradiation at different
parameters. The investigated fluence was 10-30J/
cm?, using a 400 micron fiber, at 30 Hz; different
pulse durations (80-280 microns) with and with-
out cooling with air-water spray were applied.
The morphological observation, performed with
CLSM (confocal laser scanning microscopy)
and with SEM (scanning electron microscopy),
showed root canal dentin surface ablation and
absence of debris in most of the irradiation con-
ditions. Three-dimensional images revealed no
smooth dentin walls. Strong melting and recrys-
tallization, or unusually flat surfaces with open
dentinal tubules, were obtained with sequences
of three pulses without water cooling. This study
demonstrated that varying the irradiation condi-
tions affected the modifications of root canal sur-
faces [58] (Figs. 6.8, 6.9, 6.10, and 6.11).

6.4.3 Comparative Studies
on Different Laser
Wavelengths

A number of studies also compared the differing
effects of several wavelengths on the canal
surface. The real differences between wavelengths
became clear, as well as the influence of some
settings and modalities of use on the dentinal
morphological changes after laser irradiation.
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Fig. 6.8 SEM image of radicular dentin irradiated with
Er,Cr:YSGG at 1.5 W, 20 Hz, air-water laser spray
35-25 %, 200 micron end-firing tip (2 mm/s speed). Signs
of ablation, open dentinal tubules, and few debris are
present

Fig.6.10 SEM image of radicular dentin irradiated with
Er,Cr:YSGG at 1.5 W, 20 Hz, air-water laser spray
35-25 %, 200 micron end-firing tip (2 mm/s speed).
Dentin surface shows superficial laser thermal damage.
Dentin tubules are open with few debris

Fig. 6.9 SEM image of radicular dentin irradiated with
Er,Cr:YSGG at 1.5 W, 20 Hz, air-water laser spray
35-25 %, 200 micron end-firing tip (2 mm/s speed).
Typical signs of laser ablation, with typical chimneylike
aspect, open dentinal tubules, and debris mainly absent in
this area

Takeda et al. (1998) compared the smear layer
removal efficacy of three lasers: argon, Nd: YAG,
and Er:YAG versus a control group irrigated
with 17 % EDTA, after conventional instrumen-
tation, in vitro. Statistical analysis showed sig-
nificant differences between the control and the
laser groups. Er:YAG laser irradiation (1 W,
100 mJ at 10 Hz) resulted in absence of smear
layer and the presence of open dentinal tubules
in the middle and apical one-third. The Nd:YAG
laser (2 W, 200 mJ at 20 Hz) showed vaporization

Fig.6.11 SEM image of radicular dentin irradiated with
Er,Cr:YSGG at 1.5 W, 20 Hz, air-water laser spray
35-25 %, 200 micron end-firing tip (2 mm/s speed).
Dentin surface with open orifices and typical flaky surface
related to laser-ablative thermal effect

of the smear layer but also areas of fusion and
recrystallization in the middle or apical one-
third. The argon laser (1 W, 50 mJ at 5 Hz)
showed the presence of pulp remnants in the
middle one-third [27].

Kivanc et al. (2008), at the end of their com-
parative SEM studies on the effects of Nd:YAG
and Er:YAG laser irradiation on radicular dentin,
concluded that neither wavelength was efficient
in removing the smear layer and debris from the
canal walls [59].
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Watanabe et al. (2010) evaluated thermal vari-
ations and dentin stress induced by laser irradia-
tion, with or without air-water spray cooling. The
canal was irradiated with Er:YAG and Nd:YAG
lasers at a power of 1 W (100 mJ, 10 pps) per 5 s.
The fiber was positioned 2 mm short from the
apex. Using water cooling, the mean maximum
strain induced by the Er:YAG laser was signifi-
cantly lower than that of the Nd:YAG laser.
However, without cooling, there were no signifi-
cant differences between the two laser systems.
The results suggested that the modifications
induced by irradiation with water cooling were
minimal and that the risk of microfractures
remained in the case of insufficient cooling [31].

Esteves-Olveira et al. (2010) conducted a
comparative study on morphological alterations
and dentinal permeability variations after irradia-
tion with three lasers of different wavelengths:
808 nm diode, Nd: YAG, and Er:YAG. Root-filled
teeth were colored blue with 2 % methylene blue
after irradiation, divided into two halves and
photographed. The percentage of penetration of
the colorant in the cervical, middle, and apical
third was calculated by software for statistical
analysis. The group irradiated with the Nd:YAG
laser showed reduced penetration of colorant in
all canal areas and melted surfaces and the pres-
ence of partially obliterated dentinal tubules.
The diode and Er: YAG laser group showed more
permeability, with values statistically superior
to the control group and Nd:YAG. SEM analy-
sis confirmed the variation of the observed canal
permeability, showing canal surfaces with diffuse
obliteration of dentinal tubules and areas of melt-
ing in the Nd:YAG group; the diode laser group
showed surfaces with dentinal tubules mainly
obliterated, while the Er:YAG group showed
clean surfaces, without smear layer and with den-
tinal tubules open [60].

In investigations of the group of Ghent (Ghent
Dental Laser Centre) by Michiels et al. (2010)
and Vergauwen et al. (2014), the previously
described effects of Nd:YAG and Er,Cr:YSGG
on the root canal walls were confirmed [61, 62].
Michiels et al. (2010) demonstrated that the clas-
sic melting and glazing effects were absent root
canals that were rinsed with EDTA (smear layer

removed) [61]. When these effects occurred,
these were seen in areas where the fiber had
touched the root canal wall.

6.4.4 Laser and Irrigation for Root
Canal Cleaning

Many studies reported that the combined action
of both canal irrigation and laser irradiation led to
better cleaned surfaces as compared to the action
of just one solely. These studies, even if they
were not always univocal, were an introduction
to those of the laser activation of the irrigants
(LAI) (see Chaps. 10 and 11).

The first lasers to be used in wet canals with
water or irrigants were the Er: YAG laser [63—-69]
and the Er,Cr:YSGG laser [18, 19] and later the
near-infrared laser [32, 43, 50, 52, 70].

Pecora et al. (2000) investigated in vitro the
increase in dentinal permeability produced by
the irradiation of Er:YAG lasers after endodontic
instrumentation and irrigation with sodium hypo-
chlorite. The study investigated different combi-
nations of irrigation associated or not with laser
irradiation, using deionized water or 1 % NaOClL.
Erbium YAG lasers, used at 2.1 W (140 mJ, 15 Hz)
for 20 s in distilled water, produced a major perme-
ability increase. The use of laser with 1 % NaOCl
after endodontic instrumentation, followed by a
final rinsing with 1 % NaOCl, produced intermedi-
ate results, while irrigation alone, without the use
of laser, resulted in the lowest permeability [63].

Brugnera et al. (2003) evaluated in vitro the
effects of Er:YAG and Nd:YAG lasers on the
permeability of canal dentin using distilled or
deionized water or 1%NaOCl as irrigants after
manual endodontic instrumentation. The results
of the study were similar to those of Pecora et al.
with Er:YAG laser irradiation with water
producing higher dentin permeability. The use of
1 % NaOCl, with or without Er:YAG laser
irradiation, showed intermediate results, while
the use of 1 % NaClO and distilled or deionized
water associated with the Nd:YAG laser showed
a lower increment in permeability [64].

Biedma et al. (2005) compared the cleaning
effects of EDTA and sodium hypochlorite irrigation
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alone or associated with Er: YAG laser irradiation at
1 W (100 mJ, 10 Hz), performed with a 285 micron
fiber withdrawn with an apical-coronal movement
at a speed of 2 m/s. The combination of irrigation-
laser irradiation produced better cleaning. However,
there were areas not perfectly cleaned with obliter-
ated dentinal tubules [65].

Similar results were obtained by Altusandar
et al. (2006) using the Er,Cr: YSGG laser, sodium
hypochlorite, and a urea peroxide gel (RC-Prep).
SEM observation revealed insufficient removal
of the smear layer from the group irrigated solely
with 5.25 % NaOCl; the group treated with a
combination of RC-Prep and 5.25 % NaOCl
showed a moderate presence of smear layer but
also clear areas of exposed collagen. The group
treated with a combination of 5.25 % NaOCl
irrigation and Er,Cr:YSGG laser irradiated,
followed again by NaOCl irrigation, showed the
major removal of the smear layer, even if some
areas of thermal damage, with carbonization and
melting were observed [66].

Radatti et al. (2006) compared the efficacy
of the Er,Cr:YSGG laser associated with two
irrigation protocols and conventional irrigation
protocols alone for the removal of debris after
endodontic instrumentation, using 0.5 ml distilled
water or 5.25 % NaOCI. Laser irradiation with just
distilled water leaves more smear layer compared
with conventional irrigation. Laser irradiation with
5.25 % NaOCl did not result in statistically signifi-
cant differences with conventional irrigation [67].

Varella et al. (2007) evaluated numbers of lat-
eral canals and isthmus obturated after different
treatments: 17% EDTA for 3 minutes, Er,Cr: YSGG
laser for 40 s, and control group. The laser-irradi-
ated group showed a statistically superior number
of obturated canals/isthmus [68].

Watanabe et al. (2010) evaluated thermal vari-
ations or dentinal stress induced by laser irradia-
tion with water cooling and concluded that these
were minimal and that the risk of microfractures
remained in case of insufficient cooling [31].

Kalyoncuoglu and Demiryiirek (2013) ana-
lyzed with SEM the canal surface of mono-
radicular teeth after chemomechanical preparation
followed by different methods of final irrigation:
5.25 % NaOCl, 17 % EDTA, BioPure MTDA,
Er:YAG laser irradiation at 1.8 W (120 mlJ,

Fig. 6.12 SEM image (1000x) of radicular dentin
irradiated with 810 nm diode laser at 2.5 W in gated mode
(20 ms t°" and 20 ms t°) with 200 micron tip, in root canal
irrigated with 17 % EDTA (2 mm/s speed). Dentin surface
with dentin tubules mainly opens with few debris and
smear layer (Reprinted with permission from Olivi et al.
[70] (Fig. 3))

15 Hz), or irradiation with Nd:YAG laser at 1 W
(100 mJ, 15 Hz). Irrigation with EDTA and
NaOClI brought about superior cleaning in every
canal area, without statistically relevant differ-
ences. All the techniques produced an efficient
cleaning action [69].

In the near-infrared spectrum of light, both the
810 nm laser, the 940 and 980 nm lasers, as well
as the 1064 Nd:YAG laser were studied in asso-
ciation with different irrigants as the final step,
for cleaning and decontamination at the end of
endodontic treatment. Several studies (Santos
et al. 2005; Gurbuz et al. 2008; Faria et al. 2008;
Marchesan et al. 2008,;; Alfredo et al. 2009 and
Olivi et al. 2013) reported that when the canal is
irradiated after or together with different irrigants
(distilled water, EDTAC, chlorhexidine, sodium
hypochlorite), the morphological pattern is better
or similar to that produced by just the irrigation
alone [32, 43, 50, 52, 70, 71] (Figs. 6.12, 6.13,
6.14, 6.15, 6.16, and 6.17).

Gurbuz et al. (2008) evaluated the effect of
five different irrigant solutions combined with
Nd:YAG laser irradiation on the morphology of
root canal dentin surface. The use of 15 % EDTA,
followed by irradiation with Nd:YAG laser,
produced the best canal cleaning [71] (Figs. 6.18,
6.19, 6.20, and 6.21).

Faria et al. (2008) demonstrated that the
increase in temperature was not dangerous, at a



WWW.HIGHDENT.IR

O 351 9 l3luslWis ylead

6 Conventional Laser Endodontics

125

Fig. 6.13 SEM image (5000x) of radicular dentin
irradiated with 810 nm diode laser at 2.5 W in gated mode
(20 ms t°" and 20 ms t°) with 200 micron tip, in root canal
irrigated with 17 % EDTA (2 mm/s speed). Dentin surface
with dentin tubules mainly opens with some debris and
smear layer. The EDTA action produces partial exposure
of intertubular and peritubular collagenic fibers. No
thermal damage visible (Reprinted with permission from
Olivi et al. [70] (Fig. 4))

Fig. 6.14 SEM image (5000x) of radicular dentin
irradiated with 810 nm diode laser at 2.5 W in gated mode
(20 ms on and 20 ms off) with 200 micron tip, in root
canal irrigated with 17 % EDTA (2 mm/s speed). Dentin
surface with dentin tubules mainly opens with some
debris and smear layer. The EDTA action produces partial
exposure of intertubular and peritubular collagenic fibers.
No thermal damage visible (Reprinted with permission
from Olivi et al. [70] (Fig. 5))

power ranging from 1.5 W up to 3 W
(100-1000 Hz). The use of 5 W brought about
elevated increases in temperature, independent of
the continuous or gated modality of emission.
However, the samples irradiated in dry mode
confirmed the production of areas of fusions, cra-
ters, and carbonization, with partially open den-
tin tubules. When the irradiated canal was treated
with different irrigants (distilled water, EDTAC,

Fig. 6.15 SEM image (1000x) of radicular dentin
irradiated with 810 nm diode laser at 2.5 W in gated mode
(20 ms on and 20 ms off) with 200 micron tip, in root
canal irrigated with 5 % NaOCI (2 mm/s speed). Dentin
surface is quite clean, but orifices of dentin tubules are
mainly plugged from debris and dentin tubules. Laser
thermal damage is not visible (Reprinted with permission
from Olivi et al. [70] (Fig. 6))

Fig. 6.16 SEM image (1000x) of radicular dentin
irradiated with 810 nm diode laser at 2.5 W in gated mode
(20 ms on and 20 ms off) with 200 micron tip, in root
canal irrigated with 5 % NaOCI (2 mm/s speed). Dentin
surface is quite clean, but orifices of dentin tubules are
mainly plugged from debris and dentin tubules. Laser
thermal damage is not visible (Reprinted with permission
from Olivi et al. [70] (Fig. 7))

chlorhexidine, sodium hypochlorite), the
morphological situation became better. The irra-
diated samples, irrigated with just distilled water,
showed surfaces modified by the action of the
laser and incorporated the smear layer. The best
results were observed in the samples treated with
EDTAC that showed absence of smear layer. The
samples irrigated with NaOCl and chlorhexidine
showed intermediate morphological results, with
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Fig. 6.17 SEM image (5000x) of radicular dentin
irradiated with 810 nm diode laser at 2.5 W in gated mode
(20 ms on and 20 ms off) with 200 micron tip, in root
canal irrigated with 5 % NaOC]I (2 mm/s speed). Orifices
of dentin tubules are mainly obliterated by debris and
smear layer; thermal damage is not visible (Reprinted
with permission from Olivi et al. [70] (Fig. 8))
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Fig. 6.18 SEM image (1000x) of radicular dentin irradi-
ated by Nd:YAG laser at 1.5 W, 15 Hz, 100 mJ, and 100 ps
pulse duration, with a 200 micron fiber (speed retraction
2 mm/s) used for two cycles of Ss after 20s NaOCl irriga-
tion; this protocol is followed by irrigation with EDTA and
again by Nd:YAG irradiation (2x5 s) in wet canal. The
canal surface is mainly clean from smear layer with dentin
plugs occluding the orifices of dentin tubules

Fig. 6.19 SEM image (5000x) of radicular dentin irradi-
ated by Nd:YAG laser at 1.5 W, 15 Hz, 100 mJ, and 100 ps
pulse duration, with a 200 micron fiber (speed retraction
2 mm/s) used for two cycles of 5s after 20s NaOCl irriga-
tion; this protocol is followed by irrigation with EDTA and
again by Nd: YAG irradiation (2x5 s) in EDTA wet canal.
The use of the irrigants prevents thermal damage of the sur-
face with a pattern more similar to that of the irrigant than
of the laser used. The EDTA exposed the collagen fibers
and cleaned the surface: few residual debris are present

some areas of fusion and partially closed dentinal
tubules [32].

Hmud et al. (2010,) observed with the
microscope the formation of cavitation in the
tested solutions in microvial, using a diode
940 nm laser at 2.5 W/25 Hz and a diode 980 nm
laser at 4 W/10 Hz, equipped with a 200 micron

Fig. 6.20 SEM image (1000x) of radicular dentin irradi-
ated by Nd:YAG laser at 1.5 W, 15 Hz, 100 mJ, and 100 ps
pulse duration, with a 200 micron fiber (speed retraction
2 mm/s) used for 2 cycles of 5 s after 20s EDTA irrigation;
this protocol is followed by final dry Nd:YAG irradiation
(2x5 s). The surface is cleaned by EDTA, dentin tubules
orifices present some dentin plugs partially obliterating the
entrance; laser thermal damage is not visible

endodontic fiber. More cavitation was observed
using 3 % hydrogen peroxide instead of distilled
water [72].

Completing the preceding study, Hmud et al.
(2010,) determined the rise of temperature both
inside the canal solution and at radicular level,
during 5 s of irrigation with the tested solutions.
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Fig. 6.21 SEM image (5000x) of radicular dentin
irradiated by Nd:YAG laser at 1.5 W, 15 Hz, 100 mJ, and
100 ps pulse duration with a 200 micron fiber (speed
retraction 2 mm/s) used for two cycles of Ss after 20s
EDTA irrigation; this protocol is followed by final dry
Nd:YAG irradiation (2x5s). The EDTA cleaned the
surface, exposed the collagen fibers, and improved the
dentin permeability. The EDTA morphologic pattern is
produced and is not altered by the last dry irradiation

The increase in temperature in the watery solution
reached 30 °C, while the maximum thermal rise
on the radicular surface was 4 °C only [73].

Besides, Deleu et al. (2013), in a preliminary
study, defined a minimum power of 7.5 W at
25 Hz, used for 18 s with a 200 micron fiber with
2.5 % NaOCl, in order to produce cavitation with
the diodes 980 nm laser [74].

An unpublished study by the author used 810,
940, and 980 nm lasers, at power of 2.5 W/25 Hz
and 4 W/10 Hz, respectively, with 5 % NaOCl
irrigant, in order to evaluate the type of activation
produced; irradiation for 15 s produced only
minimal effervescence, to be correlated with the
thermal rise (warming) produced by the laser
more than by the cavitation.

The combined action of the irrigants with
infrared laser irradiation was investigated by
other authors for decontamination of the radicular
canals and is presented in Sect. 6.5.2 [75, 76].

Laser Root Canal
Decontamination

6.5

Reducing the residual bacterial load at the end of
root canal treatment is the main goal for achieving
a successful therapy. Full decontamination and

hermetic root canal sealing reduce the possibility
of recolonization of the root canal system, which
causes the maintenance of periapical pathology.
The gold standard in endodontics is still today, to
use chemical irrigants, in particular sodium
hypochlorite [77]. However, the conventional
manual technique of irrigation demonstrated
limited penetration depth, and Berutti et al.
(1997) reported the limited decontaminating
efficacy of sodium hypochlorite beyond 130
microns in dentin wall [78], while bacterial
colonies have been found up to 1.15 mm from the
main canal into the dentinal tubules [79].

Besides the research on different systems of
activation of the irrigants, discussed in Chaps. 3,
8, and 9, extensive research was focused on the
use of laser light to achieve better results in root
canal decontamination.

Each laser wavelength can, through direct or
indirect thermal effect, generate morphological
alterations on the bacterial cell wall, leading to
the death of the bacterial cells.

A first possible mechanism suggests that laser
light is absorbed by the bacteria and is therefore
responsible for direct damage to the bacterial cell;
the most likely reason for this is the presence of
black pigments (protoporphyrin IX) in some bac-
teria, which can absorb a limited portion of the
wavelength spectrum, specifically within the near-
infrared spectrum [80]. Damage takes place at the
level of the cellular membrane and induces osmotic
alteration that leads to cellular death [81, 82].

However, Escherichia coli and Enterococcus
faecalis (nonpigmented bacteria), bacteria mostly
used in decontamination studies, appear to be
almost completely transparent to the 810 and
1064 nm wavelengths, and both these wavelengths
have negligible direct bactericidal effects.
Gram+bacteria such as E. faecalis are more
resistant to desiccation due to the structure of
their cell wall when compared to Gram —bacteria
such as E. coli (84). In this case, the bactericidal
mechanism of near-infrared lasers seems to
require the presence of oxygen in the bacterial
microenvironment [83, 84].

The second hypothesized mechanism suggests
that the laser light is strongly absorbed in the
dentin substrate onto which the bacteria adhere;
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the resultant heating of the substrate causes a local
rise in temperature, high enough to result in the
death of the attached microorganisms [80, 85].

However, some studies reported no significant
relation between temperature increase and bacte-
ricidal effect [86]; in this case, the bactericidal
effect was supposed to be related to an unidenti-
fied photodamage effect [83, 84]. This appears
contradictory in comparison to most of the studies
that reported a bactericidal effect related to the
power applied and to the thermal effect of lasers,
leaving confusion on the real laser mechanism in
canal decontamination.

The thermographic and morphological stud-
ies, already discussed in this chapter, represented
a preliminary passage to identify safe parameters
for laser decontamination of root canals.

All wavelengths have an efficient decontami-
nating action on the main canal surface; however,
near- and medium-infrared lasers have a different
capacity of penetration in dentin tubules.

Efficient decontamination depends on the inter-
action (absorption or diffusion) between wave-
lengths, energy, and parameters of use with tissues
and bacteria in their variants: Gram+ or Gram—,
pigmented or not. Moreover, the bacteria are also
present in planktonic form or aggregated in bio-
film, depending on the stadium of the periradicular
lesion [87, 88]. Bacteria like E. faecalis usually
form intraradicular biofilms, which complicate
complete eradication; consequently, E. faecalis and
other bacteria are often found to be responsible for
those resistant cases and can cause long-term fail-
ures after accomplished root canal treatment.

Visible and Near-Infrared
Laser Decontamination

6.5.1

Hardee et al. (1994), among the first, studied and
compared Nd:YAG laser decontamination with
0.5 % sodium hypochlorite (NaOCI) irrigation or
the combination. None of the samples showed
complete decontamination of the root canal, and
no statistically significant differences between
the groups were found [89].

Fegan and Steiman (1995) evaluated different
techniques of instrumentation and compared the
decontaminating effectiveness of Nd:YAG laser
and NaOCl, concluding that every technique that
used sodium hypochlorite led to an efficient
inhibition of bacterial growth [90].

Moshonov et al. (1995) investigated in vitro
the efficacy of the Nd:YAG laser for canal
disinfection of Enterococcus faecalis. Laser
irradiation brought about a significant bacterial
reduction, but the irrigation with NaOCI led to
the most efficient canal disinfection [91].

Gutknecht et al. (1996) presented a first,
positive clinical follow-up evaluating root canal
therapy on teeth with apical lesions treated with
Nd:YAG laser [92].

Ramskold et al. (1997) investigated the
parameters of safety and efficacy for canal
decontamination with the Nd: YAG laser. The use
of four cycles of irradiation at 3 W (150 mJ,
20 Hz) for 15 s, with a 15 s break between cycles,
proved to be safe, without any risk of thermal
damage and efficient in decontaminating seven
out of the eight treated canals [93].

Also Blum et al. (1997) compared the efficacy
of Nd:YAP laser disinfection, at 1,3 W (5 Hz,
260 mJ), at 2,6 W (10 Hz, 260 mJ), and at 9 W
(30 Hz, 300 mJ), with conventional irrigation with
525 % NaOCl, in canals infected with
Streptococcus mitis. Irrigation with NaOCl proved
more efficient in inhibiting bacterial growth,
while the Nd:YAP laser was efficient only at the
elevated energy of 300 mJ at 30 Hz [94].

Klinke et al. (1997) evaluated in vitro the
depth of the bactericidal effect of Nd:YAG laser
irradiation, using an experimental model based
on longitudinal sections of dentin slices, varying
in thickness (100—1000 microns). The specimens
were inoculated on one side with Streptococcus
mutans suspension and irradiated on the opposite
side at a different distance (100-1000 microns).
The Nd:YAG laser was used four times for
10-20 s, at 1.5 W (15 Hz, 100 mJ) with a 200
micron fiber, with an irradiation angle on dentin
slices of about 5° and obtained significant elimi-
nation of bacteria up to 1000 microns [95].
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The School of Vienna made various bacterio-
logical studies on different wavelengths. Moritz
et al. (1997) began studies on canal decontamina-
tion with diode laser 810 nm, using teeth infected
by E. coli and E. faecalis, irradiated with five
cycles of 5 s at 4 W in gated mode with 10 ms #,,
and 7., reporting complete bacterial eradication
after irradiation. The infrared spectroscopic
examination revealed a thermal rise of 6 °C on
the radicular surface, while the dye penetration
study and the SEM examination showed the com-
plete closure of the dentin tubules of irradiated
canal surfaces [96].

A microbiological study in vitro on 30 patients
(1997), treated with Nd: YAG laser irradiation, led to
a reduction in the Streptococcus bacterial load in 19
canals and a minimum Staphylococcus growth in ten
canals [97]. Again the Vienna School (1999 and
2000) examined in depth the decontaminating effects
of Nd:YAG, Ho:YAG, and Er:YAG lasers [82, 98],
also evaluating in 2004, in addition to the 8§10 nm
diode laser, the Er,Cr:YSGG laser [86] and, later, the
980 nm diode laser and KTP laser [99]. Using a set-
ting of 1 W, the KTP laser showed complete eradica-
tion of E. coliin 75 % of samples; at 1.5 W, significant
reductions of E. coli were observed with all the laser
systems. However, the eradication of E. faecalis was
not achieved with any laser [82, 97-99].

Franzen et al. (2011) repeated the study by
Klinke et al. (1997) on deep dentin penetration
and the bactericidal effect of Nd:YAG laser irra-
diation [95], using the same wavelength but lon-
ger pulse duration of 15 and 25 ms, at 1,75 W
[100]. Laser irradiation with a pulse duration of
15 ms eliminated an average of 49 and 29 % of E.
faecalis at dentin depths of 500 microns and 1000
microns, respectively. Irradiation with a longer
pulse duration of 25 ms eliminated 70 % (at 500
microns) and 50 % (at 1000 microns) of E. fae-
calis. However, these values resulted lower than
those achieved with the established microsecond
pulse protocol [100].

The bacteria killing ability of two differ-
ent diode laser wavelengths (810 and 940 nm)
was compared in vitro by Beer et al. (2012); the
diode lasers achieved an average bacterial reduc-

tion of E. coli of 76.06 % (810 nm) and 68.15 %
(940 nm). The study concluded that an additional
irradiation at the access cavity produces signifi-
cantly better bactericidal results: average E. coli
reduction of 97.84 % (810 nm) and 98.83 %
(940 nm) and average E. faecalis reduction of
98.8 % (810 nm) and 98.66 % (940 nm) [101].

However, a precise and unambiguous determi-
nation of the real bactericidal effect in depth of
different lasers has not been reached, and also
many results are contradictory.

Meire et al. (2012) evaluated the ability of
Nd:YAG (2 W, 15 Hz, 40s) and Er:YAG (150 mJ
or 100 mJ, 15 Hz, 40 s) used with conventional
laser irradiation, of PDT antibacterial photody-
namic therapy (Denfotex and Helbo system), and
of conventional sodium hypochlorite (immersion
in 2.5 % NaOCl for 1, 5, 10, and 30 min) to elimi-
nate E. faecalis biofilms. The study concluded
that NaOCI was the most effective in E. faecalis
biofilm elimination and that the Er:YAG laser
treatment also resulted in high reductions in via-
ble counts. The use of both aPDT systems and
Nd:YAG irradiation resulted in a weak reduction
in the number of bacterial cells [102].

Bago et al. (2013) evaluated by SEM visualiza-
tion the antimicrobial effect on E. faecalis of con-
ventional diode laser irradiation (2 W, 3x20s),
photoactivated disinfection (PAD at 100 mW, 60 s
with and without endoProbe), and conventional
(syringe and endoProbe) and sonic activated irriga-
tion with 2.5 % NaOCl (EndoActivator system for
60 s). The PAD, using both laser systems, and the
sonic activated NaOCI irrigation proved signifi-
cantly more effective than diode irradiation and
NaOCl irrigation alone in reducing CFUs
(P<0.05). High-power diode laser and NaOCl irri-
gation alone had an equal antibacterial effect
(P>0.05) [103].

In a recent meta-analysis considering 163 arti-
cles on the effect of different laser treatments on
the E. faecalis, Sadik et al. (2013) only included
just 12 studies of which all reported a significant
reduction of the count of E. faecalis after irradia-
tion with Er,Cr:YSGG, Nd:YAG, and KTP lasers
at 1 and 1.5 W [104].
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On the basis of these studies, the use of sodium
hypochlorite remains the gold standard in
achieving adequate root canal decontamination.

6.5.2 Irrigation and Visible
and Near-Infrared Laser
Irradiation for Root Canal

Decontamination

The essential role of irrigation with sodium hypo-
chlorite, in order to achieve efficient decontamina-
tion, was confirmed by some initial comparative
studies [88, 89, 92] and by some more recent ones
[102, 103]. A line of research considered the fun-
damental role of chemical irrigation with NaOCI
and EDTA, in order to propose a technique of
laser-assisted decontamination that foresees the
association of conventional irrigation with laser
irradiation, to reach results that could considerably
increase success rates [75, 105-107].

De Souza et al. (2008) compared the conven-
tional chemomechanical technique using 0.5 %
NaOCl and 17 % EDTA-T as irrigants to the
same protocol assisted by a 830 nm diode laser at
3 W. Diode laser irradiation provided an increased
disinfection of the deep radicular dentin, achiev-
ing 100 % bacterial eradication in laser-assisted
treatment and 98.39 % in the conventional irriga-
tion group [105].

Benedicenti et al. (2008), in an in vitro study,
utilized an 810 nm diode laser at 2.5 W (10 ms 7,,
and 10 ms t°™) with a 200 micron fiber combined
with commonly used irrigants. Irrigation with
5.5 % NaOCl was followed by laser irradiation
for 5 s, after which the canals were flushed again
with 10 % citric acid and once more irradiated.
Finally, irrigation with NaOCl was performed
and again canals were irradiated. The combined
irrigation-laser group led to E. faecalis bacterial
reduction of 7.178 log mean CFU, with a
significantly = superior reduction to the
conventional irrigation protocol (3.381 log mean
CFU) or laser irradiation alone (1.459 log mean
CFU). The study suggested the synergistic effect
of laser irradiation and chemical irrigation in
improving the effectiveness of the decontamina-
tion of infected root canals [75].

Later, Mehrvarzfar et al. (2011) also
investigated the role of 8§10 nm diode laser irra-
diation combined with MTAD® irrigation and
recommended the protocol as an effective
treatment option for complete elimination of E.
faecalis out of the root canal system. Laser
irradiation was performed five times for 5 s, with
a 15 s interval between irradiations; laser setting
was 2 W in gated mode, using a pulse duration of
20 ms and a pulse interval of 40 ms. Laser
irradiation was delivered into the canal up to
1 mm short of the working length with a 400 pm
fiber; irradiation was performed with circular
movements from the apical to the coronal part
(step-back technique). Complete eradication of
E. faecalis was observed only when MTAD
irrigation was combined with diode laser
irradiation [106].

Preethee et al. (2012) also evaluated the bac-
tericidal effect of 908 nm diode laser combined
with several irrigation protocols. A laser setting
of 2.5 W was used with a 200 pm fiber intro-
duced 1 mm short of the apex and withdrawn in
a helicoidal motion at a speed of approximately
2 mm/s for 5 s. Canal irradiation was performed
six times, with intervals of 10 s after a final irri-
gation that included the use of 5 ml 17 % EDTA
followed by 5 ml 5.25 % NaOCl, for a total irri-
gation time of 2 min. When the 908 nm diode
laser was used in conjunction with conventional
irrigation techniques, significant elimination of
E. faecalis in the apical third of root dentin was
demonstrated [107].

Romeo et al. (2014) evaluated and compared
the antibacterial action on E. faecalis biofilms,
of the KTP laser (532 nm), and of the 980 nm
diode laser, associated with conventional root
canal procedures. The laser parameters used
were 2.5 W, 35 ms ", 50 ms ¢ for the KTP
laser and 2.5 W, 30 ms ", 30 ms °f for the
980 nm diode laser. The combination of che-
momechanical irrigation and laser irradiation
(KTP and 980 nm diode lasers) resulted in a
considerable reduction in bacterial load (higher
than 96 and 93 %, respectively), while con-
ventional endodontic procedures resulted in a
statistically significantly lower reduction rate
of about 67 %, confirming the role of laser
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systems as an additional aid in endodontic dis-
infection [108].

Neelakantan et al. (2014) also investigated the
impact of three irrigation protocols (NaOCl +eti-
dronic acid and NaOCI-EDTA-NaOCI and saline
as a control), activated by three different methods
(ultrasound, diode, and erbium lasers) on mature
biofilms of E. faecalis in vitro. Both diode and
Er:YAG lasers proved more effective than ultra-
sonic activation and conventional syringe irriga-
tion in reducing E. faecalis biofilms. The study
concluded that the use of NaOCI after or in com-
bination with a chelating agent caused the greatest
reduction in E. faecalis [109].

All these studies demonstrated the superior
bactericidal efficacy of the association of
chemical irrigation with laser irradiation, when
compared to nonirradiated canals disinfected
with use of the irrigants alone or to irradiated
canals only.

The rationale for the combined use of chemical
irrigation and diode laser irradiation is the syner-
gistic effect of a chelating agent such as EDTA
(used to dissolve the inorganic smear layer and to
increase the permeability of dentinal tubules) and
antibacterial agents such as sodium hypochlorite
and laser irradiation. Following the removal of
debris and smear layer using EDTA, both sodium
hypochlorite and diode lasers have greater acces-
sibility to the unreachable parts of the tubular net-
work resulting in superior bactericidal effect in the
root canal system [75, 105-109].

Moreover, the morphological pattern pro-
duced by these combined protocols, as described
before (Sect. 6.4.6), remained identical to the
pattern produced by the use of irrigant alone, lim-
iting the undesired thermal effects correlated
with near-infrared laser irradiation [50, 52, 70].

However, a study from Meire et al. (2009)
reported that both Nd: YAG (at 1.5 W, 15 Hz) and
KTP lasers (at 1 W, 10 Hz) used with 200 micron
fibers, five times with 20 s intervals, when
activated in aqueous suspension, resulted less
effective than NaOCl in reducing E. faecalis both
in vitro and in the infected tooth model, due to
poor absorption of these wavelengths in water-
based solutions; Meire et al. explained the
survival of bacteria as the result of transmission

of laser beams through bacterial suspensions,
rather than by absorption [76].

6.5.3 Medium- and Far-Infrared
Laser Decontamination

The laser energy emitted by erbium lasers is
primarily absorbed in the root canal surface (high
affinity with dentinal tissue rich in water), where
they produce the highest bactericidal effect on
bacteria [98, 110].

Studies on CO, lasers, also absorbed from
water in dentin walls, did not prove to be very
successful in endodontics. Kesler et al. (1998)
designed a microprobe that allowed irradiation of
the root canal with CO, laser; this type of irradia-
tion brought about complete decontamination of
the root canal [111].

Another study, published a year later by Le
Goff et al. (1999), evaluated the efficacy of laser
decontamination with CO,, at 5 W for 10 s, three
times with an interval of 10 s, on canals infected
by Actinomyces odontolyticus, in comparison
with 3 % NaOCl irrigation. The latter resulted in
statistically superior contamination than CO,
laser treatment [112].

In the same year, Kesler et al. (1999) reported
the results of a clinical study conducted on 900
teeth with a periapical lesion, treated with
conventional endodontic instrumentation and
then irradiated with the microprobe of the CO,
laser. Laser treatment was successful in 90 % of
cases, with a reduction in periapical radiolucency
at radiological examination and with clinical
resolution of the pathology [113].

Research on CO, lasers was anyway soon
abandoned.

Gutknecht et al. (1997) determined in vitro the
bactericidal effect of a Ho:YAG laser in infected
root canals. At a setting of 2 W, 5 Hz, the laser
eliminated 99.98 % of S. faecalis [114].

Moritz et al. (1999) achieved almost a total
eradication of 99.64 % of E. coli and E. faecalis
using the Er:YAG laser at 1.5 W power, followed
by the Nd: YAG laser (99.16 %) and the Ho: YAG
laser (99.05 %) at the same average power [96].
However, Moritz et al. (2004) also underlined
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that erbium lasers do not have bactericidal effects
in depth, in the dentinal tubules, reaching only
300 microns of penetration depth in the root
canal wall [110].

Perin et al. (2004) evaluated the antimicrobial
effect of Er:YAG laser irradiation versus 1 %
NaOCl irrigation in root canals inoculated with
different bacterial species: Bacillus subtilis,
Enterococcus faecalis, Pseudomonas aeruginosa,
and Staphylococcus aureus, together with
Candida albicans. The teeth were irradiated with
Er:YAG laser at 100 mJ, 7 Hz, for 80 pulses/
canal, 11 s with two different modalities: at
working length or similarly 3 mm shorter. The
study resulted in 1 % NaOCI solution and the
Er:YAG laser irradiation at working length to be
effective against all five microorganisms, while
the irradiation 3 mm shorter than the working
length, showed that 70 % of the specimens
remained infected [115].

Schoop et al. (2004) in the already reported
study compared the 810 nm diode, the Nd:YAG,
the Er:YAG, and the Er,Cr:YSGG lasers and
reported significant reductions in E. coli with the
Er:YAG laser at 1 W and at the higher setting of
1.5 W; only the diode and the Er: YAG laser were
capable of complete eradication of E. faecalis to
a significant extent [86].

However, it must be considered from a
microbiological point of view that the reported
disinfection efficacy cannot be considered
effective not having achieved the minimum of
5-log reduction.

Vezzani et al. (2006) evaluated in vitro the
disinfecting effect of the Er:YAG laser in root
canals contaminated with multispecies bac-
teria incubated for 28 days: Bacillus subtilis,
Staphylococcus aureus, Enterococcus faecalis,
Pseudomonas aeruginosa, and Candida albi-
cans. The treatment included three Er: YAG laser
irradiation groups, at 100 mJ, varying the fre-
quency (at 7, 10, and 16 Hz) and two irrigation
groups, with 1 and 2.5 % NaOClI solutions. No
method totally eliminated microorganisms with
no statistically significant difference within the

five groups, with Er:YAG laser at 100 mJ/16 Hz
showing the highest bacterial reduction (89.5 %)
in comparison to the 1 and 2.5 % NaOCI solution
with a 83.15 and a 84.46 % reduction [116].

Wang et al. (2007) have investigated the abil-
ity of the Er,Cr:YSGG laser in the decontamina-
tion of traditionally prepared canals. Complete
eradication of bacteria was not obtained (77 %
reduction) using low power (0.5 W, 10 Hz, 50 mJ,
with 20 % air-water spray), while better results
were obtained at higher power of 1.5 W (96 %
reduction) [117].

Eldeniz et al. (2007) compared the efficacy of
a 3 % NaOCl irrigation procedure (for 15 min)
with that of Er,Cr:YSGG laser irradiation at
0.5 W, with water spray, to decontaminate E.
faecalis infected root canals and confirmed that
Er,Cr:YSGG laser reduced the viable microbial
population in root canals but did not eradicate all
bacteria. Complete sterilization was achieved
only in the 3 % NaOCl group [118].

Research focused on the ability of the erbium
lasers to remove bacterial biofilm from the api-
cal third, [119] and a recent in vitro study had
further validated the capacity of the Er:YAG
laser to remove endodontic biofilm, with numer-
ous bacterial species (Actinomyces naeslun-
dii, Enterococcus faecalis, Lactobacillus casei,
Propionibacterium acnes, Fusobacterium nuclea-
tum, Porphyromonas gingivalis, or Prevotella
nigrescens). Considerable reduction of bacterial
cells and disintegration of the biofilm was found.
The exception, however, was the biofilm formed
by L. casei [120].

Schoop et al. (2007) used an Er,Cr:YSGG
laser equipped with a flat 300 micron tip with two
different emission parameters, 1 W (20 Hz,
50 mJ) and 1.5 W (20 Hz, 75 mJ) irradiating five
times for 5 s with a cooling time of 20 s between
each cycle. The level of decontamination obtained
was significantly high with important differences
between 1 and 1.5 W, with thermal increase
contained between 2.7 and 3.2 °C [121].

Dewsnup et al. (2010) compared the reduction
of E. faecalis in straight and curved canals using
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an Er,Cr:YSGG laser and irrigation with 6.15 %
NaOCl. Conventional irrigation techniques using
6.15 % NaOCl effectively eliminated all bacteria
in straight and curved canals; Er,Cr:YSGG laser
also effectively removed all bacteria from straight
canals. However, in three curved canals, even
though there were significant bacterial reductions,
they failed to render canals completely free of
bacteria [122].

Arnabat et al. (2010) determined in vitro the
optimal irradiation conditions for the Er,Cr:YSGG
laser to achieve maximal bactericidal effect. The
antimicrobial effect of the laser was compared with
that of 0.5 and 5 % NaOC]. The use of 5 % NaOCl
to be proved the most effective procedure, however,
Er,Cr:YSGG laser treatment, was as effective as
NaOCl 5 % when applied at 2 W for 60 s [123].

Yavari et al. (2010) investigated the eradica-
tion of E. faecalis with Er,Cr:YSGG laser irradia-
tion at 2 and 3 W for 16 s, compared to irrigation
with 1 % NaOCl for 20 min. The study resulted
in high bacterial reduction (2.4 and 1.53 %) for
the Er,Cr:YSGG laser groups; however, the effect
was less remarkable than that of NaOCI solution
that resulted in no bacterial growth [124].

Yasuda et al. (2010) investigated the ability of
Er:YAG and Nd:YAG lasers to decontaminate
both straight and curved root canals. Two laser
settings were used at 0.5 (50 mJ, 10 pps) and 1 W
(100 mJ, 10 pps); the bactericidal effect of the
Er:YAG laser was higher than that of Nd:YAG,
but this effect was significantly lower in curved
canals than in straight root canals. The results
suggested further development in the endodontic
laser tip and technique to ensure higher success
in curved root canal sterilization [125].

Meire et al. (2012) in the already reported
study confirmed the antimicrobial efficacy of
Er:YAG laser at 100 mJ, but also the superior
effectiveness of NaOCl in E. faecalis biofilm
elimination [102].

Dos Santos et al. (2012) used two Er: YAG laser
energy settings: 0.9 W (60 mJ, 15 Hz), and 1 W
(100 mJ, 10 Hz). The remaining bacteria were
counted immediately and 48 h after laser irradia-

tion. The results showed a high bacterial reduction
at both time points. With 0.9 W, there was an
immediate reduction of 99.73 % and the reduction
was 77.02 % after 48 h; with 1 W, there was an
immediate reduction of 99.95 % and the reduction
was 84.52 % after 48 h. The count performed 48 h
after irradiation showed that E. faecalis were able
to survive and can grow even from small numbers
[126]. The method of double bacterial count,
immediately and after 48 h, is very important to
understand the possible cause of therapy failure
and is discussed again in Sect. 11.11.2.

Cheng et al. (2012) evaluated the bactericidal
effect of Nd:YAG, Er:YAG, Er,Cr:YSGG laser
radiation, and antimicrobial photodynamic therapy
(aPDT) in experimentally infected root canals
compared with standard endodontic treatment
of 525 % NaClO irrigation. The Er:YAG laser
was also used with 5.25 % NaClO+0.9 % saline
solution+distilled water, while the Nd:YAG, the
Er,Cr:YSGG, and the aPDT were not. Only the
Er:YAG/NaClO/normal  saline+distilled water
group showed no bacterial growth (the bacterial
reduction reached up to 100 %) on the surface of
root canal walls or at 100/200 pm inside the den-
tinal tubules. The combination of Er:YAG laser
and NaOCl seemed to be an ideal protocol for root
canal disinfection during endodontic therapy [127].

The determination of the most efficient and
safe parameters was partially met. The problem
of a uniform distribution of energy inside the
canal remains unresolved; the energy is randomly
concentrated in peaks of intensity that, on the one
side, lead to thermal damage and, on the other
side, to inefficient decontamination. The canal
diameter varies progressively from the apical
area to the coronal third, and in consequence of
its shaping, the relationship of closeness [15] or
the contact between the fiber and the canal wall
and the angle of irradiation [43] modify uncon-
trollably the fluence supplied. Accordingly, com-
plex anatomy, curved and narrow canals, remains
in any case a difficult obstacle to negotiate for
laser fibers/tips inserted deeply into the canal
[22-24, 122, 125].
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To avoid this problem, from 2006, new stud-
ies on erbium lasers have been conducted on
tips with modified design, in order to obtain an
improved and better lateral distribution of energy.
These studies took into consideration both the
decontaminating effect, the variations in tem-
perature, and the morphological alterations of the
canal surface and were developed for different
irrigant activation techniques (LAI and PIPS).

6.5.4 Radial Firing Tips

Conventional tips of erbium lasers have a fron-
tal emission of energy at the end of the tip and
are also called “end-firing” tips; they allow lim-
ited lateral penetration into the dentinal walls,
due to the disadvantageous irradiation angle
and the lack of scattering of erbium laser wave-
lengths. After the first investigations by Shoji
et al. (2000) and [10] Kesler et al. (2002) [11],
a new generation of radial emitting tips has been
proposed in 2007 for the Er,Cr:YSGG and stud-
ied by Gordon et al. [16] and Schoop et al. [17],
who investigated the morphological and decon-
taminating effects of this new laser tip. Despite
the innovative tip design, the following proto-
cols were implemented in the conventional way,
introducing the tip into the canal before starting
the irradiation while withdrawing the tip.
Gordon et al. (2007) used an Er,Cr:YSGG
laser with a 200 micron tip with radial emission,
at 0.2 W (10 mJ, 20 Hz), and at 0.4 W (20 mlJ,
20 Hz), both with spray a/w 34-28 % or in dry
mode. The tip was positioned in the apical part
and withdrawn at a speed of 1 mm/s; the radiation
times varied from 15 s up to 2 min. Maximum
bacterial eradication of 99.71 % was performed
using the higher power (0.4 W) and the longer
exposure time of 120 s, without air-water spray
(in dry mode). The lower power (0.2 W) and
shorter time of irradiation of 15 s, with water
spray, produced a 94.7 % bacterial reduction [16].
Schoop et al. (2007) studied other parameters
0.6 and 0.9 W for the Er,Cr: YSGG that produced
a very limited thermal rise, respectively, of 1.3 °C

and 1.6 °C, showing a high bactericidal effect on
E. coli and E. faecalis [17].

Recently, Martins et al. (2012), published the
outcome of a randomized clinical trial with eval-
uation after 6 months, using Er,Cr:YSGG and
radial firing tips versus the concomitant use of
3 9% NaOClI and ad interim calcium hydroxide
paste in necrotic teeth with chronic apical peri-
odontitis. Laser irradiation was performed using
a radial firing tip 200 microns in diameter, at
0.75 W (37.5 mJ, 20 Hz) and 140 ps pulse dura-
tion and a 300 micron tip at 1.25 W (62.5 mJ,
20 Hz) in the first and second appointment,
respectively, per four times each, withdrawing at
2 mm/s, starting 1 mm short from the apex. Both
groups resulted in similar outcomes exhibiting
statistically significant decreases of periapical
index (PAI) at radiographic evaluation [128].

6.6 Discussion

The laser irradiation of root canals, performed
with the conventional technique through the
insertion of a fiber or a tip up to the working
length and successive activation of the laser dur-
ing the retraction, is not completely satisfying for
modern endodontics.

Current techniques of irrigation with chelating
(EDTA) or antibacterial agents (NaOCI) proved
to be superior or equally effective when compared
to different laser protocols proposed for root canal
decontamination [87-89, 92, 100, 101, 113, 116,
120-122]. Moreover, despite of the flexibility of
modern fibers/tips, reaching the working length in
curved and/or narrow canals, reaching all areas of
bacterial contamination, remains difficult due to
the complexity of the root canal anatomy [22-24,
122, 125] (Figs. 6.22, 6.23, 6.24 and 6.25).

In order to facilitate the introduction and
extraction of the fiber/tip, the root canal needs to
be enlarged and shaped adequately to a diameter
superior to those of the fiber/tip (200-300
microns) and so up to ISO 30-35, with a conicity
of .06. This preparation produces radicular dentin
reduction that could be dangerous in “difficult”
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Fig.6.22 Section of lower molar with merged mesial and
distal roots. Representation of the master file ISO 30
positioned 0.5 mm shorter from anatomical apex; the
canal was prepared up to a size of 30/06. Note the steel
instruments following the curvature of the anatomy and
the correct glide path performed to facilitate the
negotiation of the middle one-third of the canal

canals (typically the mesial roots of upper and
lower molars, curved or bayonet premolars, and
the lower incisors), with higher risk of root canal
stripping (Figs. 6.26, 6.27, and 6.29).

Moreover, the proposed helical movement
during the retraction of the fiber from the apical
portion of the canal does not produce an efficient
increase of lateral diffusion of the energy.
Effectively, the increase of the angle of irradia-
tion obtained is minimal, and on the opposite, the
helical movement can force the fiber/tip to a close
contact with the dentin, possibly producing mor-

Fig. 6.23 A 300 micron fiber is positioned 1.5-2 mm
shorter than anatomical length: note how the flexibility of
the fiber is not able to follow the curvature of root, despite
a correct shaping of the canal. Interferences of the dentin
walls force the instrument toward the convexity of the
canal curvature with contact of the fiber during the laser
emission and production of hot spots

phological alteration (hot spots) on the canal sur-
face [42]. Alterations vary from a minimal
superficial thermal effect, with partial closure of
the dentin tubules, to the production of areas of
carbonization (near-infrared laser), or ablative
effects (medium-infrared laser) that can produce
perforation in the apical portion or ledges in the
dentinal walls.

The use of lasers, near and medium infrared,
after irrigation, or in any case when the canal is
wet, reduces these undesirable morphological
effects effectively. SEM analysis has shown
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Fig. 6.24 Section of lower molar: the distal canal is
enlarged up to 2 mm from the apex with 30/06: the last “S”
of the apical one-third was prepared with ISO 20/02 hand
file. Note the ISO 30 hand steel file unable to negotiate this
part and consequently wedged at the apical one-third

morphological modifications related more to the
irrigant than to the wavelength used [70].

Also, the decontaminating efficacy proved to
be the same or superior to just the irrigation or
laser irradiation alone [75, 105-109, 127].

However, the anatomic and operative prob-
lems of the introduction of a fiber in narrow
and curved canals are still not solved, with

Fig. 6.25 Section of lower molar: also the 200 micron
fiber cannot follow the “S” of the apical one-third, with
ineffective decontamination of the apex. It is important to
know to not use longer time of irradiation in this area, to
avoid thermal damage (see Figs. 6.30 and 6.31)

the probable impossibility or inefficiency of
the procedure in the teeth with complicated
root canal anatomy (Figs. 6.28, 6.29, and
6.30 and 6.31).

The laser activation techniques of the irrigants
(LAI), and in particular the PIPS™ technique,
will solve the problems of conventional laser
endodontics. The agitation of the irrigant with
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Fig. 6.26 Section of lower molar with moderate curva-
ture of mesial root. Straight line access to the middle one-
third and canal shaping of 25/04: the master file ISO 25 is
positioned 1 mm shorter from the apex following the cur-
vature of the root

tips not necessarily positioned in the root canal
lumen does not involve direct irradiation of the
canal dentin and its undesirable thermal effect.
While increasing the activation and tubular pen-
etration of antibacterial irrigants, LAI will facili-
tate deep tridimensional decontamination, up
to the areas which are less reachable by con-
ventional irrigation or conventional laser
endodontics.

Fig. 6.27 Section of lower molar: a 200 micron fiber
arrived 4 mm shorter from the apex: during the activation
of the fiber, the curvature of the canal forced the fiber to
touch the canal with evident hot spots (brownish spots)
(Nd:YAG laser 1.5 W, 100 mJ)

In particular, the PIPS™ technique foresees
positioning of the tip in the pulp chamber solving
also the problem of access and insertion of the tip
in the canals.

The following chapters are dedicated to laser
activation of antibacterial photoactive solutions
(Chap. 7) and of commonly used irrigants
(Chaps. 8 and 9), for cleaning and decontamina-
tion of the root canal system.
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Fig. 6.28 Section of lower molar: to overpass the inter-  Fig.6.29 Section of lower molar: the 200 micron fiber is
ference, a 200 micron fiber touches the mesial wall of the  unable to reach the working length of the mesial canal
distal canal, or changing inclination of the distal wall of

the same canal. In both the case, it will create hot spots

and thermal damage to dentin surface

Figs.6.30and 6.31 Due to a longer time of irradiation stationary at the working length and higher energy setting used
(Nd:YAG 2.5 W, 100 mJ, 200 micron fiber, 3 s), thermal damage on the periodontal aspect of the root occurred: the
apical view shows the carbonization of several apical foramina
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Photoactivated Disinfection

Giovanni Olivi and Maarten Meire

Abstract

Photoactivated disinfection (PAD), also named antimicrobial photody-
namic therapy (aPDT), involves the use of dyes (photosensitizers) that are
introduced into the root canal system and activated by light with a wave-
length corresponding to the absorption maximum of the dye. These wave-
lengths are typically within the visible (from 635 to 675 nm) and
near-infrared (810 nm) spectrum. Besides the presence of photosensitizer
and a specific light source in the target area, this application also requires
the presence of sufficient oxygen in the tissue. When all these conditions
are satisfied, the exposure of the dye to the light drives a photochemical
reaction producing free radicals and singlet oxygen that finally generate
the bactericidal effect. Light doses required for this reaction are very low,
thereby, virtually eliminating any undesired collateral effect.

Photodynamic therapy (PDT) is a treatment
modality that uses a dye (photosensitizer) in com-
bination with (laser) light to selectively kill cells.
These cells can either be diseased cells, malignant
or pathogenic cells or microorganisms.

When microorganisms are the targeted cells,
PDT is referred to as photodynamic antimicro-
bial chemotherapy (PACT). Synonyms include
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antimicrobial photodynamic therapy (aPDT),
photodynamic inactivation (PDI), lethal photo-
sensitization, light-activated disinfection (LAD)
and photoactivated disinfection (PAD). The latter
term, photoactivated disinfection (PAD), most
clearly describes this concept of disinfection by
light-activated substances and will be used
throughout this text.
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7.1 Historical Background

The earliest recorded treatment discussing the
use of chemical substances and light (sunlight in
this case) for medical application dates back to
3000 years ago. In the ancient Egyptian and
Indian populations, vegetable substances were
topically applied on the skin. Irradiation with
sunlight induced photoreactions, producing
repigmentation of skin lesions. From that time
on, a lot of similar applications have taken place.

At the beginning of the twentieth century,
modern medicine started to study the effects of
light on different substances and tissues [1].

Research conducted in Germany showed that
oxygen was essential for the chemical reaction of
different substances [2], and von Tappeiner
(1904) first coined the term ‘“photodynamic
action” [3].

The use of dyes in combination with light to
kill cells was first clinically applied in the field of
cancer therapy. In the seventies and eighties, can-
cer surgeons started to use porphyrin derivatives
in conjunction with laser light as an alternative
treatment of tumours [4]. Cancer photochemo-
therapy, or photodynamic therapy (PDT), as it
was called, is a two-step procedure, involving the
topical or systemic administration of a photosen-
sitizer (PS) which is selectively taken up by the
tumour cells, followed by selective illumination
of the target lesion with the appropriate (laser)
light, which triggers the oxidative photodamage
and subsequent cell death within the target area
through formation of toxic oxygen species such
as singlet oxygen and free radicals. The light or
drug alone is non-toxic; only cells that contain
the photosensitizer and receive light are affected
by the treatment. PDT has the advantage over
other therapies of dual selectivity: not only is the
PS targeted to the tumour or other lesion, but the
light can also be accurately delivered to the
affected tissue.

Results from preclinical and clinical studies
conducted worldwide have established photody-
namic therapy as a useful treatment approach for
selective cancers of the lung, bladder, oesopha-
gus, head and neck, digestive and genitourinary
tract. PDT is also routinely used in dermatology,

for the treatment of skin tumours and selective
inflammatory and infective diseases. HpD, a por-
phyrin species derived from hematoporphyrin,
was the first agent approved for clinical use in
1993 to treat a form of bladder cancer in Canada.
Over later decades, research and clinical studies
grew leading PDT treatments to receive US Food
and Drug Administration (FDA) approval for the
treatment of different types of cancer [5, 6].
Other non-oncological applications of PDT exist
in ophthalmology and other fields of medicine,
for example, the inactivation of viruses in human
blood plasma, to reduce the risk of blood
transfusion-transmitted diseases as HCV and
HIV [7].

The emergence of antibiotic resistance
amongst pathogenic bacteria has led to a major
research effort to find alternative antibacterial
therapeutics to which bacteria will not easily
develop resistance. A number of studies have
demonstrated that not only mammalian cells but
also microbes (bacteria, fungi and viruses) can be
killed by various combinations of photosensitizer
and light [8, 9].

In the field of dentistry, PAD was introduced
as a new disinfection method providing a power-
ful antibacterial action and thus improved results
in a wide range of applications. PAD has been
applied to treat periodontal and endodontic infec-
tions as well as other oral pathology [10-16].

7.2  Mechanism of Action of PAD
The mechanism of PAD is different from other
light- or laser-based therapies such as low-level
laser therapy (LLLT) and high-power laser ther-
apy in the sense that the latter does not require a
photosensitizer. The laser light source in PAD
does not have a direct effect on the tissue or bac-
teria but photoactivates a specific compound that
releases toxic elements to the target.

PAD application requires three fundamental
elements [17]:

* A photosensitizer
* A light source
* Tissue oxygen
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Photosensitizers are usually aromatic mole-
cules which are efficient in the formation of long-
lived triplet excited states when excited (lifted to
a higher energy state) by light of a specific
wavelength.

Activation of the photosensitizer upon absorp-
tion of the light transforms the drug from its
ground state into an excited singlet state. This
excited state may then undergo intersystem cross-
ing (the spontaneous change of a system from
one spin quantum number to another) to the
slightly lower energy, but longer lived, triplet
state, which may then react further by one or both
of the two pathways known as the Type I and
Type 1II photo processes, both of which require
oxygen [18] (Fig. 7.1) (Fig. 7.2).

The Type I pathway involves electron transfer
reactions from the PS triplet state with the par-
ticipation of a substrate to produce radical ions
(free radicals) that can then react with oxygen to
produce cytotoxic species, such as superoxide,
hydroxyl and lipid-derived radicals.

The Type II pathway involves energy transfer
from the PS triplet state to ground-state molecu-
lar oxygen (triplet) to produce excited-state sin-
glet oxygen ('O2), which can oxidize many
biological molecules, such as proteins, nucleic
acids and lipids, and lead to cytotoxicity [19].

The reactive oxygen species (ROS) resulting
from both pathways mediate cellular damage.
Amongst the ROS, singlet oxygen plays a central
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Fig. 7.1 Activation of a photosensitizer (S) by light (hv)
to triplet state (*S) and reaction with oxygen (O,) or other
substrate (R) in Type I and II photo processes

role for cytotoxicity in PAD, and the greater the
amount of singlet oxygen the target is exposed to,
the more effectively cancer cells or bacteria are
killed [20, 21].

Many of the target chromophores are cell
components that are located close to or are part of
the oxidative metabolism (mitochondria) which
is essential for the cell vitality. Reactive oxygen
species can damage proteins, lipids and other cel-
lular components.

Initially, most studies investigating PAD used
photosensitizers developed for use in the treat-
ment of tumours, e.g. the hematoporphyrins,
which are reportedly ineffective against gram-
negative bacteria [22]. However, Macmillan et al.
have shown that other dyes such as toluidine blue
can sensitize many bacteria to killing by
monochromatic light from a laser [23]. A wide
range of PS have been used against pathogenic
organisms. They include phenothiazine dyes
(methylene blue (MB), toluidine blue O (TBO)),
phthalocyanines, chlorins, porphyrins, xanthenes
and monoterpene.

Physicochemical parameters such as lipophi-
licity (log P) and ionization (pKa) are obviously
of importance, but other more specialized fac-
tors such as light absorption characteristics (the
maximum wavelength of absorption Amax, the
intensity of the absorption emax) and the effi-
ciency of singlet oxygen production ®A must
be included in a putative photoantimicrobial
profile.

Toluidine blue, methylene blue, chlorin e6
conjugates, porphyrin and its derivatives are
commonly used photosensitizers in PAD. These
photosensitizers can be excited by light sources
that fall in the range of red-visible spectrum (usu-
ally from 635 to 675 nm) [24].

Indocyanine green is another photosensi-
tizer, activated by wavelengths in the near-
infrared spectrum, with a high absorption
around 800 nm [25].

Riboflavin and pheophorbide-a polylysine
(pheophorbide-a-PLL) are photoactivated by
light sources that fall in the range of the visible
blue light (380-500 nm) [26].

As of November 2014, few studies have been
published on the use of these photosensitizers
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Fig. 7.2 Diagrammatic
representation of the [
different PAD mechanisms
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and laser sources in endodontics (MEDLINE®/
PubMed® Resources Guide).

Fundamental to the PAD procedure is the
match between photosensitizer and light source.
The light source has to emit in the area of the
electromagnetic spectrum that coincides with the
absorption maximum of the photosensitizer, in
order to lift the sensitizer to its triplet state.

In addition, in order to reach the photosensi-
tizer in situ, the penetration depth of the light is
also important. Therefore, the wavelengths have
to fall within the so called “therapeutic window”
of the electromagnetic spectrum between 635
and 1000 nm, the area with the maximum pene-
tration of light into the tissues [24].

Penetration depth in biological tissue for the
wavelengths from 635 to 675 nm is about
3-3.5 mm. Wavelengths in the near-infrared
spectrum (from 800 to 1000 nm) can penetrate
biological tissue deeper, up to 4-5 mm [25].

PAD has also been described as a new thera-
peutic approach in the management of oral bio-
films, with the ability to disrupt the biofilm
integrity and affect the biofilm homeostasis [10].

The fact that the active substances are pref-
erentially targeted to the external cell mem-
branes or, when inside, on other intracellular
structures virtually eliminates the risk of devel-
opment of resistance to PAD or inducing gene
mutation on the target or surrounding cells. The
safety of the procedure makes PAD a treatment
strategy which is minimally toxic. The desired/
undesired side effect ratio of this treatment is

ﬁ < fijtra_ti_>

=

Cellular toxicity

usually high when compared to traditional anti-
microbials [27].

High-power lasers, such as the Nd:YAG,
have also been reported to be useful for destroy-
ing microorganisms, presumably by a thermal
effect. Thermal side effect and damage are of
concern. PAD in contrast uses low-power light:
microbial killing is attained with milliwatts
rather than tens or hundreds of watts, without
the risk of thermal damage to surrounding
structures.

Regarding the effectiveness of the PAD tech-
nique, several factors must be considered:

(a) The fundamental condition for the PAD
microbial killing to take place is contact
between the photosensitizer and the micro-
organisms, since the toxic photosensitizer
reaction products are short lived and do not
act over a great distance. The extent of dis-
infection thus depends on the extent to
which the chemical spreads into the root
canal system and dentinal tubules. In this
respect, there are no indications that the
photosensitizer solution has superior
spreading properties than, for example,
those of sodium hypochlorite. The advan-
tageous properties of photodynamic disin-
fection are then limited.

(b) Type I and II reactions require sufficient oxy-
genation of the target area. This might not be
the case in the anaerobic environment found
in primary root canal infections.
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(c) Absorption of energy by the dental tissues
could result in an insufficient energy density
at the target site, thereby reducing the disin-
fecting action.

The wavelengths used must sufficiently pen-
etrate the dental tissues and have adequate
differential affinity from the surrounding tis-
sue to avoid energy loss and possible side
effects.

Protocols to remove photosensitizing dyes
should be applied after PAD in order to mini-
mize tooth discoloration.

(d)

(e)

7.3  PADin Endodontics
In vitro studies on PAD have demonstrated its
ability to kill photosensitized oral bacteria such as
E. faecalis. More recent in vivo studies demon-
strated the microbicidal effect of PAD in the root
canal system and also its potential to eradicate
persistent endodontic infections for which con-
ventional methods have been unsuccessful [28].
Many studies have investigated the role of
photoactivated disinfection as an adjunct to con-
ventional irrigation for root canal disinfection.
Bonsor et al. (2006) published two clinical
studies on PAD. The first aimed to assess the effi-
cacy of PAD as an adjunct therapy to conven-
tional root canal disinfection. This in vivo study
was performed on teeth with symptoms of irre-
versible pulpitis or periradicular periodontitis.
Microbiological samples were taken from the
canals after accessing the canal, after conven-
tional disinfection procedures and after the PAD
process. Samples were plated onto anaerobic cul-
ture media and incubated for 5 days. Sixteen out
of twenty infected canals were negative to culture
after conventional endodontic therapy. Three of
the four which had remained infected cultured
negative after the PAD process. The last sample
treated with a fibre was positive for bacteria, but
upon inspection the fibre was broken reducing
the effective light output by 90 %. The authors
concluded that PAD offers potential to eliminate
bacteria from the root canals especially where
conventional techniques have failed to do so [29].

In a second study, performed in vivo on 64
teeth, Bonsor et al. (2006) compared the use of
20 % citric acid in association with PAD to the
use of 20 % citric acid and 2.25 % sodium hypo-
chlorite on the intracanal bacterial load. Samples
taken before and after the disinfection therapy
were anaerobically cultured. Results indicated
that the combination of a chelating agent (citric
acid), acting as a cleaner, with the photoactivated
disinfection was an effective alternative to the use
of sodium hypochlorite for the root canal clean-
ing and disinfection [30].

Garces et al. (2007) performed an in vitro
study on extracted human teeth mechanically
prepared and infected with two bioluminescent
gram-negative species (Proteus mirabilis and
Pseudomonas aeruginosa). The samples were
cultured for 3 days to create intracanal biofilms.
Conventional endodontic irrigation was com-
pared to PAD using a conjugate between polyeth-
ylenimine and chlorin (e6) as photosensitizer
activated by a 660-nm diode laser, delivered in
the canals through a 200-pm fibre. The conven-
tional therapy alone led to a reduction of bacterial
bioluminescence of 90 %, whilst the PDT alone
resulted in a reduction of 95 %. The combination
of the two therapies resulted in a reduction of
more than 98 %. Bacterial regrowth observed
24 h after treatment was much lower for the com-
bined therapy samples compared to the single
treatments (P <0.0005) [31].

Foschi et al. (2007) tested aPDT in root canals
of extracted teeth experimentally infected with E.
faecalis for 3 days. Methylene blue (6.25 pg/mL)
was left in the canal for 5 min, then irradiated
with 665-nm laser light (60 J/cm?) transmitted
through an optical fibre of 500 pm. They observed
only a 77.5 % (i.e., <1 log unit) reduction in via-
ble counts and concluded that the photosensitizer
concentration and light parameters require opti-
mization to maximize bacterial killing in root
canals [32].

Garcez et al. (2008) in another study analysed
in vivo the antimicrobial effect of PAD in associa-
tion with conventional endodontic treatment. They
collected microbiological samples after accessing
the canal, following conventional instrumentation
irrigation and after photoactivated disinfection.
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Conventional chemomechanical root canal clean-
ing resulted in a mean reduction of the bacterial
load of 1.08 log units. Combination with PDT
significantly enhanced the reduction to 1.83 log
units. Also a second PDT session in a second visit
was significantly more effective than the first. The
authors concluded that the use of PDT added to
endodontic treatment leads to an increased bacte-
rial reduction [33].

Lim et al. (2009) investigated the efficacy of
light-activated disinfection on 4-day-old (imma-
ture) and 4-week-old (mature) Enterococcus faeca-
lis biofilms grown within root canals of extracted
teeth. Different treatment protocols were investi-
gated: chemical (NaOCl) disinfection, conventional
PAD, improved PAD (photosensitizer in a specific
solvent system followed by illumination in the pres-
ence of an irradiation medium) and chemomechani-
cal disinfection (alone and in combination with
improved PAD). In the 4-day-old group, inactiva-
tion of bacteria from deeper dentine was higher
using improved PAD than using sodium hypochlo-
rite alone. In 4-week-old biofilms, the combination
of chemomechanical disinfection and improved
PAD produced superior bacterial killing compared
to either chemomechanical disinfection or improved
PAD alone, highlighting the potential of improved
PAD to kill bacteria within dentinal tubules [34].

Garcez et al. (2010) studied in vivo the antimi-
crobial effect of PAD in combination with con-
ventional endodontic treatment on patients with
necrotic pulps and resistant antibiotic microflora.
They selected 30 anterior teeth with apical lesions
from 21 patients that were previously treated
with conventional endodontic treatment and anti-
biotic therapy. Microbiological samples were
taken after accessing the root canal, after conven-
tional endodontic therapy and finally after
PAD. Polyethylenimine-chlorin was used as pho-
tosensitizer, and a diode laser was used as a light
source (40 mW for 4 min, 9.6 J). Conventional
endodontic therapy alone produced a significant
reduction in numbers of microbial species but
only three teeth were free of bacteria. The combi-
nation of PAD and conventional endodontic treat-
ment significantly increased the number of
bacteria-free teeth and eliminated all drug-
resistant species [35].

Rios et al. (2011) evaluated the antimicrobial
effect of PAD using toluidine blue O (TBO) in
combination with a LED light source after a con-
ventional disinfection protocol with 6 % NaOCl
on extracted teeth infected for 2 weeks with
Enterococcus faecalis. The bacterial survival rate
of the NaOCI/TBO/light group (0.1 %) was
found to be significantly lower (P < .005) than the
NaOClI (0.66 %) and TBO/light groups (2.9 %),
suggesting the potential use of PAD as an adjunc-
tive antimicrobial procedure in conventional end-
odontic therapy [36].

Poggio et al. (2011) compared the antimicro-
bial effect of photoactivated disinfection, conven-
tional 5.25 % NaOCl irrigation and a combination
of both on Enterococcus faecalis-, Streptococcus
mutans- and Streptococcus sanguis-infected teeth.
They reported that PAD applied for a longer time
or PAD associated with 5 % NaOCI showed sig-
nificantly higher antibacterial effects [37].

Silva et al. (2012) studied in vivo the response
of periapical tissues of dog’s teeth with apical
periodontitis after one-session endodontic treat-
ment with and without antimicrobial photody-
namic therapy (PAD). Phenothiazine chloride at
10 mg/mL was inoculated for 3 min as a photo-
sensitizer and then photoactivated by a diode laser
(660 nm, 60 mW/cm?) for 1 min. After 90 days,
sections from the maxillas and mandibles were
histologically investigated. Qualitatively and
quantitatively, the PAD-treated groups showed
periapical region moderately/severely enlarged,
with no inflammatory cells, moderate neoangio-
genesis and fibrogenesis and the smallest periapi-
cal lesions suggesting PAD as a promising adjunct
therapy to cleaning and shaping procedures in
teeth with apical periodontitis undergoing one-
session endodontic treatment [38].

The studies cited so far describe the use of
PAD in combination with traditional chemome-
chanical root canal cleaning. The photoactivated
disinfection has also been studied as an alterna-
tive method for root canal disinfection.

Fonseca et al. (2008) studied the effects of
PAD on root canals of extracted teeth infected
with Enterococcus faecalis and incubated for
48 h. A solution of 0.0125 % toluidine blue was
used for 5 min followed by irradiation using a
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diode laser (Ga-Al-As, 660 nm) at 50 mW. The
mean decrease in CFU was 99.9 % in the test
group, whereas in the untreated control group, an
increase of 2.6 % was observed [39].

Fimple et al. (2008) investigated the effects
PAD on root canal systems incubated with a com-
bination of Actinomyces israelii, Fusobacterium
nucleatum subspecies nucleatum, Porphyromonas
gingivalis and Prevotella intermedia. Scanning
electron microscopy analysis showed the presence
of biofilms in the root canals before therapy.
Methylene blue (25 pg/mL) was inoculated into the
canals and left for 10 min followed by exposure to
red light at 665 nm with a fluence of 30 J/cm? deliv-
ered with a 250-pum fibre. The PAD achieved up to
80 % reduction of colony-forming unit counts [40].

An in vitro apical lesion model was used by
Nagayoshi et al. (2011) to study the direct effects
of irradiation with a diode laser as well as heat
produced by irradiation on the viability of micro-
organisms in periapical lesions. The combination
of a photosensitizer and laser irradiation signifi-
cantly reduced the viability of E. faecalis. The
study also demonstrated that the rise in tempera-
ture caused by irradiation was not responsible of
the cytotoxic effects on E. faecalis [41].

Stojicic et al. (2013) compared the efficacy of
conventional and modified photoactivated disin-
fection (PAD) against Enterococcus faecalis and
mixed plaque bacteria in suspension and biofilms.
Conventional PAD, used for 3 min, killed from
90.76 to 100 % E. faecalis but failed to kill all
plaque bacteria even after 5 min of laser irradia-
tion. In modified PAD, up to 100 % of suspended
E. faecalis and mixed plaque bacteria were killed
after 1 min and 30 s of irradiation. Up to twenty
times, more biofilm bacteria were killed by modi-
fied PAD than by conventional PAD with
15 pmolLL MB and up to eight times more than
2 % CHX and 1 % sodium hypochlorite [42].

Bago et al. (2013) evaluated the antimicrobial
effect of a diode laser irradiation (2 W, 3 x 20 s),
photoactivated disinfection (PAD) (100 mW,
60 s), conventional syringe irrigation (30 gauge
with 2.5 % NaQCl, 60s) and sonic activated irri-
gation (EndoActivator system with 2.5 % NaOCl,
60 s) on Enterococcus faecalis. The PAD and
EndoActivator system were more successful in

reducing the root canal infection than the diode
laser and NaOCl syringe irrigation alone [43].

All these studies reported that the use of PAD
alone or in association to conventional endodon-
tic treatment produces an enhanced reduction of
bacterial load suggesting a new approach for the
treatment of oral infections.

However, other studies found that photoacti-
vated disinfection in addition to chemomechani-
cal preparation, using NaOCl as irrigant, did not
significantly enhance the disinfection process.

Souza et al. (2010) used both methylene blue
and toluidine blue (both at 15 microg/mL) as a
supplement to chemomechanical instrumentation
of root canals experimentally contaminated with
Enterococcus faecalis for 7 days. The photosensi-
tizer remained in the canal for 2 min before being
exposed to red light emitted from a diode laser for
4 min. Samples taken before and after conven-
tional instrumentation/irrigation and following
the specific PAD procedure for each group dem-
onstrated no significant PAD effect (p>0.05). Also
no significant difference was observed between
the two photosensitizers (p > 0.05) [44].

Furthermore, other studies reported controver-
sial results on the effectiveness of use of PAD as
an alternative to conventional use of irrigants in
the endodontic.

Nunes et al. (2011) evaluated the role of the
intracanal or extracanal position of the optical fibre
during the PAD process and compared the decon-
tamination efficacy of this method to conventional
1 % NaOCl irrigation. The greatest reduction of E.
faecalis (99.99 %) was achieved with irrigation
with 1 % NaOCIL. PDT also significantly reduced
E. faecalis, but the result was not significantly bet-
ter than the conventional method. The different
time of application (90 or 180 s) influenced the
results more than the fibre position [45].

Meire et al. (2012) compared, on in vitro
grown Enterococcus faecalis biofilms on den-
tine discs, the antimicrobial efficacy of two
high-power lasers (Nd:YAG 2 W, 15 Hz, 40 s and
Er:YAG 50 mJ or 100 mJ, 15 Hz, 40 s) and two
commercially available PAD systems (Denfotex
and Helbo) with that of sodium hypochlorite for
1-, 5-, 10- and 30-min intervals. NaOCl was the
most effective in E. faecalis biofilm elimination.
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The Er:YAG laser treatment using 100 mJ pulses
also resulted in high reduction in viable counts.
On the other hand, the use of both PAD systems
resulted in a weak reduction in the number of E.
faecalis cells. Nd:YAG irradiation was the least
effective [46].

Cheng et al. (2012) compared the bactericidal
effect of high-power Nd:YAG, Er:YAG and
Er,Cr:YSGG laser in combination with 5.25 %
sodium hypochlorite, PAD and standard end-
odontic irrigation with 5.25 % sodium hypochlo-
rite on root canals infected with Enterococcus
faecalis for 4 weeks. PAD resulted in an average
reduction of 98 %, which was better than the
reductions with Nd:YAG or Er,Cr:YSGG treat-
ment. However, highest reductions (100 %) on
the surface of root canal walls or at 100/200 pm
inside the dentinal tubules were observed in the
Er:YAG + NaOCl + saline solution group [47].

Lately, a systematic review based on
PubMed/Medline and Google-Scholar data-

bases search from 1985 up to August 2013 was
carried out by Siddiqui et al. (2013). The study
included sixteen ex vivo and one in vivo study
investigating the bactericidal effects of PAD
against E. faecalis in infected root canals. In
these studies, diode lasers with wavelengths
ranging between 625 and 805 nm were used
with fibres with diameters ranging from 200 pm
to 4 mm and power outputs from 40 mW to 5 W,
respectively. In most of the studies, toluidine
blue and methylene blue were used as photosen-
sitizers. Twelve studies reported PAD to be
effective in eliminating E. faecalis from infected
root canals. Four studies reported conventional
irrigation and instrumentation to be more effi-
cient in killing E. faecalis than PAD. One study
reported PAD and conventional endodontic
regimes to be equally effective. The study con-
cluded that the efficacy of PAD in eliminating E.
faecalis from infected root canals remains ques-
tionable [48] (Fig. 7.3).

Fig. 7.3 Diagrammatic representation of the different photosensitizers used in endodontics for PAD (Image courtesy

of Giovanni Olivi, Rome, Italy)
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7.4  Discussion

Considering the controversial results reported in
the literature, some of the previously mentioned
factors remain a concern for the success of PAD.

Bacteria colonize the root canal system where
they form complex biofilms on the canal walls
and invade the underlying dentinal tubules. For
the PAD procedure to be effective, it is essential
that the photosensitizer physically reaches these
microorganisms. To date, it is well known that
most currently employed irrigation methods fail
to adequately deliver and spread the irrigant solu-
tion within the complex three-dimensional micro-
structure of the canal system. Especially the apical
part of the canal system and lateral extensions and
isthmuses seem to be difficult to reach. There is
no reason to assume that photosensitizer solutions
perform better than traditional root canal irrigants
in their action. Hence, the photosensitizer may not
be evenly distributed across the root canal system.
Also, penetration of photosensitizers into the den-
tinal tubules has not been investigated. As a con-
sequence, certain areas of infection will escape
the photoactivated disinfection.

Another issue with PAD is the oxygen con-
centration within the target area. In many cases,
especially in primary root canal infections, the
root canal microbiota is predominantly anaero-
bic, which means that all oxygen within the
microbial environment has been consumed.
Therefore, the oxygen required for effective PAD
therapy might be lacking, rendering PAD therapy
less effective.

The various light sources that are being
applied in PAD therapy have different penetra-
tion in the tooth structure. In the majority of stud-
ies, visible red light is being used, whilst the
investigation of green photosensitizers and more
deeply penetrating near-infrared lasers is, at this
time, more developed in periodontal PDT.

Accordingly, the necessity of using an intraca-
nal or external optical fibre when performing anti-
microbial photo therapy (PAD) was studied, and
Garcez et al. (2013) confirmed the results of Nunes
et al. (2011) concluding that the intracanal irradia-
tion is more effective than external irradiation in
reducing the endodontic bacterial load [45, 49].

When considering all the literature on PAD,
the variation in irradiation parameters (irradia-
tion time, output power, emitter tip) is striking. It
seems that the ideal combination of photosensi-
tizer and light source with the ideal irradiation
parameters is yet to be found. Up to now, univo-
cal experimental protocols with predictable
results are lacking.

A study from Komine et al. (2013) concluded
that 0.001-0.01 % of methylene blue (MB)
resulted the most effective range for generating
!0, during the application of antimicrobial pho-
todynamic therapy and that at least 35.2 pmol/L
generated 'O, is necessary to achieve the steril-
ization of E. faecalis. This study utilized a 660-
nm diode laser as activator (at 200 mW) [50].

Carvalho et al. [2011] reported that the use of
2.5 % NaOCl was effective in avoiding tooth stain-
ing caused by MB during PAD in endodontics [51],
but more studies regarding other photosensitizer
dyes used are required to avoid such a problem.

Adjustments in the PAD protocol are required
to enhance the predictability in bacterial elimina-
tion before clinical use is recommended.
Concentration, distribution and penetration depth
of the photosensitizer, oxygen concentration in
the target tissue and tooth staining all remain
unresolved problems.
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Pulp Therapy for Primary Teeth

Lawrence Kotlow

Abstract

The primary objective when treating the non-vital or exposed pulp in the
primary dentition is to maintain the tooth until it would normally exfoliate
and preserve the developing dental arches. A pulpotomy involves the
removal of the coronal pulp tissue, and the remaining tissue has been
treated with a variety of different medications or procedures. Treatments
that have been used for primary teeth pulps include medications formocre-
sol, glutaraldehyde, calcium hydroxide, ferric sulfate, and mineral trioxide
aggregate (MTA) and electrosurgery. This chapter will discuss the use of
lasers as an alternative to both chemically prepared pulpotomies and elec-
trosurgery. There have been significant advances in the prevention of den-
tal caries and conservative treatment of caries in the primary dentition;
however, there still remains the necessity to treat the pulp of primary teeth
when the pulp tissue is compromised due to mechanical exposures and
when there is reversible pulpitis due to caries, pulpal death due to caries,
and trauma to avoid the development of malocclusions from loss of space
for the erupting permanent tooth.

Introduction

When treating the pulp in the primary denti-
tion, the main goal is to maintain the tooth with

The Academy of Pediatric Dentistry’s guidelines
on pulp therapy for primary teeth state that “the
primary objective of pulp therapy is to maintain
the integrity and health of the teeth and their sup-
porting tissues” [1].
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reversible pulpitis until the tooth would normally
exfoliate and thus preserve the developing dental
arches. Historically, a pulpotomy involves the
removal of the coronal pulp tissue, and the
remaining tissue can be treated with a variety of
different medications or procedures. The differ-
ent treatments that have been used include medi-
cations formocresol, glutaraldehyde, calcium
hydroxide, ferric sulfate, and mineral trioxide
aggregate (MTA) and electrosurgery [2—6]. There
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also continues to be a significant difference of
opinion on whether to consider indirect or direct
pulp capping procedures in the primary tooth.
This chapter will discuss the use of lasers as an
alternative to both chemically induced pulpoto-
mies and electrosurgery.

Although there have been significant advances
in the prevention of dental caries and conserva-
tive treatment of caries in the primary dentition,
there still remains the need to treat the pulp of
primary teeth when the pulp tissue is compro-
mised due to mechanical exposures and when
there is reversible pulpitis due to caries, trauma,
and pulpal death due to caries and trauma. The
premature loss of a primary tooth may lead to
malocclusions from loss of space for the erupt-
ing permanent tooth, esthetic and psychological
effect on the child, and nutritional and speech
problems [7]. Concerns about leaving any dis-
eased dentin to protect the pulp from exposure or
removing all affected dentin, even its exposure is
probable, still remain controversial [8].

Evaluating and diagnosing the status of the
pulp tissue in primary teeth involves not only a
clinical oral examination and diagnostic radio-
graphs when the patient is cooperative but also a
thorough review of the patient’s health. The dental
examination should include questions on history
of pain or discomfort: Has the pain been sponta-
neous or created from cold or sweet items? A dis-
tinction needs to be made from pain related to
external stimuli or pain which occurs spontane-
ously and is throbbing relentlessly. This type of
pain may prevent sleeping and eating, and it may
eventually display redness and swelling around
the tooth and jaw. In the primary dentition, radio-
graphic evidence of internal or external root
resorption or bone loss in the trifurcation or bifur-
cation in molars, not the molar root apices and at
the apices of anterior teeth, indicates irreversible
pulpal death and suggests that a pulpotomy is not
the treatment of choice. The usual methods of
evaluating permanent teeth through evaluating
tooth response to extreme temperature changes
and electric pulp testing devices are not a reliable
indicator of pulpal condition in the primary teeth.

8.2 Conventional Methods
of Treating the Pulp

in the Deciduous Dentition

The treatment approach varies depending on the
status and contamination of the pulp tissue. The
interventions can be summarized in:

Vital Pulp Therapy

 Indirect pulp capping procedure
e Direct pulp capping procedure
¢ Pulpotomy

* Non-vital pulp therapy

* Pulpectomy

* Extraction

8.3  Vital Pulp Therapy

8.3.1 Indirect Pulp Capping
in Primary Teeth

At the completion of a traditional restorative inter-
vention, the treatment of deep dentinal caries is
accomplished by using either a detergent or dis-
infectant (sodium hypochlorite and/or peroxide
rubbed on the dentin with a cotton pellet) and by
applying a radiopaque protective liner [7]: conven-
tional treatment involves either the use of calcium
hydroxide, zinc oxide, and eugenol paste or place-
ment of a glass ionomer over the dentin [9]. The
removal of vital pulp tissue was first suggested
in the eighteenth century by Pierre Fauchard
(1728), and the first documented instance of vital
pulpotomy was by Phillip Pfaff (1756), who used
gold foil with the idea that it might promote pulpal
healing. The application of a protective base has
the purpose of maintaining pulp vitality and also
promoting the formation of tertiary dentin [9-13].
When using restorative materials, there is a ten-
dency to skip this step, thus leaving the function
of the dentinal adhesive to create a dentinal seal.
Several studies, however, are questioning this
practice due to the toxic effect that these materials
may have on the pulp [14, 15].
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8.3.2 Direct Pulp Capping
in Primary Teeth

Direct pulp capping procedures should be limited
to teeth where the pulp has been exposed during
mechanical removal of dentin or immediately
after trauma and there has been no history of pul-
pitis or pain in the tooth [8, 10]. The exposure
should be extremely small and the area has not
been contaminated [16]. There should be no his-
tory of spontaneous pain, excessive bleeding at
the exposure site, or signs of necrotic material
which may indicate pulpal death [16]. It is recom-
mended to achieve optimal results that the pulp
capping procedure be completed when the tooth
or teeth have been properly isolated to reduce
contamination of the exposed area. This can
include the use of rubber dam or the Isolite system
[17]. The use of formocresol and glutaraldehyde
is not recommended and has also raised concerns
in general for its use in pulp therapy over potential
toxicity and carcinogenicity. Formocresol and
glutaraldehyde are therefore no longer used in
pulpotomy treatment in many countries [18-21].

Conventional treatment for direct pulp cap-
ping involves placement of either calcium
hydroxide or MTA over the exposed site [22].

The guidelines of the American Academy of
Pediatric Dentistry state that “Direct pulp cap-
ping of carious exposures in primary is not rec-
ommended,” remembering that partial or
coronal pulpotomy remains the most appropri-
ate technique for primary teeth with exposed
vital pulp [1].

8.3.2.1 Laser Therapy

Cavity preparation and carious removal using the
erbium and erbium chromium lasers offer many
advantages as follows [23, 24]:

* Anesthesia is usually unnecessary.

* The amount of heat generated in pulp chamber
is not harmful for the pulp tissue.

e Laser preparation is selective for the carious
tissues with the highest content of water (chro-
mophore for erbium laser), and unlikely, it

will result in overtreatment or mechanical
exposure of the pulp.

e The irradiated dentinal surface becomes
highly decontaminated and cleansed, with no
smear layer.

The effectiveness of laser treatment and clini-
cal success/outcome are dependent on the ther-
apy executed with proper parameters and
techniques.

Laser-assisted pulp capping procedures are
effective in pulpal exposures due to mechanical
exposure since lasers have the ability to stimulate
reparative dentin, decontaminate the exposure
site, and produce an analgesic effect reducing
pain and discomfort [25, 26].

Laser-assisted pulp capping has considerable
advantages compared to traditional methods
(Moritz et al. 1998a, b; Santucci 1999;
Jayawardena et al. 2001; Olivi and Genovese
2006; Olivi et al. 2007; Todea et al. 2008a, b)
[25-32] which can be summarized as:

¢ Decontaminating effect
* Hemostatic and coagulant effect
* Biostimulating effect

The American Academy of Pediatric Dentistry
(AAPD) with a policy document adopted in 2013
intended to inform and educate dental profes-
sionals on the fundamentals, types, diagnostic
and clinical applications, benefits, and limitations
of laser use in pediatric dentistry and recognizes
the judicious use of lasers as a beneficial instru-
ment in providing dental restorative and soft tis-
sue procedures for infants, children, and
adolescents, including those with special health-
care needs [33].

8.3.2.2 Laser Direct/Indirect Pulp

Capping Procedure
The Er:YAG laser is used for caries removal at
settings of 100 mJ, 12 Hz, 1.2 W, at 100 ps, using
a 600 pm tip and air 6/10, water 5/10. After cari-
ous removal intervention, the decontamination of
deep dentinal caries is completed by using the
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Fig. 8.1 Deep recurrent decay

laser. As of today, both erbium family lasers and
CO, lasers can be used to perform an indirect

pulp capping:

Er:YAG (2940 nm) is used at settings of 12 Hz
and 50 mJ, 0.6 W, at 100 ps pulse duration,
with air 5/10, water 4/10 for 30 s.

Alternatively, a new CO, laser (9300 nm) is used
at settings of 51 ps pulse duration, water 40 %,
and 250 pm spot size.

In case of a small or accidental exposure, the
exposed pulp can be coagulated at settings of
15 Hz, 10 mJ, 600 microseconds for few seconds;
handpiece water feature is used at no water and
3/10 air. The pulpal area is covered using a light-
cured, resin-modified calcium silicate liner
(TheraCal LC manufactured by Bisco, Inc.)
(Figs. 8.1, 8.2, and 8.3). Alternatively, other pulp
capping materials, such as MTA, Biodentine, or
calcium hydroxide, can be used for this purpose.

8.3.3 Pulpotomy

The American Academy of Pediatric Dentistry
defines this procedure as the amputation of the
pulp chamber while preserving the vitality of the
radicular pulp which will be later treated with a
medicinal product [34].

Pulpotomies in primary teeth are the most
commonly used treatment when the pulp is cari-
ously exposed, and the tooth appears both clini-
cally and radiographically not infected. The

Fig. 8.2 Caries removal using the Er:YAG laser

Fig. 8.3 Placement of liner

rationale for completing a pulpotomy on a pri-
mary tooth is based upon the premise that by
removing all or partial areas of the affected coro-
nal pulp tissue, there continues to remain vital
tissue in the remaining areas of the root canal.
The goal is to maintain tooth vitality and normal
pulpal activity. The material used to cover the
remaining tissue should be bactericidal, compat-
ible with the pulp and surrounding tissues; pro-
mote repair and healing of the pulp tissue; and
allow the tooth to resorb without interference.
Using conventional vital pulpotomy methods,
the tooth should usually be anesthetized prior to
treatment. Presently, conventional treatment has
seen less use of formocresol due to concerns
about its safety and more emphasis on the use of
mineral trioxide aggregate [35, 36]. MTA is com-
posed of tricalcium silicate, bismuth oxide, dical-
cium silicate, tricalcium aluminate, tetracalcium
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aluminoferrite, and calcium sulfate dihydrate.
Nonchemical pulpotomy procedures were rec-
ommended by Dean et al. (2001) using electro-
surgery and pulp therapy [6].

8.4  Pulpectomy

When the pulp of the primary tooth is determined
to be non-vital, a pulpectomy may be an option
when it is desirable to save a restorable primary
tooth. Pulpectomy should be limited to teeth
where there are no signs of systemic infection,
bone loss, swelling, or chronic fistulas both clini-
cally and radiographically. The goal is to remove
all infected tissue in both the coronal and root
portion of the primary tooth.

The anatomic morphology of primary molar
root canals makes complete conventional root
canals difficult to complete. If the primary tooth’s
root canal shows signs of resorption and apical,
bifurcation, or trifurcation bone loss and cannot
be properly cleansed of all infected tissue, then
endodontic (pulpectomy) treatment will most
likely be unsuccessful.

8.5 Lasersin Primary Teeth

Requiring Pulpal Treatments

e Laser light is able to vaporize the soft pulp tis-
sue when appropriate wavelengths interact
with it.

e Laser light is able to produce good hemostasis
when it interacts with the chromophores to
prevent any excessive bleeding.

» Lasers are an excellent treatment modality to
decontaminate the irradiated site since lasers
are bactericidal.

e Lasers produce less postsurgical discomfort
and swelling at the surgical sites.

Lasers and dentistry, the idea that light
energy could be harnessed and brought into the
oral cavity, first became available for dentists
in 1989 with the introduction of the first laser
approved for dentistry by the US FDA (United

States Food and Drug Administration); this was
a3 W Nd:YAG (neodymium:yttrium-aluminum-
garnet) laser developed by Meyers [37]. Since
the introduction of the Nd: YAG laser (1064 nm),
other lasers are now used to treat a variety of soft
tissue procedures such as KTP 523 nm and in the
past argon 514 nm; various diode lasers (from
810 nm to 1064 nm), erbium, chromium:YSGG
(2780 nm) and erbium:YAG lasers (2940 nm),
and CO, lasers (9300 and 10,600 nm) have
been used for the treatment of soft tissue dental
problems.

The use of light energy creates a new poten-
tial for treating the pulp in primary teeth. Studies
have investigated the possibility of using lasers
for the pulpotomy procedure on primary teeth
[38-41].

In 1996, Wilkerson reported in their study that
after 60 days, the use of the argon laser for pulp-
otomies in swine showed that all pulps appeared
to have normal vitality and pulpal healing [42].

The use of the Nd:YAG laser in pulpotomy
procedures in primary teeth was reported to be
successful in 1999 by Liu JF et al. [43].

In another study, Liu et al. (2006) compared
the effect of Nd:YAG laser at 2 W (100 mlJ,
20 Hz) for pulpotomy to formocresol (1:5),
reporting a significantly superior clinical success
of the laser group (97 %) in comparison with the
formocresol (1:5) group (85.5 %) [44].

Odabas et al. (2007), using the same parame-
ters, reported no statistically significant differ-
ence between the two groups: 85.71 % for the
laser group compared to 90.47 % for the formo-
cresol group at 12 months [45].

The use of CO, for pulpotomy procedures was
investigated by Shoji et al. (1985) which reported
clinical success for pulp therapy [46].

Elliot et al. (1999), comparing the effects of
the CO, laser technique to formocresol therapy,
found all samples similarly asymptomatic at both
clinical follow-ups and histological evaluations,
with a significant inverse correlation between the
laser energy applied to the pulp and the degree of
inflammation at 28 days [47].

Pescheck et al. (2002) reported favorable
results using the CO, laser for primary pulpot-
omy with clinical survival rate of 98 % [48].
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Fitzpatrick et al. (1994) had already high-
lighted how the superpulsed mode was more suc-
cessful than the continuous mode [49].

The Er:YAG laser has demonstrated a suc-
cessful alternative to conventional pulp therapy.
Kimura et al. (2003) reported success using the
Er:YAG laser for pulpotomy [50].

Huth et al. (2005) compared four pulpotomy
techniques: diluted formocresol, ferric sulfate,
Er:YAG laser, and calcium hydroxide. Calcium
hydroxide (87 %) showed a much lower success
than the other groups, making the laser group
(93 %) a valid system for pulpotomy [51].

Research completed in 2007 by Henson
reported that the clinical and radiographic find-
ings in an unpublished study at the University of
Texas, San Antonio, Dental School suggested
that therapy using the 2940 nm erbium laser was
as effective as formocresol in treating pulpoto-
mies in primary teeth [52].

In 2008, Kotlow published the results of over
5 years of using Er: YAG laser for pulpotomies with
radiographic evidence of successful treatments [53].

In 2010, Mareddy et al. performed a histological
evaluation of laser pulpotomies using the 810 nm
diode laser and concluded that lasers appear to be an
acceptable alternative for pulpotomies [54].

8.5.1 Laser Pulpotomy
and Pulpectomies Using

the Erbium YAG Laser

The following examples represent a selection of
successful pulpotomies completed by the author
using the Er:YAG dental laser. All the teeth
treated in this study report were of children
whose medical histories were completed by the
parents and indicated they were health children.
Pulpotomies selected were chosen from approxi-
mately 5000 different teeth as examples for laser
pulpotomies which required vital pulp therapy
due to mechanical or carious exposures, trauma,
or teeth considered non-vital due to either previ-
ous traumatic injury or severe caries resulting in
pulpal death.

All procedures were completed using a dental
microscope (Global Technologies) and under rub-

b

Fig. 8.4 Isolite isolation

ber dam or using the Isolite ™ system of tooth iso-
lation. Local anesthetics were used when needed
(Septocaine 1:100,000) (Fig. 8.4). All patients,
staff, and dentists wore appropriate laser glasses,
and high-volume suction was used during the pro-
cedure. Once it was determined that the tooth
required a pulpotomy, the chamber was opened to
provide proper access to the anal orifices using
conventional high-speed and slow-speed hand-
pieces. Alternative method for opening non-vital
pulp chamber would include using the Er:YAG
laser (2940 nm, Fotona — PowerLase AT and
LightWalker) at 12—15 Hz, 250-350 mJ, depend-
ing on the energy needed to ablate the enamel and/
or dentin, with air and water spray on (20-22 cc/
min), using a tipless handpiece (R02-H02).
Pulpotomies and pulpectomies were then
treated irradiating each canal for approximately
20 s with a 400 pm tip (Preciso tip) at 12—-15 Hz
and 50 mJ up to 80 mJ, with air-water spray on.
The laser energy was directed at the opening of
the canals for approximately 20 s per canal,
repeated three times or until adequate hemostasis
was achieved. A final filling includes the use of a
resorbable material such as zinc oxide and euge-
nol in the canal and glass-ionomeric cement-
composite material in the chamber for crown
reconstruction. Patients were evaluated at 1 month
and 6 months for clinical signs of any failure of
pulpotomy. Failure rates appeared to be similar to
conventional formocresol rates (Fig. 8.5a—d). The
following cases were treated using an Er:YAG
laser (Figs. 8.6, 8.7, 8.8, 8.9, 8.10, and 8.11.)
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Fig. 8.5 (a—d) Laser pulpotomy using Er:YAG 2940 nm and 800 pm cylindrical tip (LightWalker by Fotona). (a, b)
Cylindrical tip inside the pulp chamber performing pulpotomy on second primary molar; (¢) pulpotomies completed on
both primary molars; (d) final filling performed with a resorbable material (zinc oxide and eugenol)

Fig. 8.6 (a, b) Traumatic injury to the right primary central incisor at age three. (a) Pre-treatment x-ray 1/2/2003;
(b) post-treatment x-ray 5/12/2006

8.5.2 PIPS Protocol for Pulpotomy tively remove canal debris and pulp remains from all
and Pulpectomy of Primary the endodontic areas utilizing a stripped radial firing
Deciduous Teeth tip with a specific Er:YAG laser. The radial and

stripped tip is placed into the upper chamber of the
A new technology, photon-induced photoacoustic — primary tooth. The laser is set to a subablative mode
streaming (PIPS), was developed by DiVito to effec-  with settings of 50 ps pulse and lower and safer
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Fig. 8.7 (a, b) Dental caries, mechanical exposure of the lower left second primary molar at age five. (a) Pre-treatment
x-ray 12/30/2003; (b) post-treatment x-ray 7/5/2006

Fig. 8.8 (a—c) Dental caries, mechanical exposure of the upper right second primary molar at age four. (a) Pre-
treatment x-ray 1/9/2003; 1st post-treatment x-ray 8/24/2006; 2nd post-treatment x-ray 6/11/2007
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Fig. 8.9 (a, b) Dental caries, mechanical exposure of the upper left first primary molar at age 4 years and 6 months. (a)
Pre-treatment x-ray 10/30/2002; (b) post-treatment x-ray 6/1/2006

Fig. 8.10 (a, b) Non-vital caries involvement of the pulpal tissue with bifurcation radiolucency at age four. (a) Pre-
treatment x-ray 5/21/2007; (b) the patient was treated with laser 20 s to each canal, placed on amoxicillin 250 mg per
teaspoon for 10 days. New bone growth at 2 months’ checkup; the tooth was stable and asymptomatic as depicted on
the post-treatment x-ray 7/30/2007

Fig. 8.11 (a, b) Carious exposure of the lower right second primary molar at age 4 years and 6 months. (a) Pre-
treatment x-ray 1/9/2003; (b) tooth appears stable and asymptomatic during the following period. Post-treatment radio-
graph (6/11/2007) shows mesial root resorption. Tooth was not extracted but allowed to exfoliate naturally
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Fig. 8.12 (a—f) Non-vital primary lower left first molar. (a, b) PIPS tip placed into the pulp chamber of lower decidu-
ous molar; (c¢) chamber cavity cleaned using PIPS and Er:YAG laser; (d) zinc oxide and eugenol (ZOE) placed into
canal and chamber; (e) pre-treatment radiograph; (f) 1-month post-treatment radiograph shows new bone formation in
the bifurcation

energy (5—10 mJ), at 15 Hz; the handpiece water fea-

ture is used at 2 water and no air. The procedure is Because of the smaller size, length, and
repeated three times for approximately 30 s, and typically immature apexes, the settings are
then the canal is filled with a resorbable material reduced, and only sterile distilled water is
such as zinc oxide and eugenol (Figs. 8.12 and 8.13). used during activation of PIPS.

PIPS technology is extensively debated in Chap. 11.
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Fig. 8.13 Primary upper right cuspid (toothC) with
abscess. The tooth was opened without using any local
anesthesia, lasered using the PIPS technique for 30 s,
15 Hz, 15 mJ, for three times. Patient placed on amoxicil-
lin 250 mg for 10 days returned in 1 month. Tooth was
stable and no signs of infection. The tooth was re-lasered
and filled with ZOE

Fig.8.14 (a—-d) Alternative method for opening vital pulp chamber would include using the CO, laser (9300 nm, Solea
by Convergent Dental, Natick, MA) at 50 pulse duration, at power modulated using a variable power foot pedal from 1
to 50 % for approximately 20 s per canal in the coronal portion (water at 100 %), using a spot size of 0.25 mm. (a) Pre-
treatment image shows rubber dam; (b) green aiming beam accessing the first primary molar; (¢) green aiming beam
performing pulpotomy on the second primary molar; (d) final filling performed with a resorbable material (zinc oxide
and eugenol)
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8.5.3 Laser Pulpotomy Using
the CO, Laser

Recently, a CO, laser with a new wavelength
(9300 nm) has been introduced in the market.
This particular laser allows for both soft and hard
tissue therapy, due to the possibility to control the
thermal interaction with a water spray and to
modulate the pulse duration. This CO, laser at
9300 nm (Solea by Convergent Dental, Natick,
MA) can be used for pulpotomy and coagulation
in vital primary teeth at the following settings: 50
pulse duration, at power modulated using a
variable power foot pedal from 1 to 50 % for
approximately 20 s per canal in the coronal por-
tion (water at 100 %), using a spot size of
0.25 mm. Tooth can be then filled with ZOE
(Fig. 8.14a—d).

Conclusions

Premature loss of primary teeth may contrib-
ute to the development of malocclusions,
esthetic concerns, phonetic problems, or func-
tional problems [7]. The goals in treating pri-
mary teeth are to prevent or eliminate pain and
discomfort and maintain the integrity of the
oral structures. Dental lasers provide a safe
and effective alternative to conventional
chemical or electrosurgical method of pulp
therapy [23, 25, 26, 33].
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Laser Doppler Flowmetry

Herman J.J. Roeykens and Roeland J.G. De Moor

Abstract

An early determination of pulpal vitality is crucial with respect to a correct
differential diagnosis of revascularisation or necrosis and its treatment.
The use of sensibility tests (cold, heat, electric pulp test) in combination
with X-ray is commonly promoted. However, these tests are arbitrary,
based on sensations, and therefore not always reliable. In such situation,
registration of pulpal blood flow will be more than an added value. The
most studied and well-documented method for registration of pulpal blood
flow is laser Doppler flowmetry (LDF), a non-invasive technique with
direct and objective registrations. In this chapter, we describe pulpal blood
flow, LDF and its characteristics, this method’s advantages and disadvan-
tages and recent developments regarding LDF. Despite a low implementa-
tion of LDF in dentistry, this technique has proven to be an indisputable,
basic asset of a dental clinic.

9.1 Introduction

Blood is a specialised bodily fluid that delivers
necessary substances to the body’s cells, such as

H.J.J. Roeykens, DDS, MSc (D<) nutrients and oxygen, and transports waste prod-
Department of Restorative Dentistry and ucts, such as carbon dioxide and metabolites,
giiﬁfggg:gﬁ{’hg}(ﬁé?g:;igf;secr]Eset?:e’ away from those same cells [1]. Blood is circu-
Dental School, Ghent University, lated around the body through a closed system of
Ghent, Belgium blood vessels: arteries, arterioles, capillaries,
e-mail: herman.roeykens @ugent.be venules and veins. In this system, blood will be
R.J.G. De Moor, DDS, MSc, PhD transported by the pumping action of the heart
Department of Restorative Dentistry and and will be mechanically driven from the heart

Endodontology, Ghent Dental Laser Centre, . .
Ghent Dental Photonics Research Clustre, BIOMAD, with a normal maximal pressure of 120 mmHg.

Dental School, Ghent University Hospital The contraction of the heart muscle starts in the
Ghent University, Ghent, Belgium two atria, which push the blood into the ventricles.
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Then the walls of the ventricles squeeze together
and force the blood out into the arteries: the aorta
to the body and the pulmonary artery to the lungs.
Afterwards, the heart muscle relaxes, allowing
blood to flow in from the veins and fill the atria
again. In healthy people, the normal (resting)
heart rate is about 72 beats per minute. So blood
flows from the left heart chamber with high speed
through the aorta and the arteries into the organs
and tissues. Here, the arterioles will set the
blood flow by drawing together and relaxing.
Furthermore, there are also the capillaries (very
thin blood vessels) where blood flows through
very slowly with functions of delivering oxygen
and nutrients and transporting waste [2].

In species with lungs, arterial blood carries
oxygen from inhaled air to the tissues of the body,
and venous blood carries carbon dioxide, a waste
product of metabolism produced by cells, from
the tissues to the lungs to be exhaled [3].

In vertebrates, blood consists of a protein-rich
fluid known as plasma, with suspended cellular
elements: red blood cells, white blood cells and
platelets. The normal total circulating blood vol-
ume is about 8 % of the body weight (5600 mL in
a 70 kg man). About 55 % of this volume is
plasma, which consists mostly of water (90 % by
volume). The most abundant cells in vertebrate
blood are red blood cells (34 g/dL blood) [2]. The
ingress of arterial blood is followed by a drain via
the capillaries into short collecting venules and
then via the venules into the heart. It is on the
level of the arterioles, capillaries and venules that
laser Doppler finds its application.

There are several ways to register the vascu-
larity of the pulp. The evaluation of the circula-
tory status, in fact, is the only way to assess the
pulp’s vitality. The following non-invasive meth-
ods have been proposed for this purpose: photo-
plethysmography, pulse oximetry [4], ultrasound
Doppler imaging [5] and laser Doppler flowme-
try [6, 7]. A plethysmograph is an instrument for
measuring changes in volume within an organ or
whole body (usually resulting from fluctuations
in the amount of blood or air it contains). A pho-
toplethysmogram (PPG) is an optically obtained
plethysmogram. A PPG is often obtained by illu-
minating the skin (peripheral microcirculation)

with a pulse oximeter, which measures changes
in light absorption based on the movement of red
blood cells. So in photoplethysmography, the sig-
nal is proportional to the quantity of red blood
cells. In pulse oximetry, light is passed from a
photoelectric diode across the tooth structure into
a receptor. Changes in absorption in both red and
infrared light caused by alteration in tissue vol-
ume (tissue perfusion) during the cardiac cycle
are detected. Hence, photoplethysmography
helps to detect blood volume changes in the
microvascular bed of tissue [8, 9]. Most of the
supplying vessels in the pulp are arterioles. The
presence of these arterioles, rather than arteries,
and the insulation of the pulp, by surrounding
hard tissues, are obstacles to pulse detection [4].
At present, there are also no adaptable sensors for
the teeth.

Ultrasound Doppler imaging was already used
successfully in dentistry to measure the blood
flow of tissues surrounding the teeth [10-12].
There were several problems with ultrasound
Doppler imaging when measuring the pulpal
blood flow. These include a difficulty in transmit-
ting sufficient ultrasonic energy into the pulp
cavity and detecting small Doppler frequency
shifts produced by the slow-moving pulpal blood.
These limitations have been overcome partially
by the recent development of high-frequency
(20-100 MHz) ultrasonic devices [5].

LDF monitors blood perfusion, and photople-
thysmography monitors blood volume changes.
LDF will be preferred in view of its ease of use,
low running cost (after initial purchase) and
accessible technology. Furthermore, LDF is a
non-invasive, objective, continuous technique
with the possibility of recording and analysing
blood flow in teeth. The latter also surpasses PPG
due to an enhanced specificity and sensitivity
for micro-capillary tubes [13]. Laser Doppler
flowmetry (LDF) was originally developed to
measure the blood flow in microvascular systems
such as the retina [14], cortex of the kidney [15]
and skin tissue [16]. Gazelius et al. demonstrated
the dental usefulness of LDF in 1986 [17]. Later
on, multiple technology-related publications
[18—41] with a number of very specific applica-
tions, such as the use in dental traumatology [42],
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periodontology [43] and orthodontic surgery [44,
45], followed. Since the actual beginning of laser
Doppler blood flow measurements in dentistry,
we count so far 255 (April 2015) publications
(search terms: laser Doppler flowmetry and
dentistry).

9.2 Working Mechanism

Light from a laser diode (red or, more frequently,
near-infrared laser) is brought by optical fibre,
through a blunt needle probe, onto the surface of
tissue (Fig. 9.1). When tooth and pulpal tissue is
involved, enamel prisms and dentine tubules will
lead up this beam to the capillaries of the pulp
where the light is diffused and scattered by static
tissue as well as by moving blood cells. Red
blood cells are the largest and most numerous
cells within blood. According to the Doppler
principle, light rays are scattered by the moving
red blood cells and thereby subjected to a fre-
quency shift; light is also scattered by static tis-
sue without Doppler frequency shift. The shifted
and non-frequency-shifted light is transferred

from the surface of the tooth via a second optical
fibre, in the same probe, and is brought to mix on
a photodetector. The spectrum of ‘beat’ frequen-
cies of the detected light is processed to give a
signal that is proportional to the product of aver-
age blood speed and the concentration of moving
blood cells; this is referred to as LD flux (optical
beating occurs when two waves mix; the result-
ing waveforms have a ‘beat frequency’ that is
equal to the difference between the two original
wave frequencies).

Flux = (v, ).(conc)
with

w) dw )
— noise
c

Fluxzkij%

Conc = kii._[ p(;t:—)zdw —noise
c

Velocity=k,,.Flux / Conc

iii ©

A GREEN RUBBER BASED

SPLINT

/ (HOLE: ¢ 2 MM)

DENTIN

ENAMEL

LASER DOPPLER

SHIFT

ARTERY RED BLOOD
CELL

Fig. 9.1 Schematic representation of the area of positioning of a probe of a laser Doppler flowmetry monitor. The
probe is fixed in contact with the buccal surface of the tooth in a rubber split. A schematic representation is given of the
technique with a laser beam penetrating through the enamel and the dentine into the pulp, registering the laser Doppler
shift
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with w;=lower bandwidth limit (20 Hz)
dc=light intensity

wy=upper bandwidth limit (3,15,22 kHz)
dc?=normalisation

w=frequency =weighting factor
k;,k;;=scaling constants used for calibration
P=power of frequency w

noise=dark and shot noise components

Furthermore, pulsations in the blood circula-
tion of teeth are registered in vital elements
through the heart-driven blood. The wider the
frequency bandwidth, the better another sign of
tooth pulp vitality is detected, i.e. the pulse due to
the cardiac cycle.

Different wavelengths are used for LDF reg-
istrations. Kolkman [45] calculated that the LDF
measurement depth is related to the wavelength
of the used light. The penetration depth is
2.81 mm in skin tissue with green light (543 nm),
3.14 mm with red light (632.8 nm) and 4.3 mm
with almost infrared light (780 nm). These dif-
ferences in measurement depth as a result of the
wavelength used were also confirmed by others,
e.g. Fredriksson et al. [46]. When using a 0.5 mm
laser beam diameter, the measurement depth for
muscle was 0.29 mm (543 nm), 0.62 mm
(633 nm) and 0.73 mm (780 nm) and for liver
0.14 mm (543 nm), 0.40 mm (633 nm) and
0.52 mm (780 nm). It is clear that the tissue type
is also of importance. Examples of measurement
depths shown in the same study [46] were as fol-
lows (values are given for a probe-based system
with 0.25 mm source-detector separation and an
imaging system with a 0.5 mm beam diameter,
respectively, both operating at 780 nm): muscle,
0.55/0.79 mm; liver, 0.40/0.53 mm; grey matter,
0.48/0.68 mm; white matter, 0.20/0.20 mm;
index finger pulp, 0.41/0.53 mm; forearm skin,
0.53/0.56 mm; and heat-provoked forearm skin,
0.66/0.67 mm. Vongsavan and Matthews [21]
found the LDF technique to be capable of mak-
ing measurements in skin and mucosa up to an
approximate depth of 1-2 mm and passing over
the 2-3.5 mm-thick enamel and dentine of teeth
to measure blood flow to dental tissues, which
are more transparent and tubular than dentine
and act as light guides. They speculated that the

periodontium and other adjacent tissues could
contribute to the signal. The penetration depth of
LDF beam in teeth for contact and noncontact
probe tip was determined by Polat S. et al. [38].
The root was illuminated with a probe in contact
to the tooth to 4.28+0.14 mm depth with high
density and 13.27 £0.27 mm with low density. A
noncontact probe illuminated 4.36+0.16 mm of
the root with high density and 13.28+0.30 mm
of the root with low density. The latter suggests
contamination from periodontal tissue blood
flow even with adequate precautions.

Gush and King [47] assessed skin blood flow
at green and near-infrared wavelengths by spec-
tral analysis; it was concluded that green light
was more significantly influenced by capillary
blood flow than by larger elements of the micro-
vasculature, due to its much greater absorption in
blood, and that the lower frequency components
were derived more from capillaries.

9.3  Arbitrary Units

There was also criticism on the laser Doppler
technique. Vongsaven and Matthews [21] com-
plained about the nonlinearity of the LDF signal
when blood volume fractions in tissue are greater
than 1 %, a consequence of the analysis by
Bonner and Nossal [48], i.e. for a LDF signal that
increases with 100 %, the assumption cannot be
made that the blood flow has increased with
100 %. The nonlinearity is explained by the sig-
nificant number of multiple scattering events of a
photon from different red blood cells prior to
detection.

A second reason for criticism was the absence
of an absolute medium of calibration. The current
clinical active calibration is performed with an
aqueous suspension of polystyrene microspheres
with the probe detecting a reproducible Brownian
motion; the calibration fluid is called a ‘motility
standard’, and it enables comparisons between
measurement over time and between individuals.
At present, a representative biological zero for
dental pulp blood flow registration is not on the
market. A biological zero, in fact, is also not zero,
but an every time calibration background reading.
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Therefore, the latter calibration reference has to
take into account the blood flow, the size of the
red blood cells and the optical properties of
enamel and dentine. This is also the reason for
the use of nonstandard ‘perfusion units’ (PU) for
LDF and not absolute quantitative measurements
in mL/min/100 g.

A third criticism consists of environmental
factors. Given that a part of the LDF signal for a
dental measurement is of non-pulpal origin, mul-
tiple factors will have a significant impact on the
LDF readings: the optical properties of the sur-
rounding dentine and enamel (e.g. tooth discolor-
ation), blood circulation of the gingival tissue and
every movement of the patient or the probe;
patient stress level and the use of medication will
also affect pulpal blood flow.

To avoid movement effects, a silicone (den-
tist) or resin splint (lab) should be made before
LDF measurements. The latter is needed for fixa-
tion of the LDF probe and should be cleaned with
a mild alcohol disinfectant (isopropanol 70 %) in
cases of multiple measurements; the splint will
also block the ambient light and should help to
reduce any influence of gingival blood flow (a
green-coloured splint is ideal to block external
light). Furthermore, the test area on the tooth
(2 mm from the enamel-cement border) [28], the
distance (500 um) between efferent and afferent
optic fibres [36], the diameter (200 pm) of each
fibre in the probe and the measuring depth in the
tissue will affect the obtained values.

9.4 LDF:The Diagnostic Unit

Laser Doppler flowmetry (LDF) provides a non-
invasive, objective means of recording blood flow
within the teeth, periodontal or bone tissue. LDF
measurements are performed using one or more
probes, simultaneously [32, 35].

An LDF device with a He-Ne (red, 632.8 nm)
or a diode (NIR, 780 nm) laser can be used. The
diode laser scores slightly better in specificity and
sensitivity [21, 32], probably due to deeper pene-
tration through discoloured teeth. The power of
the device is below 2.5 mW with power at the
end of the probe typically aboutl.0 mW (probe

diameter=1.5 mm). For each patient, an opaque
splint is used to hold the probe (Fig. 9.1), with
measurements made after the acclimatisation
period (>10 min). For measurements of tooth
vitality, a 3 kHz bandwidth (broad-spectrum, low
blood volume) and, for measurements at the
gums, a 14.3 kHz bandwidth are proposed. Values
are displayed at 40 Hz but can be recorded every
0.1 s over a minimum interval of 2 times 30 s [37].

The location of the probe is determined by the
position of the hole made for the probe in the
splint, inspected from the inside. The splint is
placed in the mouth together with the probe. Each
measurement takes at least 30 s, in order to diag-
nose vasomotor changes, and is repeated two
times. A control tooth will always be monitored,
if we can measure simultaneously.

To keep additional pulpal components in the
readings as low as possible, a rigorous protocol
has to be followed. The patient will be seated in a
semi-supine position on a dental chair with, for
each assessment, the same ambient light. The
best diagnostic results will be obtained from
healthy, drug-free and relaxed patients. The use
of a silicone resin or light-blocking holder, pos-
sibly in combination with a rubber dam and at
least 2x30 s measurement time for each mea-
surement, is highly recommended but time-
consuming and therefore not evident. Moreover,
there is evidence for diurnal variations. Special
attention should be given to testing at the same
time of the day when multiple measurements are
compared [49].

Finally, the registered data can be processed in
a spreadsheet (Excel, Microsoft Corp.) and statis-
tically analysed (SPSS/PC +statistical package,
SPSS Inc.).

9.5 Properties

The outgoing flux signal (perfusion units: PU)
for a necrotic pulp is on average 42.7 % lower
than for a vital pulp [24]. The reason why this is
not 100 % relates to the impact of blood circula-
tion in tissues surrounding the measured tooth.
This external blood component should be kept as
low as possible during registration. Therefore,
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the position of the probe on the tooth’s surface is
of utmost importance.

Measuring simultaneously two contralateral
teeth with both LDF probes and equal time vari-
ables is highly reliable and recommended [35].
Witharatio of 6:1, the gingival tissue (V. =0.9 m/s)
was much better perfused than pulpal tissue
(Ve=0.16 m/s) [44, 49]. The latter also has an
impact on the bandwidth that will be used to mea-
sure. Where normal pulp values are measured with
a bandwidth of 3 kHz, it is appropriate for gingival
tissue to measure at 14.3 kHz. Gingival tissue has
an increased flow of red blood cells.

Yet one must also make the objection that 80 %
of the LDF signal of an intact tooth, measured
without rubber dam, does not originate from the
pulp. This non-pulpal component drops to 43 %
with rubber dam. Soo-ampon et al. therefore sug-
gest that 43 % corresponds to the mathematical
noise and environmental impact [37]. According
to Wannfors and Gazelius, even 5 % of this non-
pulpal component originates from circulation of
the bone [50]. Studies conducted by the group
around Polat already give a reason for the extra-
large pulpal influence [38]. They found reflections
well beyond the dental tissues and attributed this to
the high intensity of the laser light and its penetra-
tion through dental tissues [38, 40].

9.6 LDF: A Benefit?

Dental pulp testing is an essential aid in endodon-
tics. At present, most dentists rely on thermal
tests and to a lesser extent on electric pulp testing
to evaluate the ‘pulp vitality’. These tests, how-
ever, are sensibility tests and do not provide
information about pulp vitality (blood supply)
and/or not decisive enough to determine whether
a tooth is necrotic [51, 52]. False responses may
occur for both. Especially, thermal tests are used
to diagnose the diseased tooth and to reproduce
the disease state [51]. The result is that misdiag-
nosis may lead to incorrect, inappropriate or
unneeded treatment [53].

LDF has been shown to be more reliable than
thermal testing, electric pulp testing and the use of
pulse oximetry [54-56]. Compared with normal
‘sensitivity testing’, LDF is more reliable. When

LDF scores 1.0 for sensitivity and 1.0 for specific-
ity regarding vital or non-vital pulp tissue, a cold
test with ethyl chloride scores 0.92 and 0.89 and
an electric pulp test 0.87 and 0.96 [33]. The evalu-
ation of heat versus cold test and electric test as a
measure for pulp vitality gave a negative result in
the case of pulp necrosis for the cold test in 89 %,
with the heat test in 48 % and with the electric
pulp test in 88 % [53]. In the same investigation, a
positive cold response was given in 90 % of all
cases for a ‘vital pulp’, 83 % with heat and 84 %
with the electric pulp test [57]. For LDF, in both
cases, this was 100 %. It will take traumatised
pulps at least 6 weeks for a sufficient recovery of
sensation [58, 59]. Therefore, standard sensitivity
tests will provide ‘reliable’ information at the
very best 6 weeks after traumatic impact, whereas
one can determine the state of tooth vitality imme-
diately after trauma with LDF.

Moreover, it was confirmed with LDF in an
orthodontic surgery study that a tooth without
normal innervations may have an intact blood
supply despite negative response to the classic
tests [45]. LDF registrations have been shown to
follow the pattern of wound healing in both a
non-induced trauma (Luxation) and a well-
induced trauma (Le Fort I osteotomy) [35, 44].

As previously shown, there was already abun-
dant proof in the 1980s and the 1990s that LDF
could be used to evaluate and follow-up the resto-
ration of ‘vitality’ in traumatised elements [17,
18, 20, 24, 25, 33].

LDF is therefore a technique that allows the
practitioner to establish an early reliable diagnosis
enabling correct, appropriate and not too early treat-
ment taking into account the limitations of thermal
and electric tests [41—43]. A two-probe assessment
is advisable for giving instant information when
comparing two teeth with LDF (Fig. 9.2) [32, 41].

9.7 Restoration of Tooth Vitality
(Blood Flow)

and Revascularisation

Multiple articles comment on recovery, rehabilita-
tion or restoration of the blood circulation/blood
flow and also on revascularisation after traumatic
injury in different areas of medicine. All authors
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ToPC

Straight probe

ToPC

Bended probes

Fig.9.2 Schematic presentation of a two-probe laser Doppler flowmetry assessment with straight and angulated probes.
The latter are used when it is impossible to position straight probes. With this set-up, it is possible to register the blow
flow in two teeth simultaneously, e.g. the traumatised tooth and its antimere. (a) straight probes positioned at the buccal

side; (b) bended probes positioned at the palatal side

report on three major periods in the recovery of the
blood flow: (1) the period immediately after
trauma and an initial, brief period of hyperaemia;
(2) a consecutive period of ischaemia; and (3) the
restoration of the vascularisation. These periods
vary according to the function of the respective tis-
sue and the extent or severity of the tissue
damage.

The evaluation of wound healing and revascu-
larisation especially of burns turns out to be a
major field of use for LDF. Here, the recovery
pattern is extended to even 1 year. In this respect,
LDF is the perfect example of a non-invasive
evaluation technique without any need of injec-
tion of contrast agents to visualise the vessels.

Likewise, as in clinical medicine, evaluation
of revascularisation is needed in a number of den-
tal situations. In the situation of dental trauma
and pulp injury, LDF is essential for the assess-
ment of blood perfusion and will be used besides
sensibility tests. Slightly different outcomes have

been registered for non-induced and induced

traumata with varying recovery periods [7, 41]
Three trauma cases where LDF was used to

monitor the pulp vitality are now described.

9.7.1 A Complicated Trauma Case

One of the first cases that we monitored with
LDF was published in 1999 [35]. It reported on a
24-year-old Caucasian female being hit by a
moped driver on a footpath. The victim was
treated at the emergency department of the Ghent
University Hospital (Belgium) after the accident.
Both central incisors (I) and the right canine (C)
of the upper jaw were luxated and involved alve-
olar bone fracture situated above both central
incisors and the left lateral incisor (detected clini-
cally and radiographically). Moreover, the left
central incisor was intruded over 7 mm. After
the repositioning of the alveolar bone segment
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and the maxillary left central incisor, a rigid
splint was fixed for 3 weeks (a therapy that is no
longer performed nowadays). The patient was
then referred to the department of endodontology
for further systematic clinical follow-up.

All maxillary front teeth were screened on six
successive occasions over 30 weeks with current
sensitivity tests, i.e. CO, ice (Miracold Plus®,
Hager & Werken, Duisburg, Germany), heat
(gutta-percha), electric pulp test on the buccal sur-
face of each tooth (Dentotest®, Malek, Switzerland)
and LDF as test of vascularisation. Four years later,
a similar assessment was repeated. The patient was
in good health on each occasion and did not take
any form of medication. The teeth were examined
by the same investigator under standardised envi-
ronmental conditions. On each occasion, two reg-
istrations were taken with an interval of 5 min. The
colour of all teeth remained normal and the inci-
sors remained untreated. Radiographs were made
in order to distinguish intra-pulp and peri-radicular
pathology as a part of the systematic follow-up. No
periodontal disease was found.

According to the method described by
Roeykens et al. [35], LDF evaluation was per-
formed using a DRT 4 LDF monitor (Moor
Instruments Ltd., Axminster, Devon, England)
with a laser diode at 780 nm, and a probe output
of 1.0 mW was used. The manufacturer ensured
an output between 0.1 and 0.5 PU from a static
reflector. The DRT 4 recorded tooth signals at a
bandwidth of 3 kHz and with a time constant of
0.1 s. The display rate was set on 40 Hz with a
time span of 65 s. Each probe (@=1.5 mm, two
optical fibres with diameter=0.2 mm at 0.5 mm
separation of centres) was labelled and calibrated
following the manufacturer’s instructions. An
LDF signal was simultaneously obtained from
both comparable teeth using two identical probes
allowing for instant comparison.

The probes were fixed in a green rubber base
reposition splint (Exaflex® GC) to the buccal
enamel surface 2 mm from the gingival margin.
The reposition splint was removed from the
mouth between all measurements, disinfected
with an alcohol solution and slightly adapted
with Exaflex® on the second occasion after
debonding of the rigid splint. This caused no sig-
nificant alterations in the recorded signal.

The values obtained with the sensibility tests
(CO, ice and gutta-percha) were negative for all
teeth involved in the trauma until the ninth week
(Tables 9.1 and 9.2); electric pulp testing showed
significant values from the seventh week
(Table 9.3). All parameters, except the electric
pulp test for tooth 11 (value 6 on a scale of 10 after
4 years), returned to a normal status at the end of
this follow-up. The hand temperature remained
constant 35.9 °C (x0.1) (Tables 9.4 and 9.5).

The LDF measurements showed a pattern of
hyperaemia, ischaemia and restored vitality. On
the basis of the evaluation of the LDF blood per-
fusion, scored by means of the flux [13], early
hyperaemia [flux T mean 8.05 (+0.55), flux C
mean 4.5 (£0.15)] was registered within a period
of 2 weeks; ischaemia [flux I mean 2.8 (+£0.15),
flux C mean 1.8 (£0.24)] was seen after 3 weeks.
Nine weeks after trauma, a restored vitality [flux
I'mean 4.5 (£1.27), flux C mean 3.2 (+0.09)] was
observed (Fig. 9.3). A 2-week, 6-month and
4-year control radiograph gave evidence of good
peri-radicular conditions.

A good reproducibility was found for each
probe and between both probes (P<0.001). The
blood concentration (Fig. 9.5) was also regis-
tered. From the data of Figs. 9.3 and 9.4, it is
clear that flux and concentration are not system-
atically correlated.

9.7.2 Autotransplantation
of Wisdom Teeth and Luxation
of an Autotransplanted
Second Upper Premolar

In a 17-year-old Caucasian girl with congenital
aplasia of 4 s premolars, autotransplantations of
both wisdom teeth to selected premolar sites in
the lower jaw were carried out after orthodontic
consultation. These transplants were performed
on a 1/2 root formation stage with a follow-up
period of 4 months to 4 years and a control. The
condition 2 months before transplantation
(Fig. 9.5) and 1 year (Fig. 9.6) and 4 years
(Fig. 9.7) after transplantation shows a good inte-
gration without further endodontic treatment.
Autotransplantation of teeth is generally
accepted as a reliable procedure in cases such as
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Table 9.1 Registration of the sensibility of the maxillary front teeth after exposure to heat
Heat

Tooth/week 1 week 2weeks 3 weeks 7weeks 9 weeks 20 weeks 30 weeks 228 weeks
Left canine (-) Late Late 4k et nl nl nl

Left lateral (=) (-) (=) (=) (=) nl nl nl
incisor

Left central (=) (=) (=) + i Late nl nl
incisor

Right central (=) (=) (=) e 3E Late Late nl
incisor

Right lateral nl nl nl nl nl nl nl nl
incisor

Right canine (=) (=) (=) =) (=) Late Late nl

Morning Noon  Afternoon Night

Control 18.88 1425 14.18 9.57

+ 1.47 1.23 1.2 1.42

30 dentists 18.79 15.09 14.98

i 1.54 1.3 1.4
Table 9.2 Registration of the sensibility of the maxillary front teeth after exposure to cold

Cold

Tooth/week 1 week 2 weeks 3 weeks 7 weeks 9 weeks 20 weeks 30 weeks 228 weeks
Left canine (=) Late =) a5 ax nl nl nl

Left lateral (=) (-) =) (=) (=) Late nl nl
incisor

Left central (=) (-) =) + 2k Late nl nl
incisor

Right central (=) (=) -) + + Late Late nl
incisor

Right lateral nl nl nl nl nl nl nl nl
incisor

Right canine (=) (=) (=) =) (=) Late Late nl
Table 9.3 Registration of the effect of electric pulp testing on the sensibility of the maxillary front teeth

Electric pulp test (mean value 3 measurements, SD) scale 1-10

Tooth/week 1 week 2 weeks 3 weeks 7 weeks 9 weeks 20 weeks 30 weeks 228 weeks
Left canine 8.0 (0) 6.3 (1) 4.0 (1) 5.3 (1) 5.0 (0) 4.6 (1) 4.0 (0) 2.6 (1)
Left lateral 6.0 (1) 8.0 (0) 8.0 (0) 8.0 (0) 8.0 (0) 2.0 (0)
incisor

Left central 8.0 (0) 8.0 (0) 6.6 (1) 6.0 (0) 2.3 (1)
incisor

Right central 7.3 (1) 7.6 (1) 8.0 (0) 8.0 (0) 6.0 (0)
incisor

Right lateral 6.0 (1) 2.3 (1) 4.0 (0) 4.3 (0) 4.0 (0) 4.3 (0) 2.0 (0)
incisor

Right canine 8.0 (0) 8.0 (0) 6.0 (0) 6.3 (1) 6.0 (0) 6.3 (1) 6.0 (0) 2.3 (0)
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Table 9.4 Evaluation of the colour change of the maxillary front teeth

Tooth/week
Left canine
Left lateral
incisor

Left central
incisor
Right central
incisor
Right lateral
incisor
Right canine

Colour
1 week
b3
c2

c2

c2

c2

b3

2 weeks
b3
c2

c2

c2

c2

b3

Table 9.5 Evaluation of the mobility of the maxillary front teeth

Tooth/week
Left canine
Left lateral
incisor

Left central
incisor
Right central
incisor
Right lateral
incisor
Right canine

Mobility
1 week
Splint
Splint
Splint
Splint
Splint

Splint

2 weeks
Splint
Splint
Splint
Splint

Splint

Splint

30 weeks 228 weeks

b3
c2

c2

c2

c2

b3

30 weeks 228 weeks

3 weeks 7 weeks 9 weeks 20 weeks
b3 b3 b3 b3 b3
c2 c2 c2 c2 c2
c2 c2 c2 c2 c2
c2 c2 c2 c2 c2
c2 c2 c2 c2 c2
b3 b3 b3 b3 b3
3 weeks 7 weeks 9 weeks 20 weeks
Splint nl nl nl nl
Splint nl nl nl nl
Splint nl nl nl nl
Splint nl nl nl nl
Splint nl nl nl nl
Splint nl nl nl nl

Case1: blood perfusion in teeth after a traumatic injury

10.0

0.0 .

oweek 2weeks 3weeks 7weeks 9 weeks 26 weeks 30 weeks 52 weeks 104 weeks 156 weeks 228 weeks

T

Time (weeks)

T 1

nl
nl

nl

nl

nl

nl

——Tooth 23

—=—Tooth 22

—a—Tooth 21

—s—Tooth 11

——Tooth 12

—e—Tooth 13

Fig. 9.3 Blood perfusion in the front teeth from 13 to 23. A pattern with hyperaemia followed by ischaemia and
restored pulp vitality is found for each traumatised tooth
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Case1: blood concentration in teeth after a traumatic injury
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Fig. 9.4 Blood perfusion in the front teeth from 13 to 23. A pattern with hyperaemia followed by ischaemia and
restored pulp vitality is found for each traumatised tooth. Intra-oral X-ray of the maxillary front teeth after 2 weeks

.

Fig. 9.5 Situation 2 months before autotransplantation of the maxillary third molars to the mandibular premolar sites
(case 1)
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-

-

Fig. 9.6 One year after autotransplantations (case 1)

Fig. 9.7 Four years after autotransplantations (case 1)
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trauma [58], early loss and congenital aplasia;
these affect mainly the youngsters [59]. The
vitality of these elements is almost always
diagnosed by means of sensitivity and X-rays.
Here, Andreasen [59] provides us with some
numbers, i.e. 5-year survival for an open apex at
transplantation with a 2/3 root formation=98 %
and 10-year survival for the same teeth of at least
80 %, though complications such as primary or
secondary pulp necrosis in 10 % and root resorp-
tion in 10-20 % of cases are possible.

9.7.3 Luxation
of an Autotransplanted
Second Upper Premolar

In an 11-year-old Caucasian girl, a first premolar
was transplanted to the area of the central upper
incisor. This transplantation was performed to
replace a reimplanted, avulsed central incisor
where root canal treatment failed. The trans-
planted tooth was luxated at the age of 13. The
luxated transplanted premolar was splinted for a
period of 10 days and followed-up during
6 months with a control session after 4 years.

Here, also, a similar pattern of sensitivity val-
ues as described in the first case was registered.
In this case, tooth vitality was preserved by LDF
(Figs. 9.8 and 9.9). Once again, a pattern of
hyperaemia, ischaemia and restored vitality
could be determined.

9.7.4 Discussion

LDF is an objective, non-invasive and immedi-
ately readable recording method for blood flow
from teeth with a vascularisation problem. This
technique can reduce the use of subjective and
unreliable sensibility tests to a minimum. An
early and accurate assessment of blood flow is a
significant asset to appropriate treatment, given
that the impact of trauma on the survival of the
pulp usually starts at the time of the accident.

A postponed root canal treatment based on
inaccurate clinical information or the absence of
an apical radiolucency can thus be avoided. As

described by Andreasen et al. [60], we have to
take into account that there is a high pulp survival
for teeth with closed root tips which were
involved in an alveolar bone fracture.

An assessment with simultaneous recordings
using two LDF measuring probes was already
proposed by Mesaros et al. (1997) [32]. They
followed a total avulsion and reimplantation of
upper incisors with open apices. The use of CO,
ice was compared with LDF, LDF being the most
effective and early indicator (3 weeks) for revas-
cularisation of the pulp. Roeykens et al. con-
firmed and extended this observation to an
electric pulp test where reproducible values were
obtained for both after 7 weeks [41].

In these long-term studies, the evolution of
hyperaemia followed by ischaemia and recover-
ing vitality, starting around the ninth week, was
demonstrated (Fig. 9.10). These recordings may
help to give an insight in the evolution of the
recovery of the pulp with impact on treatment
planning of similar cases.

Is There a Need for the Use
of a Splint?

9.8

Recent research from Roeykens and De Moor
(2015) demonstrated that measuring with a
hand-held probe, without a splint, will result in
false judgements [61]. A 25-50 % increase in
flux was registered as compared to the use of a
splint in an identical situation (e.g. 18.8 PU ver-
sus 24.9 PU or 9.8 PU). Therefore, the use of a
splint is advised enabling far more accurate LDF
assessments.

9.9  Reliability/Accuracy of LDF
and Diurnal Variations
9.9.1 Accuracy and Reliability

An initial accuracy of 96.3 % for LDF was
obtained by Chen and Abbott [56]. In a long-term
follow-up of 45 severe trauma cases with a mean
of 3.5 years of monitoring, the pulpal situation
with LDF was helpful in preserving tooth vitality.
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Fig.9.8 Failing Cvek treatment of a reimplanted avulsed
central incisor due to resorption (case 2). (/) Initial treat-
ment: orthosplint. (2) Cvek procedure (calcium hydrox-
ide) length determination. (3) Root resorption
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Fig. 9.9 The central incisor is replaced by an autotransplanted premolar and was subject to a luxation (case 2).

(1) 1-year survival. (2) 4-year survival transplant
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Fig. 9.10 Blood perfusion assessed in the autotransplanted teeth of case 1 and 2
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In only 3 cases, root canal treatment was neces-
sary. The maintenance of pulp vitality in trauma
cases is never predictable, and even after several
months, an ‘initially good response’ may end
up with loss of vitality. As mentioned by
J.0. Andreasen et al. [62], resorption may occur
after luxation with the highest probability for sur-
face resorption (26 %) in combination with lateral
luxation and inflammatory resorption (38 %) with

intrusive luxation. Cone beam computer tomogra-
phy (CBCT) or 3D radiographical diagnosis is in
these trauma cases very helpful, as described by
Anderson et al. [63]. An example to emphasise
the responsibility as dentist to our patients regard-
ing the consolidation of a trauma, e.g. as part of an
insurance file, is given by a case out of our clinic
with 2 years of follow-up and registration of
maintenance of pulp vitality with LDF (Fig. 9.11).

Fig.9.11 Lateral resorption in the root of tooth 41, 2 years after trauma, documented with CBCT
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As a result of a bike accident of a 14-year-old
youngster, the negative outcome of surface and
inflammatory resorption was confirmed by CBCT,
despite positive readings with LDF.

It can be stated that LDF is reliable, though a
combination of diagnostic tests and imaging will
always result in value-added information.

9.9.2 Diurnal Variations

As already mentioned, pulpal blood flow
(Vie=0.16 mm/s) is rather slow in comparison to
gingival blood flow (V,;,,=0.90 mm/s) or the
blood flow in the heart (V,,,.=87+1.5 mm/s sys-
tolic or 121 +2.6 mm/s diastolic annular myocar-
dial blood velocity) [64]. As a result of diurnal/
circadian variations for human blood pressure
and blood velocity, there is a low blood pressure
and perfusion in the morning [65]. It is therefore
interesting to verify if these phenomena can be
registered in human teeth. Roeykens et al. [61]
used LDF on four different day-time moments,
i.e. morning, noon, afternoon and night, and
found the following data (perfusion units): morn-
ing (9-10 am.), 18.9+1.5; midday, 14.3+1.2;
afternoon, 14.2+1.2; and midnight, 9.6 + 1.4. It is
clear that it is best to register pulpal blood flow
with LDF during follow-up sessions at identical
day-time moments.

9.10 DoesLDF Have a Future?

The use of LDF is of great value for treatment
plans in traumatology, periodontology and orth-
odontic surgery including the evaluation of revas-
cularisation in transplanted teeth [66] or the
control of perfusion in various sites after a tissue
graft.

Furthermore, LDF has already innovations
[67] with LDPI (laser Doppler perfusion imaging)
and LDPM (laser Doppler perfusion monitoring).

LDPI maps the perfusion of a larger surface.
This is achieved by a noncontact tissue scan. A
mean perfusion value is obtained from hetero-
geneous tissue with this approach. Well-known
suppliers of these devices are Perimed AB and
Moor Instruments. For this technique, Perimed

uses, with its latest device (PIM3), a step scan
method with the laser beam either at 670 or
690 nm with 1 mm diameter. A full scan of 5 cm
by 5 cm (ability to scan 50 cm by 50 cm) with a
resolution of 265 pixels by 265 pixels lasts
4-5 min. A similar technique is offered by the
moorLDI-2 which uses either a 632 or 785 nm
(NIR) laser. NIR has the advantage of better
penetration through discoloured tissue. This
new technique could be useful for imaging gin-
gival blood flow. The zero ‘probe separation’ for
LDI makes it unlikely to be of any use for the
teeth.

LDPM or laser Doppler perfusion monitor is
like a one-point LDF method which measures
continuously perfusion. The measurement depth
and the volume of the blood sample depend on
the wavelength and the fibre separation. In nor-
mal circumstances and with a fibre separation of
250 pm and a laser output of 1 mW at 780 nm,
the measuring depth will be +0.5-1.0 mm and the
volume to be measured approximately 1 mm?.
The innovation lies in the automatic search of the
most favourable bandwidth (632.8 red light or
543.5 nm green light) [67]

Direct applications in dentistry of these
new LDF technologies are restricted to jaw
surgery with measurement of blood flow in
association with osteomyelitis and in implant
surgery [50, 68], to periodontology and gingi-
val blood flow (smokers) [69] and to ortho-
dontics with blood flow registration in the
teeth after orthognathic surgery [70, 71] evalu-
ation of the impact of conservative dentistry
and the materials used (toxicity) and trauma
on the pulp’s vitality [71, 72].

Conclusion

The value of LDF in dentistry today lies in
enabling early and accurate treatment deci-
sions. Early recognition of a pulp problem
is beneficial for the tooth’s survival and prog-
nosis. The simultaneous use of two mea-
surement probes allows two adjacent or
contralateral teeth to be compared, instantly.
Moreover, this objective technique convinces
both on the short and on the long term as
shown by the evolution of ‘troubled or irri-
tated pulp’ to ‘restored pulp perfusion or vital-
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ity’, which has been demonstrated in different
case studies. The use of LDF will also be
advantageous during the evaluation of blood
flow in other tissues such as tissue grafts, in
bone with osteomyelitis and in the evaluation
of the bone quality during monitoring of the
condition of the tissues surrounding implants.
Despite the limited implementation of LDF in
dental practice, this technique belongs to the
basic instruments of the dental clinic.
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Abstract

The complex anatomy of the root canal system and the limited penetration
depth of the commonly used irrigants into the dentine limit the ability to
clean, debride and disinfect three-dimensionally and completely the root
canal system. Erbium family lasers represent the cutting-edge technology
for the activation of irrigants in endodontics. LAI is introduced here,
emphasising all the different techniques proposed. The mechanism of LAI
and all the conditions that influence LAl efficiency and safety are described
including the wavelength to use, the energy, the pulse duration and pulse
frequency, tip design and tip position into the canal or in the pulp chamber.
Studies on applications of LAI for smear layer removal and canal decon-

tamination are fully debated.

10.1 Introduction

Root canal therapy consists of the enlargement
and shaping of the root canals with hand and
rotary instruments to a size sufficient to deliver
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tissue-dissolving and antibacterial fluids to the
apical area. One of the main problems in end-
odontics is the fluid dynamics of the irrigants in
the confined canal space, which hinders the deep
penetration of irrigant because of the absence of
turbulence over much of the canal volume [1]. A
constant flow of irrigants helps to dissolve
inflamed and necrotic tissue, to disinfect the
canal walls from bacteria/biofilm and to flush out
debris and smear layer from the root canal, and
hence is essential for the endodontic success. The
complex anatomy of the root canal system and
the limited penetration depth into the dentine and
the branches of the endodontic space of the com-
monly used irrigants limit its ability to clean,
debride and disinfect the root canal system three-
dimensionally completely [2].
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A study from Peters et al. (2001) investigated
the efficacy of four different instrumentation
techniques. Their findings demonstrated ineffec-
tive action of the instrumentation tested which
left 35 % or more of the canal’s surface area
unchanged [3].

A study from Ricucci and Siqueira (2010)
reported that the chemo-mechanical preparation
partially removed vital and necrotic tissues from
the entrance of lateral canals and apical ramifica-
tions, leaving adjacent tissue inflamed, some-
times infected, and associated with periradicular
disease [4].

Sodium hypochlorite (NaOCl) is the most
commonly used endodontic irrigant because of
its antimicrobial and tissue-dissolving activity.
As previously reported (see Chap. 3), many fac-
tors influence its effectiveness. Optimisation of
surface tension, concentration, temperature, agi-
tation and flow can improve tissue-dissolving
effectiveness as much as 50-fold [5]. Stojicic
et al. (2010) reported that the sodium hypochlo-
rite with added surface active agent showed lower
contact angle on dentin, resulting in more effec-
tive tissue dissolution when compared with con-
ventional hypochlorite solutions [5].

Macedo et al. (2010) reported that the efficacy
of NaOCI depended on the efficiency of its free
chlorine form and its reactivity. In their experi-
ments, activation of the irrigant resulted in a
stronger modulation of the reaction rate of NaOCl.
They demonstrated that 1 min of activation com-
pensated for 3 min of nonactivated exposure time.
Both agitation and higher temperatures consider-
ably enhanced the efficacy of NaOCL. However,
the effect of agitation on tissue dissolution was
more efficient than that of temperature, with
continuous agitation resulting in the fastest tissue
dissolution [6].

De Gregorio et al. (2010) compared the effi-
cacy of different agitation systems on the activity
of NaOCl and found a limited penetration of the
irrigant into lateral canals using apical negative-
pressure irrigation system (ANP). ANP was most
effective in reaching the working length, in com-
parison to the other tested groups (EndoActivator,
sonic activation, passive ultrasonic activation
(PUI), F file and positive-pressure irrigation).

In contrast, PUI demonstrated significantly more
penetration of irrigant into lateral canals but not
up to the working length [7].

Present-day endodontic research is still
focused on instrumentation and clinical proce-
dures and finding agents that might improve the
success rate of root canal treatment. Improving
the fluid dynamics of the irrigants into the canal
space appears to play an important role [2]. In the
present chapter, the role of the laser in the activa-
tion of the commonly used irrigants in endodon-
tics is explained and analysed (see also Chap. 11).

At present there are two ways to activate irrig-
ants in root canals. First, the fibre can be used in
the canal and is then activated in the canal and in
the irrigant; the fibre is withdrawn at slow speed
out of the canal or can be used stationary or in
motion over a short distance in the canal. This
technique is referred to as laser-activated irriga-
tion (LAI). Second, the fibre is used outside the
canal and is activated in irrigant in the pulp cham-
ber over the orifice [8, 9]. The latter technique
was first described as the PIPS (photon-induced
photoacoustic streaming) technique [10-13]. In
this chapter conventional LAI is addressed. The
use of PIPS is addressed in Chap. 11.

10.2 Mechanism
of Laser-Activated Irrigation

In recent years, research groups have investigated
the possibility of using a laser device for activa-
tion of aqueous solutions.

Blanken and Verdaasdonk (2007), Blanken
et al. (2009), de Groot et al. (2009), Matsumoto
et al. (2011) and Gregorcic et al. (2012)
described, through in vitro visualisation studies,
the mechanism of the laser-activated irrigation
[14-18]. George et al. (2008), De Moor et al.
(2009-2010), DiVito et al. (2011-2012), Peeters
and Suardita (2011) and Deleu et al. (2013) also
investigated in vitro the role of laser to improve
the efficiency of several endodontic solutions in
cleaning and debriding the root canal walls
[19-23]. Macedo et al. (2010) tested the ability
of laser in improving the efficiency of NaOCl
[6], and Peters et al. (2011) investigated in vitro
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the role of the laser in improving the bactericidal
efficiency of NaOCl [12].

To thoroughly understand the mechanism of
laser activation of irrigants, the different devices
and settings used and the protocols proposed over
the last years, it is once again important to con-
sider basic physics and all parameters that deter-
mine the slight differences in the interaction and
mechanism of light energy with aqueous medi-
ums. Important are:

e The laser-target interaction, i.e. wavelength
specificity for the target or substrate and the
target chromophore itself and their effects on
the irrigation

* The settings including energy, pulse repetition
rate, pulse duration and finally the fluence

e The geometry of the fibre/tip end, i.e. the
design of the tip and tip end, the fibre/tip
diameter and the position of the fibre/tip in the
root canal

* The dimensions of the apical preparation

10.2.1 Wavelengths and Target
Chromophore

The first concept to be introduced and understood
is the use of the correct wavelength.

af[1/cm]

10° 7

Absorption coefficient (1/cm)

Fig.10.1 Water

Irrigants are solutions with different percent-
ages of different molecules in water.

The interaction of laser light with water follows
the rules of optical physics. Light can be reflected,
absorbed, diffused or transmitted (see Chap. 4).

An interaction between laser light and
water occurs when there is optical affinity
between them. The less the affinity, the
more light will be reflected and transmit-
ted. The more the affinity, the more the light
will be absorbed.

Due to the specific affinity of water with
medium infrared lasers, specifically the erbium
laser family (Er:YAG and Er,Cr:YSGG), these
two wavelengths are currently the only two
capable of being extensively absorbed by differ-
ent irrigant solutions, taking into account a safe
use and respecting accepted clinical parameters
[24, 25]. The erbium: YAG laser wavelength oper-
ates into the peak of absorption of water, at
2940 nm, while the erbium, chromium:YSGG
laser wavelength is slightly less absorbed by water
at 2780 nm (55-60 % less) [26, 27] Fig. 10.1.

In addition, the medium infrared lasers
(2780-2940 nm) are absorbed also by water in
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the dentinal walls [28], creating ablation in the
dentin when the energy applied is appropriate
(see threshold of ablation: Sect. 4.6.1). This is an
important topic that differentiates conventional
laser use in a dry root canal from activation of the
laser in the irrigant (LAI and PIPS). The latter
will be explained in more detail in Chap. 11.

Studies were also performed to investigate the
ability to induce agitation of liquids using differ-
ent sources such as pulsed light (optical paramet-
ric oscillator) wavelengths of 490-555 nm and
Nd:YAG 1064 nm [29, 30].

Levy et al. (1996) found that Nd:YAG laser
irradiation induced pressure waves when applied
to water-filled root canals. The experiment was
performed using the technology available at that
time, with different optical fibres (200, 300, 400
and 600 pm) activated in the canal at 50 Hz with
power settings of 5, 5.5 and 6.0 W, using an 800 ps
pulse duration [31]. The high power used explains
the extremely thermal nature of this interaction
with the energy delivered by a very long pulse
without any affinity of this wavelength with the
substrate. In effect, the visible and near-infrared
lasers are absolutely not absorbed in water. Hence,
no interaction (absorption or diffusion) occurs
when the water is irradiated. The laser light is only
delivered through the water (transmission), trans-
ferring heat if the parameters used are very high.

This was confirmed in a study by Meire et al.
(2009) who investigated the antibacterial action
of irradiation with different laser wavelengths
(Nd:YAG, KTP), photoactivated disinfection
(PAD) and 2.5 % sodium hypochlorite (NaOCI)
on Enterococcus faecalis bacterial suspensions
(in vitro) and in infected tooth models using an
aqueous suspension (ex vivo) [32]. These laser
systems, at the settings used (Nd:YAG at 1.5 W,
15 Hz; KTP at 1 W, 10 Hz; both with a 200 pm
fibre, activated five times during 5 s with 20 s
intervals), were less effective than NaOCl in
reducing E. faecalis both in vitro and in the
infected tooth model. This might be due to poor
absorption of the Nd:YAG and KTP wavelengths
in water. Meire et al. explained the survival of
bacteria, likely with the transmission of the laser
beams through the bacterial suspension, rather
than absorption. The lack of interaction with the

root canal wall when Nd:YAG is activated in
NaOCl was also confirmed in the study of
Michiels et al. (2010) [33].

Hmud et al. (2010a) tested whether near-
infrared 940 and 980 nm diode lasers could
induce cavitations in aqueous media [34]. In
another study they investigated the temperature
variation inside a root canal and outside on the
root surface during diode laser irradiation in
water-filled canals [35]. At the settings used in
these studies (4 W/10 Hz for the 940 nm and
2.5 W/25 Hz for the 980 nm diode lasers, both
with a 200 pm optical fibre), the irradiation
induced a rise in temperature as much as 30 °C
within water inside the canal with only modest
temperature changes of 4 °C on the external root
surface reported. So, these wavelengths may be
explained to act more as heaters rather than acti-
vators of the irrigants. In this respect, Deleu et al.
(2013) showed that using a high-power diode
laser for induction of cavitation may result in
areas of carbonisation where the fibre touches the
root canal wall dentine [23]. Accordingly, other
studies reported more a synergistic effect of 810
and 980 nm diode lasers with NaOCI, EDTA or
citric acid rather than an activation of the irrig-
ants in root canals with these substances [36—38].
In the experience of the authors, the 810 and
940 nm diode laser or neodymium:YAG laser
(1064 nm) does not induce cavitation effects
using present-day advocated clinical parameters.
However, using an Nd:YAG laser at 1320 nm,
Moon et al. (2012) reported the induction of cavi-
tation bubbles at 1.5 W and 15 Hz. The latter
wavelength implies a higher absorption in water
or aqueous solutions [39] (see Fig. 10.1).

Finally the CO, laser operating in the far-
infrared spectrum of the light also is highly
absorbed by water but is currently not used for
root canal treatment because specific tips or
fibres are not available.

10.2.2 Laser Target Interaction:
Effects on Irrigants

Several studies investigated the fluid dynamics of
laser-activated irrigation (LAI) through high-speed



WWW.HIGHDENT.IR

QS 10159 9 Ol jludluss jles

10 Laser-Activated Irrigation (LAI)

197

visualisation both in free water and in root canal
models using Er,Cr:YSGG laser [8, 9] and differ-
ent Er:YAG lasers [16-18].

The high-speed imaging methods used in
these studies enabled to capture images with
microsecond resolution, allowing the understand-
ing of the working mechanism of LAI in the root
canal.

10.2.2.1 Photothermal Interaction:
Heating of the Irrigant

Bubble Formation and Collapse: Expansion
and Implosion of Vapour Bubbles in Water
The first effect of the absorption of erbium laser
in water is a thermal effect. When the laser energy
is absorbed in a layer of water of a few centime-
tres, an instantaneous superheating of the irrigant
to the boiling point of water (100 °C) generates
an initial vapour bubble which expands at the tip
of the fibre and ends with consecutive implosion
[14-18].

Blanken and Verdaasdonk (2007) first
described an Er:Cr:YSGG laser generating a
vapour bubble that started to expand at a high
speed from an opening in front of a flat end firing
fibre [14]. They observed that as the laser contin-
ued to emit energy, the light passed through the
bubble, evaporating the water surface at the front
of the bubble, advancing through a channel in the
liquid until the pulse ends at about 130 ps (the
duration of a single pulse was about 130-140 ps
for the Er,Cr:YSGG laser). This mechanism had
been previously referred to as “the Moses effect
in the microsecond region” by van Leeuwen et al.
(1991) [40].

The collapse of the laser-induced bubble fol-
lows immediately after the expansion. The
shrinkage creates a cavitation-generated pres-
sure wave that travels at supersonic speed (shock
wave) in the beginning and at sonic speed
(acoustic waves) later [17, 41]. Also a high-
speed liquid jet is formed [42] and fluid sur-
rounding the bubble quickly flows inside the
decompressed vapour gap, inducing fluid veloci-
ties of several metres per second. It was esti-
mated that when an Er,Cr:YSGG is used with a
400 pm flat tip within the canal, fluid movement

inside the root canal occurred immediately after
each pulse, with fluid speeds up to 20 m/s
(72 km/h) [14]. In a following study, Blanken
et al. (2009) observed a fluid velocity of 21 m/s
using an Er:Cr:YSGG with a 200 pm flat tip at
75 mJ-20 Hz (velocity was calculated based on
the measurement of bubble growth and collapse
versus time) [15]. Research demonstrated that
the dynamics of bubble growth in the root canal
model was different from the free-standing water
situation [15, 17]. In the root canal model, the
lateral expansion is limited by the canal walls.
The forward expansion is oscillated by the water
in front, while the backward expansion is
blocked by the fibre so that pressure inside the
bubble remains high for a long time since it has
to overtake the resistance of the water in such a
small canal. This process delays about three
times the dynamics of expansion and implosion
compared to the free-water situation as described
from Blanken and Verdaasdonk (2007) and
Matsumoto et al. (2011) [15, 17].

10.2.2.2 Hydrodynamic Cavitation

Bubbles Cavitation and Shock Waves
Cavitation is defined as “the formation of an
empty space (bubble) and fast collapse of a bub-
ble in a liquid” [43, 44].

The process is very fast and evolves mainly in
the range of 100 ps—1 ms. When a bubble col-
lapses, primary cavitation is formed, followed by
secondary cavitation bubbles that create high-
speed fluid motions in the canal [15, 16]. The sec-
ondary cavitation bubbles are much smaller
compared with the first vapour bubble. Also, after
the collapse of secondary cavitation bubbles,
even smaller bubbles are generated, later disap-
pearing in decreasing numbers [17]. The primary
and secondary cavitation bubbles create micro-
jets in the fluid that generate high forces and
shear stress along the dentin walls sufficient to
remove smear layer and biofilm [15] (Fig. 10.2).
In the previous chapter (Chap. 3), the possibility
that a laser-induced plasma event through ionisa-
tion of the vapour in the induced bubble provides
an additional way of cleaning the root canal walls
was also reported [45].
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Fig. 10.2 Different bubble shape, size and cycle generated by different tips with the same laser device (a) 300 pm
Preciso flat tip and (b) X-Pulse conical tip for Er: YAG laser, Fotona (Reprint with permission from Gregorcic et al. [18])

10.3 The Power of the Bubbles:
Parameters That Influence
Bubble Formation

10.3.1 Effect of Energy

Blanken et al. (2009) and de Groot et al. (2009)
observed that the size and the life cycle of a bub-
ble, in free-water environment, depended on the
energy applied [15, 16]. These findings are also
confirmed by the authors (data not published):

e The threshold of water vaporisation (the
moment of bubble formation) was reached ear-
lier when higher-pulse energy was applied and
also continued longer compared to lower ener-
gies, explaining the starting time of bubble for-
mation and different cycle time of the bubble.

* The size of the bubble was larger for higher
energies.

* The dimensions of the bubble were larger for
larger-diameter fibres at the same laser energy
setting. This finding must be emphasised
because this is opposite to the concept of flu-
ence in laser physics.

Table 10.1 reports the energy used in the dif-
ferent LAI studies.

10.3.2 Effect of Pulse Duration

In addition to the energy used, the duration of the
single pulse (from few microseconds to hundred
microseconds) is an important parameter that
influences the bubble formation and size. The
lifetime (or life cycle) of a laser-induced bubble
depends on the duration of the single pulse.
Different pulse durations of different lasers were
investigated. Pulse durations ranging from 140 ps
for the Er,Cr:YSGG (Waterlase, Biolase, Irvine,
CA, USA) [14, 15] to 250 ps for the Er:YAG
(Erwin AdvErl, Morita, Osaka, Japan; Versawave,
Hoya ConBio, Fremont, Ca, USA) influenced the
start and end duration of the bubble cycle and
also its size [17, 18].

Shorter pulses in the range of few microsec-
onds are responsible for a faster start formation
of the bubble. Furthermore, shorter pulses are
responsible for higher peak power. Accordingly,
using very short pulse duration allows for lower
energy to create bubble sizes similar to a bubble
induced by higher energy with longer pulse dura-
tion (data not published).

It is important to underline that the use of energy
setting above the threshold of ablation of dentin can
produce possible ablative and thermal effects on the
dentin walls. The latter is also correlated with
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irrigant depletion within the canal, easily achieved
when energies higher than the energy threshold (of
dentin) are used. The short pulse duration of 50 ps is
one of the unique features of an advanced laser acti-
vation technique, the PIPS technique, which will be
presented in the next Chap. 11.

10.3.3 Effect of Pulse Frequency

The pulse frequency (or pulse repetition rate)
expresses the number of pulsesin 1 s.

Previously reported studies on the mechanism
and the efficacy of LAI were performed isolating
one single pulse and exploring cavitation through
the formation and collapse of the single bubble.
The succession of several pulses in 1 s generated
more bubbles, and a sequence of several seconds
of irradiation even more creates a strong cavita-
tion inside the root canal. No studies were
reported on the influence of different pulse fre-
quencies on the efficiency and effectiveness of
the irrigant activation. Most of the studies used
20 Hz as pulse repetition rate. In addition, it must
be emphasised that the laser used in some of
these studies had the pulse frequency fixed at
20 Hz and without any possibility to vary this
parameter [14, 15, 20, 21]. de Groot and Macedo
utilised 15 Hz [6, 16], while Peeters and Mooduto
and Peeters and Suardita 35 Hz [46, 22].

In the author’s experience, frequencies from
15 to 20 Hz are ideal to allow effective cavita-
tion, while higher repetition rates create ineffec-
tive overlapping shots, resulting in a standing
wave that moves irrigant only close to the end of
the tip and not distant as seen with the PIPS
technique.

10.3.4 Effect of Different
Wavelengths

George et al. (2008) found no difference in perfor-
mance between the 2780 and 2940 nm laser sys-
tems when matched for all other parameters [19].

de Groot et al. (2009) underlined that the size
of the laser-generated bubble depended on the

Fig. 10.3 SEM image of the root canal after LAI per-
formed with an Er,Cr:YSGG laser (2780 nm) equipped
with end-firing tip and retracting it up and down, at 1.1 W
(75 ml, 15 Hz). The irrigant vaporisation after few sec-
onds of irradiation caused dry thermal radiation on the
dentin walls and ineffective irrigation; note the overlap-
ping hot spot expression of thermal effect (Reprint with
permission from DiVito et al. [10])

absorption by the irrigant according to the wave-
length of the laser [16].

De Moor et al. (2010), comparing the effects of
Er:YAG and Er,Cr:YSGG wavelengths for activa-
tion of the irrigant for smear layer removal, reported
similar results with both the wavelengths [21].

However, from a theoretical point of view, the
difference in water absorption of the two differ-
ent erbium laser wavelengths [26, 27] should
suggest that the Er,Cr: YSGG laser, less absorbed
in water, requires more energy to generate the
same bubble size of an Er:YAG laser. This could
be a problem correlated to the higher energy
irradiation in the root canal as previously
reported (ablative and thermal effect on dentin
walls during irrigant depletion) (Figs. 10.3, 10.4
and 10.5).

10.3.5 Effect of Tip Design

The tip design also affects the shape of the laser-
induced bubble and the direction of the energy
emission. Conventional laser tips and fibres are
flat-end firing so that no energy is directed
laterally.
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Fig. 10.4 SEM image of the root canal after LAI
performed with an Er,Cr:YSGG laser (2780 nm) equipped
with end-firing tip and retracting it up and down, at 1.0 W
(50 mJ, 20 Hz). The irrigant depletion caused dry
irradiation and successive melting of dentin surface in the

apical area

Fig. 10.6 Flat end-firing tip for Er,Cr:YSGG laser
(Waterlase MD and iPlus, Biolase); the tip is available in
different diameters (200-300-400 pm) and length

Fig. 10.7 Flat end-firing and conical tips for Er:YAG
laser (LightWalker, Fotona); the tips are available in dif-
ferent diameters (300—400 pm)

Fig. 10.5 SEM image of the root canal after LAI
performed with an Er,Cr:YSGG laser (2780 nm) equipped
with end-firing tip and retracting it up and down, at 1.1 W
(75 ml, 15 Hz). The irrigant depletion caused dry irradiation
and successive superficial thermal damage on dentin walls
(Reprint with permission from DiVito et al. [10])

Fig. 10.8 Conical tip for Er:YAG laser (AdvErl, Morita,
Osaka, Japan); the tip is available in different diameters
(200-300 pm)

This may be problematic in some clinical pro-
cedures such as the irradiation of periodontal
pockets or root canals for both the efficacy and
the safety of the procedure. Today tips are avail-
able with different designs such as conical
shaped, tapered and tapered and stripped
(PIPS™), thereby allowing more energy to be
delivered laterally and less frontally. The conical
shape and the stripped part of the tip allow for
lateral diffusion of the energy in the irrigant fluid,
decreasing the frontal pressure and improving the
safety of the procedure [17, 19, 20, 21, 47]
(Fig. 10.6, 10.7 and 10.8).
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This hypothesis has been confirmed by the
findings of three research papers.

Blanken and Verdaasdonk (2007), Matsumoto
etal. (2011) and Gregorcic et al. (2012) reported
a different shape of the bubble, related to the dif-
ferent tip design [14, 17, 18]. The flat laser gen-
erated an oval bubble, long and almost
elliptically shaped due to the frontal emission of
energy [15, 18]. The use of a conically shaped
tip resulted in the formation of a round bubble
due to the three-dimensional (frontal and lat-
eral) emission of the energy [17, 18] (see
Fig. 10.2). Matsumoto et al. in their experiment
used an Er:YAG laser (Erwin AdvErl, Morita,
Osaka, Japan) equipped with a conically shaped
tip (R200T; Morita), which can emit the laser
energy laterally on the root canal wall [17]. The
lateral emission rate was calculated at approxi-
mately 80 %. The outer diameter of the fibre was
300 pm, frontal emission rate was 37 %, top
angle was 84° and the length was 18 mm. Other
observations of this study confirmed also the
safer use of the conically shaped tip when com-
pared with a flat tip, avoiding apical damage or
extrusion [17].

George and Walsh (2011) in one of their stud-
ies assessed the performance of four different
laser systems (diode 980 nm, Nd:YAG,
Er:Cr:YSGG and Er:YAG) with fibre modifica-
tions resulting in increased lateral emission. Also
here, the modified design involved the tip end to
reduce the irradiation directed toward the apex.
The distribution of laser energy with the different
tip designs was explored using a thermochromic
dye used to paint the root surface of extracted
teeth. The three safer-tipped ends gave reduced
emissions in the forward direction (range
17-59 %) with similar lateral emission character-
istics [47].

The difference in shape design of the tips
and their different position into the canal,
together with the size of apical preparation and
the energy used, explain the conditions for the
possible extrusion of the irrigants through the
apex.

10.4 Other Conditions That
Influence LAI Efficiency
and Safety

Current studies on LAI differ in many aspects.
Besides the different laser systems and settings
used, the difference in enlarging and shaping of
the root canal, the apical preparation size both
in vitro and in experimental models and the posi-
tion of the tip within the canal are all conditions
closely related to the efficiency and safety of the
LAI technique.

All the currently used conventional irriga-
tion systems required that the root canal is
enlarged and shaped to a size sufficient to
deliver antibacterial fluids and flush out debris
from the root-canal space. In order to have
effective irrigation, the size of the syringe tip
has to be chosen in accordance to the size of the
apical preparation, and the irrigant’s extrusion
from the needle is limited to 1-2 mm beyond its
tip [48]. Laser-activated irrigation is more effi-
cient than conventional hand syringe and tends
to be more effective than PUI [16, 19-21].
However, LAl efficacy depends on the one hand
on the efficiency of the different systems used
and on the other parameters previously high-
lighted (energy and pulse duration, tip design
and diameter).

10.4.1 Apical Preparation and Root
Canal Shaping

The apical constriction and the size at working
length influence offset conditions for possible
extrusion of irrigants.

George and Walsh (2008), with their in vitro
dye study, found that there was a threefold
increased extrusion in the ISO#20 apical con-
striction group versus the ISO#15 group when
matched for the same laser system, fibre design
and distance from the apex [49]. They also
reported that with a considerable flaring of the
canal orifice (they prepared the working length at
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ISO#50), the apical direction of the fluid stream-
ing will be enhanced, possibly resulting in greater
fluid extrusion through the apex [49, 50].

Table 10.2 reports the different apical
preparation dimensions used in the experimental

10.4.2 Tip Position

Data reported in Table 10.2 show the inconsis-
tency in fibre/tip-end position in the root canal. In
order to prevent extrusion, the laser fibre/tip

studies on LAIL should be kept away from the apex. On the other
hand, efficient and safe cleaning and disinfection
of the root canal have to be ensured. At present
there are two approaches: the one moving or keep-
ing the fibre tip stationary in the root canal and the
other using the fibre tip stationary in the pulp
chamber. The difference between the conventional
approach (fibre in the root canal) and the PIPS
protocol (fibre out of the root canal) will be
explained in more detail in the next chapter
(Fig. 10.9).

Blanken and Verdaasdonk (2007) reported the
formation of the vapour bubbles up to 4.5 mm
distance from the 200 pm flat tip using an
Er:Cr:YSGG with a 200 pm flat tip [14] and
Blanken et al. (2009) at 3.0-3.5 mm using the
same wavelength and parameters [15].

PO O®

Table 10.2 Overview of apical sizes and tapers of the
root canal prepared teeth used in conventional LAI studies

Apical sizes and taper of
the preparation
ProTaper F5

ISO 35 — taper 0.06
ISO 40 — taper 0.06
ISO 40 — taper 0.06
ISO 20-30 — taper 0.02
ISO 40 — taper 0.06
ISO 35 — taper 0.04
ProTaper F3

ProTaper F3

ISO 30 - taper 0.06
ISO 30 — taper 0.06

Investigation

George et al. 2008 [19]
De Groot et al. 2009 [16]
De Moor et al. 2009 [20]
De Moor et al. 2010 [21]
Peeters and Suardita [22]
Seet et al. (2012) [51]
Bolhari et al. (2014) [62]
Guidotti et al. (2014) [52]
Bago Julic (2014) [64]
Licata et al. (2015) [53]
Deleu et al. (2015) [23]
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Fig. 10.9 LAI advocates positioning the tip inside the canal filled with irrigant. The graphic representation shows the dif-
ferent techniques proposed for laser-activated irrigation: (a) 200-300 pm flat and conical tips are positioned stationary
5 mm from the apex [20, 21, 23]; (b) 280 pm flat tip at 1 mm short of the working length and moved it slowly up and down
in the final 4 mm of the apical third [16]; (¢) conical tip inside the coronal one-third only (for 4 mm) slowly withdrawing
it back to the pulp chamber [51]; (d) 300 pm flat tip inside the canal [52]; (e) 200 pm conical tip at the entrance of the
orifice [53].(f) 600 pm flat tip in the chamber hovering over the orifice of the canal [22]
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George and Walsh (2008) positioned both
conical and flat 400 um tips of both Er,Cr:YSGG
and Er:YAG laser at distances of 5 mm and
10 mm from the apical stop [49].

de Groot et al. (2009) and Macedo et al. (2010)
positioned the 280 pm flat tip of an Er:YAG laser
1 mm short of the working length and moved it
slowly, up and down in the final 4 mm of the api-
cal third [16, 6].

De Moor et al. (2009-2010) in their investiga-
tions on debriding efficacy used both Er,Cr: YSGG
and Er:YAG laser and positioned the 200 pm flat
tip of both lasers at a distance of 5 mm from the
apical stop [20, 21]. In a third study (Deleu et al.
2013), this protocol was repeated with an Er: YAG
laser and a 300 um flat-ending fibre tip [23].

Matsumoto et al. (2011), in their investigation
on the mechanism of LAI, inserted their 200 pm
(external diameter was 300 pm) conical tip of an
Er:YAG laser at 2 mm and 5 mm short of the bot-
tom of the root canal [17].

Peeters and Suardita (2011) in their investiga-
tion on the efficacy of the Er,Cr: YSGG for smear
layer removal [22] and Peeters and Mooduto
(2012) in an vivo study positioned a 600 pm flat
tip in the pulp chamber, hovering over the orifice
of the canal [46].

Seet et al. (2012), in their bactericidal study,
inserted a conical tip (diameter not reported) of
an Er:Cr:YSGG laser inside the coronal one-third
only (for 4 mm), slowly withdrawing it back to
the pulp chamber [51].

Guidotti et al. (2012) investigated the ability
of the Er:YAG laser for the debriding of the root
canal, using a 300 pm flat tip, positioned inside
the canal of decoronated teeth: the exact position
was not specified [52].

Licata et al. (2013) in their microbiological
study used an Er,Cr:YSGG laser with a 200 pm
radial-firing tip positioned at the entrance of the
canal orifice and kept stationary [53].

Some of the present studies agree that it is not
necessary to insert the laser tip close to the apex
or apical end of the preparation, but instead sug-
gest to position the fibre tips (200-300 and
320 mm in diameter) at 5 mm from the anatomi-
cal apex [17, 20, 21, 23]. One of the reasons was
to take care not to extrude the irrigant beyond the
apex.

10.4.3 Apical Extrusion

George and Walsh (2008) in a dye penetration
study found no significant difference in the extru-
sion at both the distances of 5 and 10 mm from
the apical stop using both a 400 pm flat tipat 1 W
and a modified 400 pm conical tip at 0.75 W for
5 s. In addition, the volume of fluid extrusion was
similar to conventional 25 G needle irrigation,
but it was distributed further from the apex by a
factor of approximately four times [49]. They
concluded that erbium lasers can create pressure
waves of sufficient force to easily propel aqueous
irrigant beyond the apical constriction when the
apical foramen is larger and if the fibre tip is held
too close to the apex inside the canal system [49].

On the other hand, De Moor et al. (2009-2010)
in previously cited investigations observed under
a magnification of 40x no damage on the apical
structure after 4 cycles of 5 s of laser-activated
irrigation [20, 21]. In their study in 2009 [12], it
was demonstrated that positioning of the fibre tip
at 5 mm from the apical stop resulted in total
clearance of a coloured liquid. Hence, this dis-
tance of 5 mm was also chosen as a safety crite-
rion and confirmed as safe and without damage in
the studies of 2009 [20] and 2010 [21].

The difference between these two studies, per-
formed with different settings (50 mJ and 37.5 mJ
vs. 75 mJ by De Moor et al.) and laser devices,
could be attributable to the different tip-design
diameters used. De Moor et al. used 200 pm flat
tips while George and Walsh used both the flat and
conical 400 pm fibre tips with different preparation
sizes at the working length: ISO#50 for George and
Walsh and ISO#40 for De Moor et al. [49, 21].

Matsumoto et al. (2011) observed a second
series of cavitation bubbles at the bottom of the
root canal model when the conical tip of an
Er:YAG laser was inserted 2 mm shorter than the
bottom of the model. However, when the tip was
positioned 5 mm shorter at an energy setting of
70 mlJ, there were small secondary cavitation
bubbles [17]. In this case the difference could
also be attributable to the different pulse duration
of the different laser systems used.

Peeters and Mooduto (2012) were the first to
test in vivo, using radiographic interpretation, the
possibility of apical extrusion of irrigant
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occurring during laser-activated irrigation [46].
The study comprised 181 patients with asymp-
tomatic anterior and posterior teeth (for a total of
300 root canals) that required endodontic therapy
for pulpal necrosis, with or without radiographi-
cally visible chronic periapical lesions and with-
out periodontal probing. The final apical
preparation was performed using hand instru-
ments ranging from ISO#30 to ISO#80, for the
56 root canals with large apices and with 12 cat-
egorised with open apices. The final irrigation
was performed with a mixture of 2.5 % NaOCl
and contrast medium, and LAI with an
Er,Cr:YSGG laser at 1 W and 35 Hz (28.5 mlJ)
with a plain quartz tip of 400 pm diameter (60 s
for teeth with one canal or two canals and 120 s
for teeth with three or four canals). Radiography
was performed to observe the presence or absence
of contrast medium in the apical tissues.

Despite the finding of the in vitro study con-
ducted by George and Walsh (2008) that showed
apical extrusion following the use of Er:YAG and
Er,Cr:YSGG lasers [49], this in vivo study from
Peeters and Mooduto (2012) showed no evidence
of apical extrusion after LAIs [46].

It must be emphasised that there is a differ-
ence in study environment between the in vitro
study where there were no differences between
the internal and external canal pressure and the
in vivo study where the pressure of the surround-
ing periodontal ligament and bone or the intra-
cystic pressure of the large lesions could create a
positive pressure that inhibits the extrusion [46,
54]. Peeters and Mooduto recommended the use
of the tip not introduced into the canal, but hover-
ing above the orifice in the pulp chamber and to
not exceed 2 W of power (57 mJ at 35 Hz) [46].

Peeters and De Moor (2014) showed that it is
relatively easy to exceed capillary pressure (with
an overall mean pressure of 88.5 (£36.2) mmHg)
when 200 pm endodontic [conical (radial firing)
and flat (end firing)] tips were placed 5 mm inside
the orifice of a root canal [55]. The tips were used
at 0.75 W and 1.75 W, at 35 Hz (21.5 mJ and
50 mJ respectively), and 140 ps pulse duration. It
has been mentioned that capillary blood pressure
in the human body is approximately 25 mmHg in
the capillary bed [56], 30-40 mmHg at the arte-
rial end of the capillaries and 10-15 mmHg at the

venous end [56]. However, the overall mean (SD)
pressure was 9.1 (+3.8) mm Hg when the conical
(radial firing) and the flat (end firing) tips were
placed at the orifice. In this study an apical prepa-
ration size of ISO 40 and a 6 % taper were used
because apical preparation sizes of ISO 3040
have been recommended as minimal preparation
endpoints. These diameters allow for effective
irrigation and facilitate the removal of debris
[57]. Based on their findings, they made the fol-
lowing recommendations:

1. Before the procedure, all patients should be
informed that if any uncomfortable feeling
occurs, they should give a signal to the operator,
and the operator should stop the procedure.

2. The tip of the laser should not be introduced
deep into the canal, but be made to hover
above the orifice or the cervical region of the
tooth.

3. Because the irrigation is continuously driven,
a rubber dam should be compulsory, and suc-
tion should be applied at all times.

4. No binding should occur between the tip and
the canal.

Considering the different protocols presented
in the various studies, not only is it not necessary
to place the tip close to the apex, but it is possible
to conclude that LAI is safer and similar in effec-
tiveness for root canal wall debridement and
removal of smear from the root canal walls when
the tip is positioned farther from the working
length [17, 20-23] and the canal is less exten-
sively prepared during shaping. Caution, how-
ever, must always be exercised against forcing
the irrigants through the apex during laser activa-
tion particularly when using NaOCl.

10.4.4 Temperature Variation

During the LAI procedure, direct irradiation of
the dentin surface does not occur because the
interaction is properly restricted to the irrigant
fluid within the canal. Indeed, due to the high
absorption in water of the erbium wavelengths,
transfer of laser energy directly to the dentinal
wall is negligible. Nevertheless, some problems
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may occur during the procedure, such as irrigant
depletion when high-energy peak power is used,
requiring additional injection of irrigant during
laser activation. The latter also occurs when high-
energy peak powers are used in narrow canals.

Care must be taken to avoid too high an increase
in temperature inside the root canal system.

George and Walsh (2010) investigated the tem-
perature changes occurring after laser irradiation
through a laterally emitting conical tip or flat tip,
using both an Er:YAG and Er,Cr: YSGG laser [58].
They positioned a thermocouple located 2 mm
from the apex to record temperature changes. All
the combinations of lasers and fibres used caused
minimal temperature increases (less than 2.5 °C)
during lasing, while water irrigation attenuated
completely the thermal effects of laser irradiation
using an effective power of 1 W with the flat tip
and 0.75 W with the conical tip at 20 Hz.

Peeters and Mooduto (2012) investigated the
temperature changes, measured inside the root
canal and on the outer root surface during cavita-
tion generated by an Er,Cr:YSGG laser using
17 % EDTA and 3 % NaOCl solutions. The irrig-
ants were activated with 2 W at 35 Hz (effective
power 1.2 W) with a 600 um flat tip for 120 s,
inducing a temperature variation never exceeding
5 °C. The mean temperature was 25.2—
27.1 °C. They concluded that the changes in tem-
perature produced by laser-induced cavitation
were generally acceptable [59].

Guidotti et al. (2012) tested the ability of
Er:YAG laser to remove smear layer from pre-
pared root canal walls using an intermittent activa-
tion technique (5 s of activation in fresh irrigant for
at least three times) during laser treatment.
Temperature variations were also analysed. An
average deep temperature increase of 3.5+0.4 °C
was recorded by a thermocouple, while the ther-
mal camera showed an average superficial tem-
perature increase of 1.3+0.2 °C produced by the
laser tip used at 1 W with a 300 pm tip. Deep and
superficial temperatures fall immediately after
irradiation. No structural damage or anatomical
alteration was reported by SEM investigation [52].

It can be concluded that there is no periodon-
tal damage due to temperature increase of the
irrigant during LAI.

10.5 Laser Chemical Effects
on NaOCI

Blanken et al. (2009) found identical cavitation
effects when an Er:Cr:YSGG laser was activated
both in water and NaOCl in root canals [15]. This
finding was also confirmed by Meire et al. (2013)
who recently investigated the optical properties
of root canal irrigants [25].

The chemical effect of LAI on sodium hypo-
chlorite in root canals was first studied by Macedo
et al. (2010), comparing different activation sys-
tems. They reported that Er:YAG laser (Keyll,
KaVo, Germany) activation of NaOCl irrigant was
significantly superior in increasing the reaction
rate of this solution, during both the activation
phase and the rest interval [6]. This finding is very
important, considering that the efficacy of NaOCl
depends on the availability of its free chlorine
form and its reactivity. Van der Sluis suggested to
use an intermittent instead of a continuous flowing
technique. The inclusion of a rest phase allows
NaOCl to further react. After laser activation of the
irrigant and the rest phase, the consumed solution
is replaced by fresh active solution. More research
is needed at present to determine the duration of
the rest phase after LAI It is also seen that parti-
cles keep on moving to the surface of the irrigant
solution after activation.

Lately, Kuhn et al. (2013) investigated in vitro
the effect of Er: YAG laser irradiation on the abil-
ity of NaOCl to dissolve soft tissue during end-
odontic procedures. The study concluded that
laser activation of NaOClI, using a plain-ended
fibre tip at 0.2 W power leads to an effective soft
tissue dissolution [60].

The aspects of the reaction rate of NaOCl are
extensively discussed in Chaps. 3 and 11.

10.6 Laser-Activated Irrigation:
An Appraisal
of the Influencing Factors

Although there is a heterogeneity in data compli-
cating interpretation, the amount of information
available helps one to better understand the
mechanism of action for LA its efficiency, the
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different protocols being used and possible
related problems. Despite some contradictory
findings, a number of factors influence irrigant
agitation during laser-activated irrigation:

(a) Different laser systems have been used for
LAI. At present, both Er:YAG and
Er,Cr:YSGG are most appropriate for agita-
tion of irrigants. These lasers are marketed
with different delivery systems (articulated
arm, optical fibre or hollow fibre). It is seen
that pulse duration conditions the efficiency
of the irradiation and the corresponding acti-
vation. It is not possible to modify this setting
for all marketed erbium lasers; the latter also
accounts for the frequency. The other param-
eters such as energy can be more easily
changed. So, comprehension of the action of
the specific laser system is needed in order to
modify the settings in an attempt to arrive to
the same efficiency for the procedure.

(b) Different energy settings are used with the
same wavelength. This includes the power
setting, the pulse repetition rate and pulse
duration. As explained before, the final set-
tings are dependent on the specific laser used.
Based on the good results obtained from all
investigations, there is a tendency in the last
several years to rely on lower energy.

(c) Different tip diameters and designs have also
been investigated. Initially, only flat-end
fibres were marketed. Today, since 2010 dif-
ferent types of conically shaped tip ends are
available. The choice of use not only depends
on the expected efficiency but also on the
ongoing progress of the research and on the
progress in technology. Not all manufacturers
provide the different types of laser tips.

(d) Different fibre tip positions during activation
are now proposed. From the initial use of
fibre tips in the irrigant in the root canal, we
have evolved to the use of fibre tips in the
area of the entrance of the root canal. Next to
tip design, emphasis is given to larger tip
diameters responsible for superior activation.

(e) Differences in positioning of the tips inside
the canal, at the orifice or in the pulp cham-
ber, were used with different techniques.

Initially the fibre tips used in the root canal
demonstrated good cleaning efficiency. At
present there is a tendency to no longer place
the fibre in the root canal. The choice for one
of these approaches has to be associated with
a critical appraisal of the effects of the
expected laser-target interaction. A safe use is
mandatory. Therefore, it is better to rely on
high peak powers (short pulse duration and
low energy) with the fibre in the region of the
orifice and not in the root canal, especially
not in the apical third.

(f) Different time periods of irradiation were also
explored to match the correct settings and pro-
tocol with each laser system. Currently a 20 s
interaction (4 times 5 s) in the root canal, with
energy between 50 and 80 mJ (pulse durations
around 140 ps and 20 Hz) of uninterrupted
activation outside the root canal is equal to the
effect of ultrasonically activated irrigation.
The most significant finding is that the effect
of LAI is obtained in a three times shorter
time period than with ultrasound.

(g) Different apical sizes of the shaped root
canals were utilised in in vitro studies. There
is a general tendency to limit apical prepara-
tion and avoid extensive enlargement in the
apical third. This minimally invasive approach
matches with the working mechanism of
LALI Investigations, however, are still needed
to determine the most minimal apical prepa-
ration diameter, taper and shape.

10.7 Thoughts for the Clinical
Applications of LAI

Different protocols have been investigated using
different lasers to improve the fluid dynamics of
the irrigants into the canal space and finally to
improve the success rate of root canal treatment.
Considering that in narrow curved canals, sonic
and ultrasonic systems are limited by wall con-
tact and that this limitation does not apply to
cavitation [61], LAI might be an important tool to
clean the root canal efficiently, improving the
success rate of root canal treatment particularly
in curved and narrow canals [14].
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10.8 Effects of Laser-Activated
Irrigation on Smear Layer
and Compacted Root Canal
Debris

George et al. (2008) reported a simple method to
etch long conical-shaped fibres to improve the
lateral emission, specifically in endodontics [49].
This method was applied to FEr,Cr:YSGG
(Waterlase MD, Biolase, Irvine, CA, USA) and
Er:-YAG tips (Key 3, KaVo Dental GmbH,
Biberach, Germany) to investigate the debriding
action in the root canal when used with aqueous
irrigants. The panel setting was corrected accord-
ing to different energy transmission losses: 1 and
0.75 W of power at 20 Hz were applied with a
400 pm flat and conical tips respectively. The
laser tips were placed into EDTAC irrigant solu-
tion in the root canal to a depth 1 mm short of the
working length and then withdrawn at 1 mm/s
and activated for 5 s. This cycle was repeated 10
times, for a total irrigation and activation time of
50 s. The LAI groups reported an improved effec-
tiveness of EDTAC in smear layer removal, com-
pared to the EDTAC nonirradiated group, for the
same time period.

De Groot et al. (2009) investigated three differ-
ent irrigation systems to debride a standardised
root canal model filled with artificially prepared
dentin debris. Syringe irrigation, PUI and LAI
were performed using 2 % sodium hypochlorite
as irrigant [16]. An Er:YAG laser (Key 2, KaVo,
Dental GmbH, Biberach, Germany) was used
with a 280 pm flat tip at the energy of 100 mJ,
15 Hz, with a calibration of the optical fibre that
resulted in a reduction factor of 0.36 (effective
fluence of 146 mJ mm™). The tip was inserted
1 mm short of the working length and moved
slowly up and down 4 mm in the apical third of
the root canal. The activation time was 20 s and
the total irrigation time was 50 s. Laser-activated
irrigation (LAI) results were significantly more
effective than passive ultrasonic irrigation (PUI)
or hand irrigation (HI) in removing dentine debris
from the apical part of the root canal when acti-
vated for 20 s.

De Moor et al. (2009) completed their first
study comparing the efficacy of LAI for removal

of debris in root canals to conventional irrigation
(CI) and passive ultrasonic irrigation with an
Irrisafe (Satelec, Acteon group, Mérignac,
France) (PUI) for just 20 s at a frequency of
30 KHz and a displacement amplitude of ca.
30 pm. An Er,Cr:YSGG laser, equipped with a
200 pm flat tip (Z2, Endolase Tip, Biolase), was
used at 75 mJ, 20 Hz, 1.5 W to activate 2.5 %
NaOCl four times for 5 s, positioned stationary at
5 mm from the apical stop, prepared at ISO 40.
LAI resulted in statistically significantly less
debris than PUI (P<0.005) and CI (P<0.0005),
both during 20 s [20].

De Moor et al. (2010) in a further study com-
pared the cleaning efficacy of five different irri-
gation systems using an experimental model
similar to that of de Groot et al. using 2.5 %
NaOCl as irrigant. Hand irrigation for 20 s and
PUI for 20 s applied three times were compared
to LAI using Er:Cr:YSGG and Er:YAG laser,
both with 200 pm flat tips at 1.5 W (75 mJ, 20 Hz)
4 times for 5 s. The intermittent flush technique
used with PUI (3 times for 20 s) (as recom-
mended by van der Sluis et al.) resulted as effec-
tive as both LAI protocols (4 times for 5 s) [21].
According to the visualisation study by Blanken
et al. [15], the fibre tips were also placed at a dis-
tance of 5 mm from the apical stop in the latter
study [21].

Peeters and Suardita (2011) investigated the
smear layer removal ability of an Er,Cr:YSGG
laser (Waterlase MD, Biolase, Irvine, CA, USA)
equipped with a 600 pm flat tip positioned in the
pulp chamber, hovering above the canal orifice at
1 W and 35 Hz [22]. Four groups were compared:
one had the root canals prepared with a master
apical file at ISO#30 and the other at ISO#20, and
both received laser activation for 60 s. A third
group had the root canals prepared at ISO#30 and
was irrigated and laser activated for 30 s. The
control group used 17 % ethylenediaminetet-
raacetic acid (EDTA) activated with PUI for 60 s.
Completely clean root canals were found only in
the laser group prepared at ISO#30 and activated
for 60 s.

Guidotti et al. (2012) tested the Er:YAG
laser’s (Fidelis III, Fotona, Ljubljana, Slovenia)
ability to remove the smear layer from the root
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Fig.10.10 SEM image (50x) shows dentin plugs occlud-
ing the apical foramen after mechanical instrumentation
(IS0O30/06) and LAI (2 cyclesx20 s) performed with an
Er,Cr:YSGG laser (2780 nm) equipped with 300 pm
radial-firing tip at 1.0 W (50 mJ, 20 Hz); the tip was kept
stationary at a distance of 5 mm from the apex during the
activation of 5 % NaOCl and 17 % EDTA

Fig. 10.11 SEM image (1000x) middle one-third area
after mechanical instrumentation and LAI (2 cycles x20 s)
performed with an Er,Cr:YSGG laser (2780 nm) equipped
with 300 pm radial-firing tip at 1.0 W (50 mJ, 20 Hz), kept
stationary at a distance of 5 mm from the apex (5 %
NaOCl and 17 % EDTA). Note the thermal damage with
recrystallisation bubbles, due to water depletion and suc-
cessive local heating of dentin surface; apparently this
area was very close to the tip. A closer area shows cleaned
surface, with some debris (fop in the figure)

canal walls. The laser setting used was 1 W,
20 Hz and 50 mJ with very short pulse duration
of 50 ps [52]. Four groups included different
cycles of irradiations of 5 s each with 2.5 %
NaOCl and 17 %EDTA with resting times of 5 s.
The control group was only treated with a wash
of 17 % EDTA solution for 2 min. Erbium laser
activation of 17 % EDTA resulted in more effi-

Fig. 10.12 SEM image (1000x) of the middle one-third
area of the same sample 10.11. Incomplete cleaning with
many debris on dentin surface

cient removal of smear layer than in the other
groups [48].

In a study of Bolhari et al. (2014), the qual-
ity of smear layer and debris removal in the
three segments of the root canal were investi-
gated comparing an EDTA and NaOCl final
rinse protocol (group 1) and Er,Cr:YSGG irra-
diation with a radial firing tip (320 pm)
inserted in distilled water at the working length
and moved continuously in a circular motion
from the apex to the crown at a speed of
2 mm/s with an output of 1.5 W (group 2) and
2.5 W (group 3) [62]. The results showed no
differences between groups 1 and 2 regarding
the quality of smear layer removal in all areas.
The irradiation at 2.5 W failed to remove the
smear layer effectively. This poses a question,
if increasing the power >1.5 W might not
result in thermal damage with carbonisation
and melted dentinal tubules as shown in this
study. Regarding debris removal, the first pro-
tocol showed significantly better outcomes in
all areas. In this study better cleaning efficacy
was seen in the coronal and middle third.
When relying on laser-activated irrigation in
EDTA, however, previous studies had demon-
strated better cleaning results also in the apical
third [George et al. 2008 [19], Peeters and
Suardita [22]] (Figs. 10.10, 10.11, 10.12,
10.13, 10.14, 10.15, 10.16, 10.17 and 10.18).
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Fig. 10.13 SEM image (1000x) of the middle one-third
area after mechanical instrumentation and LAI
(2 cyclesx20 s) performed with an Er,Cr:YSGG laser
(2780 nm) equipped with 300 pm radial-firing tip at 1.0 W
(50 mJ, 20 Hz), kept stationary at a distance of 5 mm from
the apex, using 5 % NaOCl and 17 % EDTA as irrigants.
The irrigation resulted partially effective with presence of
debris on dentin surface

Fig. 10.15 SEM image (1000x) of the apical one-third
area after mechanical instrumentation and LAI
(2 cyclesx20 s) performed with an Er,Cr:YSGG laser
(2780 nm) equipped with 300 pm radial-firing tip at 1.0 W
(50 mJ, 20 Hz), kept stationary at a distance of 5 mm from
the apex, using 5 % NaOCl and 17 % EDTA as irrigants.
Incomplete cleaning of dentin surface with debris still
present. Cracks are related to the dehydration process

Fig. 10.14 SEM image (3000x) of the middle one-third
area of the same sample of 10.12. Clean surface with pres-
ence of some debris occluding the dentin tubule orifices

10.9 Effects of Laser-Activated
Irrigation on Enterococcus
faecalis

Both Er:YAG and Er,Cr:YSGG have been stud-
ied for the eradication of E. faecalis. In their sys-
tematic review, Sadik et al. (2013) confirmed that
despite the limited number of publications
selected, Er,Cr:YSGG at 1 W and 1.5 W energy
levels reduced E. faecalis count significantly
[63]. In this review no studies based on LAI were
taken into account. Few studies in literature
investigated the bactericidal power of LAIL

K 2.3 1000
- ]

Fig. 10.16 SEM image (1000x) of the middle one-third
area of the same sample 10.14. The dentin surface shows
much debris occluding the dentin tubule orifices

Seet et al. (2012) compared the effectiveness
of sonic, laser activation and syringe irrigation
with 4 % NaOCl in removing 4-week-old E. fae-
calis biofilms [51]. The radial firing tip (diameter
not reported) of an Er:Cr:YSGG laser was posi-
tioned inside the coronal third only (4 mm only)
slowly withdrawing it back during the 5 s of acti-
vation at 0.25 W and 20 Hz after initial rinsing
with NaOCl during 10 s. The procedure was
repeated four times with a final exposure time to
NaOCl during 60 s. Scanning electron micros-
copy investigation was used to determine the
presence of biofilm or bacteria on the dentin
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Fig. 10.17 SEM image (1000x) of the middle one-third

area after mechanical instrumentation and LAI
(2 cyclesx20 s) performed with an Er,Cr:YSGG laser
(2780 nm) equipped with 300 pm radial-firing tip at 1.0 W
(50 mJ, 20 Hz), kept stationary at a distance of 5 mm from
the apex, using 5 % NaOCl and 17 % EDTA. Clean dentin
surface and areas with some debris still present

surface and in the dentinal tubules. Results
showed that sonic activation and syringe irriga-
tion with NaOCl showed reduced numbers of
bacterial cells on the radicular dentin, but were
not effective in eliminating E. faecalis in the den-
tinal tubules. Laser activation of sodium hypo-
chlorite resulted in clean dentine walls and
undetectable levels of bacteria within dentinal
tubules. Qualitatively laser activation produced
the greatest overall reduction [51].

Licata et al. (2013) investigated the ability of
Er,Cr:YSGG LAI with 5.25 % NaOCl and 17 %
EDTA to kill Enterococcus faecalis in an infected
tooth model. The decoronated teeth received an
apical preparation of ISO#30. A 200 pm radial
firing tip was positioned at the entrance of the
canal orifice and kept stationary for 3 and 60 s
with energy of 75 and 25 mJ. The use of laser at
75 m] with an irradiation time of 30 and 60 s
eliminated a percentage of 92.3 and 100 % of E.
faecalis respectively. In the control group, a
reduction of 92.3 % was observed, but no statisti-
cal differences, however, were observed between
the four groups [53].

In the study of Bago et al. (2014), the elimina-
tion of intracanal 10-day-old E. faecalis biofilms
was evaluated using 2.5 % NaOCI and different
activation systems: LAI using Er,Cr:YSGG
(1.25 W, 20 Hz, 62.5 mJ) with a 275 pm end-

Fig. 10.18 SEM image (5000x) of the middle one-third
area of the same sample of 10.16. Presence of small debris
occluding the dentin tubule orifices with others well open;
no thermal damage is present. The activation of NaOCl
and EDTA partially removed smear layer and debris and
exposed collagen fibres; insufficient shear stress from the
fluids did not remove plugs from dentin orifices

odontic radial firing tip used during four times 5 s
in a row, PUI (ISO#15 K-file, 60 s, 2 mm short of
WL) and Rins-Endo (20 mL syringe and cannula
(@: 0.45% 12 mm), set rate 6.2 mL min™") during
60 s [64]. All three systems were equally effec-
tive, but LAI generated more negative samples.

Conclusion

At present, Er:YAG and Er,Cr:YSGG are the
best suited for laser-activated irrigation.
Further studies, however, are required to assess
the performance of different tip shapes, i.e. flat
or conical, and the influence of the tip diameter
on laser activation of irrigants. In addition, due
to the lack of uniformity of parameters used in
the different studies (including wavelength,
energy and frequency and tip diameter), confu-
sion still remains in LAI procedures on how far
the laser tip should be kept away from the apex
to allow the most efficient cleaning of the root
canal, taking into account the safety of the pro-
cedure. Also more studies are needed to estab-
lish the effectiveness of LAI for root canal
disinfection. Nevertheless, it was demonstrated
that although there was no statistically signifi-
cant difference between PUI and conventional
LAI more negative samples in biofilm studies
and more empty root canal grooves were seen
in the majority of the LAI investigations.
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Abstract

PIPS™ is an advanced laser-activated irrigation process by which pho-
tons of light are emitted in very low energy levels and with short micro-
second pulse duration. PIPS™ utilizes a unique tapered and stripped tip
design that allows for lateral dispersion and propagation of the generated
shock wave in liquids at subablative levels, via photoacoustic and photo-
mechanical events avoiding the possibility of thermal damage and allow-
ing for effective three-dimensional streaming of fluids when the correct
specific parameters and protocols are used. By virtue of lower energy and
high peak power, unique tip design, and its positioning far from the apex,
PIPS™ provides safe and effective activation for exchange of irrigants.
The tip is kept stationary in the coronal aspect of the access preparation
only thus offering effective irrigation with a minimally invasive instru-
mentation optimizing the conservation of the dentin structure and thus
avoiding the possibility of laser thermal damage to dentin walls. The use
of NaOCI and EDTA along the correct protocol improves the cleaning
and decontaminating effect for root canals when compared to conven-
tional methods.

11.1 Introduction

PIPS is an acronym first described by Enrico
DiVito (2006) and stands for photon-induced
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photoacoustic streaming.

It is a patented and trademarked term that cov-
ers both PIPS™ tip design and protocols.

PIPS™ is an advanced laser-activated irriga-
tion process by which photons of light are emit-
ted at very low energy levels and with short
microsecond pulse duration. Unlike other forms
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Fig. 11.1 Upper first and second premolars showing
conservative shaping and obturation after PIPS

of laser-activated irrigation, PIPS™ utilizes a
unique tapered and stripped tip design that allows
for lateral dispersion and propagation of the
generated shock wave in liquids at subablative
levels, via photoacoustic and photomechanical
events. This avoids the possibility of thermal
damage and allows for effective three-
dimensional streaming when the specific param-
eters and protocols are used.

The term PIPS is often improperly used to
describe the use of generic tips to activate the
intracanal fluids without using the specific
PIPS™ tip, laser, and settings and also without
following the science behind PIPS™: an advanced
protocol of laser activation of the irrigants.

The PIPS™ protocol is validated by several
in vitro studies and supported by a strong body of
both published and non-published experiments
and data. PIPS™ has been confirmed by thou-
sands of clinical trials and differs from the other
investigated LAI techniques in the following way:

» It uses a specific and unique tip design.

e It uses subablative or minimally ablative
energy.

e It is delivered via a very short pulse duration
thus producing a very high peak power.

Fig. 11.2 Lower first molar showing minimal shaping of
four canals and obturation post-PIPS

* It requires an easy positioning of the tip in the
pulp chamber only and not into the canal.

e It advocates minimal root canal and apical
preparation.

By virtue of lower energy and high peak
power, unique tip design, and its positioning far
from the apex, PIPS™ provides safe and effective
activation for exchange of irrigants when the
proper protocol is followed.

Unlike other LAI techniques, PIPS™ tech-
nique is based on new “minimally invasive” or
“biomimetic” concept that minimizes the use of
intracanal instrumentation without compromis-
ing the ability for irrigation to effectively reach
all aspects of the root canal system (Figs. 11.1
and 11.2).

This optimizes the conservation of dentin
structure and avoids the possibility of laser ther-
mal damage while creating superior cleaning and
decontamination through more copious and
effective exchange of irrigation activated by
PIPS™. The need for enlarging and shaping of
the canal system to remove infected dentin and to
assure sufficient space for an appropriate flushing
of irrigants, as suggested in the modern endodon-
tics [1], is no longer necessary.
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11.2 PIPS in Brief

In Chap. 10, the different LAI techniques inves-
tigated in the last 8 years were reviewed. It is
evident that all the studies published in the peer-
reviewed literature lack uniformity in the mate-
rials and methods used. However all the studies
resulted in improved smear layer removal and
bacterial reduction when compared to the other
conventional irrigation techniques [2—10].

After several preliminary investigations, test-
ing the more appropriate laser wavelength and
settings, the first PIPS study on root canal clean-
ing dates back to 2010 (online since 2010, pub-
lished in 2012) and was performed using an
Er:YAG laser (Fidelis III, Fotona; Ljubljana-
SLOVENIA) at 20 mJ and 15 Hz to activate the
irrigant EDTA for smear layer removal [11].
Later, Peters et al. (2011) published the first PIPS
study on root canal disinfection, performed with
an older model of Er:YAG laser (Fidelis, Fotona;
Ljubljana-SLOVENIA) at 50 mJ, 10 Hz, to acti-
vate the intracanal irrigant NaOCl [12].

In review of the published studies on PIPS, the
more obvious and important values are the lower
laser settings and less invasive root canal prepara-
tions required for treatment. Also of significant
merit is the safe and less technique-sensitive posi-
tioning of the PIPS tip not in the canal but rather
in the coronal pulp chamber only [11-15].

Photon-induced  photoacoustic ~ streaming
(PIPS™) uses a cutting-edge erbium:YAG laser
technology (2940 nm) at high peak power to
pulse extremely low energy levels of laser light to
generate photoacoustic shock waves into liquid-
filled root canals. PIPS actively pumps the fluid
three-dimensionally into the main canal, lateral
canals, fins, anastomosis, and dentin tubules to
the apex (Fig. 11.3). With the irrigant continuously
delivered in the pulp chamber during PIPS
activation, the resultant shock wave travels three-
dimensionally in all directions and effectively
debrides and removes both vital and necrotic
tissue remnants (Fig. 11.4a—c). Through this
laser-activated turbulent flow phenomenon,
clinicians following the PIPS protocol are not
required to place the tip into the canals, but the

zti i/

Fig. 11.3 Er:YAG and Nd:YAG LightWalker AT dual
wavelength laser by Fotona (Ljubljana-Slovenia)

tip is held stationary in the coronal aspect of the
access preparation only (Fig. 11.5). This means
that the need to enlarge and remove more dentin
structure normally required to deliver a standard
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Fig. 11.4 (a) Cross section of single rooted, noninstrumented clarified tooth specially prepared and stained with pulp
tissue in canal; (b) PIPS action shows streaming of irrigant in the canal and around nerve tissue; (c) post-PIPS applica-
tion shows removal of nerve tissue from canal space with no files used (Images courtesy of Dr. Giovanni Olivi in coop-
eration with Drs. Augusto Malentacca and Vasilios Kaitsas, Rome, Italy)

Fig. 11.5 Proper positioning of the PIPS tip held station-
ary in the chamber of the access opening only. Note the
syringe supplying continuous replenishment of irrigation

needle, a negative pressure system, or a laser
fiber is eliminated, and the smaller and more deli-
cate anatomy commonly seen in the apical one-
third is preserved (Figs. 11.6 and 11.7). Unlike
other laser-activated irrigation techniques, PIPS

is not a thermal event but rather a subablative
one. Due to the very short pulse duration and spe-
cific PIPS design, the extremely low level of
energy required to activate the irrigants is below
the threshold of ablation for dentin [16, 17] (see
energy threshold Sect. 4.6.1). Ledging and
thermal effects that have plagued the widespread
use of other conventional laser systems are
completely avoided when the correct settings and
PIPS™ protocol techniques are used [13, 18-20]
(Figs. 11.8, 11.9, 11.10, and 11.11) (see also
Figs. 5.34, 5.35, 5.36, and 5.37 in Chap. 5 and
Figs. 10.3, 10.4, and 10.5 in Chap. 10).

11.3 Mechanism of PIPS

To date there are several studies investigating
the fluid dynamics of laser-activated irrigation
using both erbium chromium:YSGG laser [21,
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Fig. 11.6 Despite the minimal instrumentation, PIPS
protocol allowed the obturation of multiple portals of exit
in a lower second bicuspid (Courtesy of Dr. Mark Colonna
Whitefish, Montana, USA)

Fig. 11.7 Lower first molar showing minimally prepared
canal shapes with adequate obturation in the apical area
post-PIPS (Courtesy of Dr. Mark Colonna Whitefish,
Montana, USA)

Fig. 11.8 Ledging and thermal damage on root canal
surface as a result of Er,Cr:YSGG laser radial tip placed
into the canal as advocated with conventional protocol
(Courtesy of Dr. Graeme Milicich Hamilton, New Zealand
and Dr. Enrico DiVito, Scottsdale, Arizona, USA)

Fig. 11.9 Dentin surface with thermal damage and char-
ring seen after Er,Cr:YSGG laser radial firing tip was
placed in the canal and withdrawn as per protocol
(Courtesy of Dr. Graeme Milicich Hamilton, New Zealand
and Dr. Enrico DiVito, Scottsdale, Arizona, USA)
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Fig. 11.10 Clean canal surface seen after the correct
PIPS™ protocol is used. No signs of thermal damage
(Courtesy of Dr. Graeme Milicich Hamilton, New
Zealand, and Dr. Enrico DiVito, Scottsdale, Arizona,
USA)

22] and erbium:YAG lasers [4, 23]. To under-
stand the working mechanism of PIPS, high-
speed visualization methods to capture images
with microsecond resolution have been per-
formed. Also PIPS fluid dynamic studies have
verified the effectiveness of PIPS (unpublished
data by Drs. Peters, Jaramillo and Koch (2015),
USA).

Because of the high absorption rate of the
erbium laser in water, the bubble formation and
its corresponding collapse create a strong pres-
sure wave. Due to the newer and different tech-
nologies used, the shock wave is generated at
lower energy levels reducing the undesirable
thermal effects commonly seen with other laser
systems.

Fig. 11.11 Clean delta at the apical one-third of root
canal seen after PIPS. Thermal damage is avoided because
PIPS does not require that its tip be placed into the canal
preparation at all but rather stationary in the coronal pulp
chamber only (Courtesy of Dr. Graeme Milicich Hamilton,
New Zealand and Dr. Enrico DiVito, Scottsdale, Arizona,
USA)

11.4 Bubbles: Cavitation
and Shock Wave

According to reports by other authors described
in Chap. 10, when erbium:YAG laser energy is
absorbed in water, an instantaneous super heating
of the irrigant to the boiling point of water
(100 °C) generates an initial vapor bubble expan-
sion at the end of the tip [4, 21-24]. During
expansion the bubble passes over the equilibrium
state, and at its maximum volume the internal
pressure is lower than the pressure in the sur-
rounding liquid forcing the bubble to collapse.
During the collapse phase a portion of energy is
converted into acoustic energy with emission of
acoustic shock waves [24] (Fig. 11.12).
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Fig. 11.12 Sequential still frame shots showing the bubble cycle with increase (a PIPS tip before activation, expansion from
b-g) and subsequent decrease (collapse from h-n) of the bubble resulting in primary and secondary cavitation, seen from the
PIPS tip during fluid activation at 20 mJ and 50 ps pulse duration (Courtesy Drs. L. van der Sluis, R. Macedo, B. Verhaaghen,
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M. Versluis, University of Twente, the Netherlands in cooperation with G.Olivi Rome, Italy)

11.5 Fluid Dynamics Study
of PIPS

One of the main problems in endodontics is the
fluid dynamics of the irrigants in the confined
canal space. Vapor lock makes the deep penetra-
tion of the irrigant more difficult because of the
absence of turbulence over much of the canal vol-
ume when using conventional irrigant devices.
Accordingly, a preliminary study was performed
in order to evaluate the fluid movement, distribu-
tion of turbulence, and the flow velocity inside
experimental models comparing PIPS with pas-
sive ultrasonic (PUI) activation of fluids.
Measurements were obtained using microscopic
digital particle image velocimetry (micro DPIV).
Under similar experimental conditions, the distri-
bution and magnitude of the irrigant flow velocity
stimulated by photon-initiated photoacoustic
streaming device (PIPS; LightWalker, Fotona)
and by a standard ultrasonic device (Suprasson
PS5 Booster with a 20 mm Irrisafe file tip) were
gathered. A digital camera acquired images
directly to the computer memory at 30 frames per
second, throughout a 5s duration, for a total of
150 images for each experiment. A customized

cylindrical Pyrex glass tube (5.8 mm diameter
and 25 mm long), with a flat sealed bottom, filled
with distilled water, was used to simulate a tooth
model. The water was mixed with 5 mg/ml, sil-
ver-coated hollow glass spheres, 10 pm in diam-
eter (S-HGS, Dantec Dynamics, Tonsbakken,
Denmark), as tracing particles inside the liquid.
The laser and the ultrasonic handpieces were
supported by a micromanipulator to allow fine-
tuning of the handpiece-tip-file with respect to
the location of the tooth model. The PIPS tip was
submerged 4 mm below the free water surface,
while the ultrasonic file was submerged 8 mm
below the free water surface. The measurements
were performed on the plane of the central axis of
the test glass tube, at four different locations
under the PIPS tip. The first measurement area
was located directly under the tip, with subse-
quent measurements being performed at 5, 10,
and 15 mm below the tip. The Er:YAG laser was
set to pulse at 15 Hz with 20 mJ pulses. The ultra-
sonic device was set at 50 % of scale. The mea-
surements for the ultrasonic probe were
performed in a similar manner to that of the PIPS
with the tip of the ultrasonic file being just out of
and above the measurement area. In the case of
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the ultrasonic, upon descending the measurement
area 5 mm from its tip, the velocity diminished
fairly quickly, and for this reason additional mea-
surements were not taken at further distance from
the probe. The measurement area locations are
shown in Fig. 11.13. Data acquisition com-
menced 2 s before the activation of the tip.

11.5.1 Qualitative Observations

After 2-3 s of PIPS activation, many particles
that had settled to the bottom of the test vial were
resuspended and observed to be in relatively vig-
orous motion globally. The ultrasonic device on
the other hand was visibly less effective during
the 5s of the experiment and even after 20-30 s of
continuous application. No substantial global
motion was observed.

In the PIPS tests, the backlit videos showed an
oscillating flow with a predominantly vertical
velocity component. The fluid in the entire glass
tube was in motion.

In the ultrasonic tests, a decrease of the velocity
fluctuations was observed. The flow did not exhibit
strong temporal fluctuations, and toward the bottom
of the glass tube, motion was barely perceptible.

11.5.2 Quantitative Results
Test results, using digital particle image velocim-
etry (DPIV), showed PIPS with a 20x magnitude
of difference in flow rate when compared to ultra-
sonic. The amplitude of the temporal oscillation
was significantly higher for the PIPS experiments,
corresponding to much larger flow accelerations.
Of significant finding was the remarkable fluid
movement measured distant from the PIPS tip (at
5, 10, and 15 mm) when compared to the lack or
nearly no movement measured much past 1 mm
from the ultrasonic tip. The clinical significance
of this finding is the benefit to which clinicians
can effectively irrigate, stream, and improve
exchange of fluids throughout the entire canal
systems without the need to create larger canal
spaces and remove more tooth structure as seen
with current preparation and shaping techniques
described in the literature (Fig. 11.13).

Another preliminary study utilized glass mod-
els as an artificial root canal for visualization of the
PIPS phenomenon. Recordings with a high-speed
imaging technique allowed visualization of the
explosive vapor bubbles. The sequence of frames
taken of the PIPS tip activated in water represented
sequential frames taken at 50,000 frames per sec-
ond. Given that the width of the optical probe was
600 pm, calculations for the expansion velocity of
the bubble were determined. The bubble radius
initially increased quite rapidly then slowed down
as the bubble grows, due to the increased volume
as a function of radius. The fiber width was 40 pix-
els corresponding to 600 pm=>15 pm per pixel.
The bubble expanded from zero to a radius of
35 pixels in between the first two frames corre-
sponding to a velocity of 26.5 m/s.

After the initial expansion the bubble then
expanded more slowly, and between the second
and third frame, the expansion velocity is 9.75 m/s.
The expansion slowed to zero then reversed. In the
final collapse between the last two frames, the
inward velocity was again 26.5 m/s (see Fig. 11.12).

11.6 Parameters that Influence
the Bubble Formation

11.6.1 Effect of Energy and PIPS

Tip Diameter and Design

As reported in Chap. 10, Blanken et al. (2009)
[21, 22] and deGroot et al. (2009) [4] observed
how the size and the life cycle of the bubble
depend on the energy applied and the tip used.
A spherical bubble develops when a PIPS tip is
used (see Fig. 11.14). This finding is consistent
from other authors that refer to conical tips
[23, 24]. The authors have unpublished data
showing that:

* The higher the energies used, the greater the
size of the bubbles.

* Also observed was the longer life cycle of the
radial and stripped PIPS tip when compared to
the flat or conical tip alone.

o If energy settings are kept equal, the size of
the bubbles measured is greater for the larger
diameter tips (Fig. 11.14).
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Fig.11.13 Colored charting of fluid dynamic flow rates comparing PIPS to ultrasonics. Note the increased degree of move-
ment with PIPS tip both near and far from the tip end position in (a—d) as compared to ultrasonic (e, f). Near tip areas of (a)
and (e) show PIPS average velocities being up to 20x greater and distant areas of (d, f) show PIPS being about 10x greater
than the average velocity of ultrasonic. Instantaneous velocity fields corresponding to the different measurement areas (a—f);
the color represents the magnitude of the velocity vectors as indicated by the scale at right. Note the change of scale for the
yellow 1 m/s reference arrow in the upper left corner of each panel. Panel e shows instantaneous velocity fields correspond-
ing to the measurement directly under the ultrasonic tip and directly under the probe tip, corresponding to the initial spike in
velocity that follows the activation of the device. Here the average velocity is 0.036 m/s, which is 20 times less than that
measured for the PIPS data immediately under the probe tip as seen in panel a. Panel f corresponds to measurements 5.5 mm
below the ultrasonic tip, the velocities are measured at less than 0.01 m/s showing significant decay from those of measure-
ment area (e) (Courtesy of Dr. Ove Peters San Francisco, California, Dr. David Jaramillo USC, California in cooperation
with and Dr. Enrico DiVito Scottsdale, Arizona)
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Fig. 11.14 Still frame shots showing the different bubble size resulted from different energy pulse used with PIPS at
50 ps: (@) 10 mJ, (b) 15 mJ, (¢) 20 mJ, and (d) 80 mJ. The size of the bubble increases with the energy/pulse (Courtesy
Drs. L. van der Sluis, R. Macedo, B. Verhaaghen, M. Versluis, University of Twente, the Netherlands in cooperation

with G. Olivi Rome, Italy)

SHEATH

SHEATH STRIPPED

TAPERED TIP

Fig. 11.15 Diagrammatic representation of the PIPS™
tapered and striped tip

As already reported, this finding is opposite to
the concept of fluence in laser physics where for
the same energy the fluence increases with
smaller diameter of the fiber.

Today the use of 20 mJ is considered the stan-
dard setting for the PIPS technique in endodon-
tics together with a 600 pm, 9 mm long tip
(Figs. 11.15 and 11.16). The energy can be
reduced to 15, 10, or even 5 mJ for more control

Fig. 11.16 Actual close-up magnification of the tapered
and stripped tip. Look at the extreme refinement and accu-
racy of the manufactured tip at only 600 pm diameter

in activation of the irrigant such as in the case of
roots with opened apices or reduced coronal
access chamber size (Fig. 11.17a—d).

The radial and stripped PIPS tip emits less
energy at the front of the tip, with the 4 mm
stripped part improving the lateral distribution
of the energy. Consecutive three-dimensional
pressure waves inside the water follow the bub-
ble implosion especially when the energy is
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emitted through a very short pulse duration
(50 ps). The overlapping laser impulses occur-
ring at 15 Hz generate pressure waves that rap-
idly travel (shock waves) in the intracanal fluids.
These shock waves create rapid fluid motion and
turbulence three-dimensionally and have been
demonstrated to improve both smear layer and
biofilm removal [25].

The larger diameter, shorter length tip, increases
the surface of interaction of the laser energy with
the surrounding fluid improving the efficiency of
the procedure especially for the posterior teeth

Potenza
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given the limited intra-occlusal space (Fig. 11.18).
Larger tips have also been demonstrated to be
more robust and durable and as such reusable for
many treatments. Thinner tips can be useful in
cases of small access cavities for lower incisors
and upper lateral incisors (Fig. 11.19).

11.6.2 Effect of Pulse Duration

Another fundamental parameter that modulates
the efficacy of PIPS activation of intracanal fluids
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Fig. 11.17 (a) The current recommended PIPS settings of 20 mJ, 15 Hz, in SSP mode (50 p) results in an average
power of 0.30 W (Peak Power=400 W). The air-water spray is off; (b—d) the Fotona LightWalker model dashboard
showing the energy settings to be lowered from 15 mJ, 0.2 W to 10 mJ, 0.15 W and to 5 mJ, 0.07 W, all at 50ps pulse
duration (Peak Power 300 W, 200 W and 100 W respectively)
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Fig. 11.18 In vivo micrograph shows the correct
positioning of the PIPS tip and of the irrigation needle
during PIPS: note the bubble formation around the
stripped part of the tip

Fig. 11.19 PIPS™ tips: 9 mm long, 600 pm diameter tip
(left) and 12 mm long, 400 pm diameter tip (right)

is the duration of each laser pulse. Experiments
show that the opto-dynamic energy conver-
sion efficiency of erbium lasers, defined as the

ratio between the released acoustic energy and
the energy of the laser pulse, increases rapidly
with decreasing pulse duration of T, approxi-
mately as 1/T,*? [26]. Moreover the efficiency is
approximately three times larger when a conical
PIPS™ tip is used instead of a standard flat tip.
The most current and technologically cutting-
edge erbium:YAG laser available (LightWalker,
Fotona, Slovenia) has the shortest laser pulse
duration available for use with the PIPS tip. As
a result, unlike other laser systems used for LAI,
the very short pulse duration used with PIPS
allows for very high peak powers at very low
energy settings (see peak power Sect. 4.6.4). The
rapid vapor bubble expansion results in strong
acoustic transient waveforms during the subse-
quent bubble collapse oscillations. The possibil-
ity to modulate the peak power changing the pulse
duration from 50 to 100 ps, as well as reducing
the energy in millijoules, allows for another way
to control the agitation and activation of the irrig-
ants. For example, a reduction of the laser pulse
duration from 100 to 50 ps results in a threefold
increase in the opto-dynamic efficiency, mean-
ing that three times less laser energy is required
to achieve the same effect with the shorter pulse
duration. This is very important if we consider
the limited space where the laser-irrigant-dentin
interaction takes place.

The triad of “tip design, low energy, and short
pulse duration” is the key of the effectiveness and
efficiency of the PIPS technique.

11.7 Conditions that Influence
PIPS Efficiency and Safety

In addition to the factors already reported that
influence the efficacy and efficiency of laser acti-
vation of the irrigants (pulse energy, tip diameter,
design, and pulse duration), can also be the wave-
length used, the pulse frequency, the continuous
or intermittent irrigation, the location of different
tip positions, as well as the size of apical prepara-
tion and the root canal shaping can also affect the
efficiency and safety of the protocol used.
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11.7.1 Effect of Different
Wavelengths
Early investigations were started using the

Er,Cr:YSGG wavelength (2780 nm). PIPS today
utilizes the Er: YAG laser due to its higher efficiency
and selective interaction with water. It is important
to note that a laser energy threshold exists below
which no acoustic transients are generated. Since
the laser energy threshold depends inversely on the
absorption coefficient [16, 17], laser wavelengths
with high absorption coefficients in the irrigant are
more suitable for laser activation.

The Er:YAG wavelength (2940 nm) has an
advantage since it has the highest absorption
coefficient for water and thus exhibits lowest
threshold of energy for laser activation. For
example, the laser energy thresholds for
Er,Cr:YSGG (2780 nm), Nd:YAP (1340 nm),
and Nd:YAG (1064 nm) laser wavelengths are,
respectively, approximately 3x, 1000x, and
10,000 higher as compared to that of
erbium: YAG (see Fig. 10.1 in Chap. 10).

Consequently wavelengths that demonstrate
lower absorption properties in water require
more energy to produce similar cavitation effects
[27]. The longer pulse duration of the
Er,Cr:YSGG laser also affects both quality and
temperature rise on the dentin surface. As already
reported, the use of parameters that can create
good agitation in water, 50 or 75 mJ for the
Er,Cr:YSGG laser, also creates thermal events to
the root canal surface when the tip is positioned
inside the root canal by virtue that the energy lev-
els are in the ablative range of dentin [16, 17] and
depletion of irrigant occurs (see Figs. 10.8, 10.9,
10.10, and 10.11 and also Figs. 5.34, 5.35, 5.36,
and 5.37 in Chap. 5 and Figs. 10.3, 10.4 and 10.5
in Chap. 10).

11.7.2 Effect of Pulse Frequency

Studies from the authors demonstrated 15 Hz (or
pps) as the preferred repetition rate to assure an
efficient activation and recycling effect of the

liquid in root canal model. Measurements using
the standard protocol of 30 s cycling during PIPS
laser activation yielded turnover of irrigants some 15x.
Also noted was the effective removal of vapor
lock often seen when using conventional manual
and ultrasonic irrigation techniques. Lower repe-
tition rate resulted in less efficacious exchange
and greater splashing and dispersion of liquids
out of the pulp chamber.

Effect of Continuous or
Intermittent Irrigation

11.7.3

The presence of liquid in the canal system during
the laser activation is also important. It has been
suggested by several authors that intermittent irri-
gant flow within a limited time (5s) be used
instead of the continuing flowing technique
(see Chap. 3). The rest phase allows sodium hypo-
chlorite to react and the following phase to replace
the consumed solution with fresh active solution.

PIPS technique requires continuous flowing of
the irrigants for 30s, not only to activate the solu-
tions but also to promote, via the shock wave, a
cleaning action of the dentin surface. After a lon-
ger agitating and activating phase, a rest time (rest
phase) is necessary for the reaction rate of the
solutions [28]. Effectively, if short time and inter-
mittent irrigation (5s) does not maintain continu-
ous presence of liquid during laser activation and
if the tip is positioned incorrectly inside the canal
and/or the energy applied is high, the fast con-
sumption of the irrigant inside the apical and mid-
dle one-third of the canal produces depletion of
the liquid in the apical portion. This leads to dry
interaction on the dentin and consequently thermal
damage from ineffective hydration, jeopardizing
the results of the PIPS technique as reported in a
recent study in which constant irrigant was not
maintained [29]. The two steps of continuous agi-
tation/activation and rest phase are fundamental
for successful irrigation when using the PIPS
technique. Following the proper PIPS protocol is
critical for optimal results (Figs. 11.20, 11.21,
11.22, and 11.23).
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Fig. 11.20 The 600 pm PIPS tip is held stationary in the
coronal access opening only and not into the canal itself

Fig. 11.21 During the required “resting phase” of 30s, a

high consumption of available chlorine is seen as

effervescence

Fig. 11.22 In vivo micrograph of lower first molar
showing correct positioning of irrigation and PIPS tip for
laser-activated irrigation: note the 27G needle resting to
side of handpiece head

11.7.4 Effect of Tip Position

in the Pulp Chamber

Comparing data from PIPS studies [11-15] with
those from LAI (Table 10.2), it is evident that
confusion still remains in LAI procedures on how
far the laser tip should be kept away from the
apex to allow efficient and safe cleaning and dis-
infection of the root canal.

Many disadvantages are related to the position
of the tip inside the canal:

* Curved or complex anatomy may be problem-
atic for negotiation by a laser fiber tip, as well

Fig. 11.23 Release of chlorine during the 30 s rest phase
after PIPS laser activation shows foaming action

as needle or ultrasonic files or negative
pressure probes (Fig. 11.24).

e Larger and more invasive preparations are
required to create space for the 300 or 400 pm
fibers in the apical one-third portion of the
canal (Fig. 11.25).

* When a flat or conical laser tip is positioned
close to the apex (1-5 mm), keeping it station-
ary or moving it up and down during LAI pro-
cedures [2-8], irrigant extrusion can result at
the apical terminus as described [23, 30]
(Fig. 11.26).

* When a tip is positioned in the apical or mid-
dle one-third of the canal, the tip itself
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25 ISO 30G 200 CLE 300 LAI 600 PIPS
=

Fig. 11.24 Split section of lower molar with three canals: A steel K-file ISO#25 positioned 1 mm shorter of the apical
terminus of curved mesial canal; the flexibility of the instrument follows the root canal anatomy. A 30G endodontic
needle cannot reach the working length resulting in ineffective irrigation. A 200 pm near infrared laser fiber (conven-
tional laser irradiation) is not able to follow the curvature of the shaped root canal; as a consequence the tip enters in
contact with dentinal walls along the curvature, producing hot spots; also the wanted decontamination effect fails. A
300 pm tip (laser-activated irrigation) is positioned 5 mm shorter of the apical terminus: the tip itself creates an obstacle
to the flow of irrigant from the tooth entrance, and a possible depletion of irrigant may occur in the apical part resulting
with ineffective irrigation and thermal hot spots. PIPS is easy, safe, and effective, far from the apex, and does not require
that it be placed in the canals. It allows for multiple canal irrigation at same time regardless of the shape or anatomy

30G 200 CLE 300 LAI 600 PIPS
i

Fig. 11.25 Split section of lower molar with three canals: a steel K-file ISO#30 positioned 1 mm shorter of the apical
terminus of straight distal canal. Also here the 30G endodontic needle cannot reach the working length with ineffective
irrigation. Also the 200 pm near infrared laser fiber (conventional laser irradiation) is not able to follow the curvature of
the root canal in the apical one-third. A 300 pm tip (laser-activated irrigation) is positioned 5 mm short of the apical
terminus. PIPS is easy, safe, and effective, far from the apex, and does not require that it be placed in the canals

becomes an obstacle to the flow of irrigant irrigant from the coronal to the apical
from the tooth entrance, and a possible deple- portion.

tion of irrigant may occur in the apical part. ¢ Moreover, it is impossible for the clinician to
The larger the diameter of the tip, the more it observe and be sure if the fluid level in the

occludes the canal thus decreasing the flow of apical part is being maintained or if depletion
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Fig. 11.26 Comparison between PIPS and LAI protocol: the tip positioned close to the apex (1-5 mm), during LAI
procedures, may create irrigant extrusion and liquid depletion during laser activation of irrigants

Fig. 11.27 PIPS tip correctly positioned in pulp chamber: note the border of the stripped part positioned at occlusal
margin of the cavity and the tip not in contact with dentin walls: as a consequence all the canals can be irrigated both
effectively and safe

occurs. Depletion of the irrigant results in It is important to note that the use of high
thermal damage with laser spots seen on the energy inside the canal leads to a faster vaporiza-
dentin surface. tion and depletion of fluids and unwanted abla-
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tive effects (see Figs. 11.8,11.9, 11.10,and 11.11;
see also Figs. 10.3, 10.4, and 10.5 in Chap. 10).

On the other hand, PIPS protocol does not
require that the tip be placed into the canals at all,
but rather in the pulp chamber only (see also
Figs. 11.5, 11.18, 11.22, and 11.27).

Several advantages are related to positioning
of the PIPS tip in the pulp chamber only:

e The absence of need to enlarge and remove
more tooth structure as required to deliver a
fiber inside the canal.

* Increased ability to efficiently irrigate all the
root canal length, including the isthmus and
lateral canals frequently present in the coronal
and middle one-third, otherwise not irrigated
when the tip is inserted into the canal.

* Increased ability to efficiently irrigate compli-
cated anatomical systems including curved
canals that would otherwise be difficult to irri-
gate with other techniques.

* More conservative negotiation of smaller and
more delicate anatomy commonly seen in the
apical one-third.

* The position of the laser tip far from the apex
decreases the possibility of apical extrusion
(this part will be discussed later).

The tip is kept stationary in the coronal aspect
of the access preparation only thus offering a less
technique-sensitive application for achieving
good irrigation. The result is a canal convenience
form that is more conservative, minimally inva-
sive, and biomimetic avoiding the unnecessary
removal of tooth structure (Figs. 11.28a—d and
11.29a, b).

11.7.5 Apical Preparation and Root

Canal Shaping Using PIPS

This is yet another key distinguishing point of the
PIPS technique.

The ability of photon-induced photoacoustic
streaming to drive irrigants three-dimensionally
into the root canal system by positioning the tip
in the pulp chamber only where the irrigant reser-
voir can be maintained and visualized is comple-
mentary with the new “minimally invasive”
philosophy in endodontics. Without the need to

position any device (needle, ultrasonic tip, nega-
tive pressure system, or laser fiber) inside the
canal, PIPS advocates minimal root canal and
apical preparation while still allowing for effica-
cious movement and exchange of irrigants and
effective cleaning and decontamination needed
prior to establishing hermetic apical sealing dur-
ing obturation. To maintain the natural or preex-
isting size of the anatomic apical constriction and
to reduce the size of the preparation at a working
length, PIPS technique advocates instrumenting
1 mm shorter than the measured working length
from the anatomical apex. This approach main-
tains the natural delicate morphology often seen
in the last 3 mm of the apical third while better
controlling the possibility for blockage, transpor-
tation, and apical extrusion.

Zhu et al. (2013) reported that the effectiveness
of PIPS may be influenced by a larger canal size,
as it would reduce the superior efficacy of the
PIPS, because the conventional needle or other
systems can reach the apical third easier by virtue
of sacrificing more tooth structure thus yielding
no difference in their disinfecting ability [31].

This observation will be extensively debated
ahead, in the discussion part.

11.7.6 Apical Extrusion

Apical extrusion of irrigants is a concern
described in many studies [23, 30].

Different conditions, closely related one to
another, can create extrusion.

11.7.6.1 Wide Apical Foramen
The apical foramen size depends on the “status
quo ante” of the tooth.

Usually vital and necrotic teeth maintaining
intact apical openings have a natural constriction
ranging from ISO #08 to #20 [32, 33]. These
clinical situations permit minimal and biomi-
metic approaches that limit the apical preparation
to ISO #20-25. When chronic pathology leads to
an apical reabsorption with a wide apical open-
ing, or as seen in the case of immature teeth, care
must be taken during the laser activation of the
commonly used irrigants. PIPS protocol allows
for the reduction of energy (from 15 to 5 ml])
reducing the peak power and consequently the
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Fig. 11.28 (a) X-ray of the lower third molar showing accentuated curvature of distal root; (b) thin and flexible files
to negotiate the apices; (c¢) gutta-percha master cone check; (d) root canal obturation with very conservative shaping of
root canals (Courtesy of Dr. Enrico DiVito, Scottsdale, Arizona, USA)

photoacoustic effect limiting the force of the 11.7.6.3 Tip Position

pressure waves in apical direction. During LAI procedures, when a flat or conical
laser tip is positioned close to the apex (1 or

11.7.6.2 High Pressure Inside 5 mm) either stationary or in movement, irrigant
the Canal extrusion from the apical terminus was described

Accordingly to George and Walsh (2008), high [23, 30]. Essentially the closer the tip is to the
pressure inside the canal depends on the energy apex, the more the pressure wave can create
applied and on the position of the tip (c) [30]. extrusion (see Fig. 10.9).
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KODAX RVG 8100 Systerny

Fig. 11.29 (a) Pre-treatment radiograph of the lower first molar; (b) post-re-treatment radiograph. Note the conserva-
tive obturation (20/04) shape that can be achieved with the use of PIPS laser-activated irrigation (Courtesy of Dr. Paolo

Magliano, Torino, Italy)

PIPS uses lower energy in comparison with
other different LAI protocols and a safer
position of the tip in the pulp chamber.

When the tip is positioned in the pulp chamber
and held stationary without entering the canal ori-
fices, no irrigant extrusion was observed by Peeters
and Mooduto (2013) [34]. Possible fluid dynamic
explantations include passive reflux event, sur-
rounding periodontal ligament pressure, and
intraosseous vascular pressures measured at 5.7 mm
of Hg from Khan et al. (2013) creating a positive
pressure that can preclude extrusion [35-38]. The
capillary blood pressure in the human body is
reported to be approximately 25 mmHg in the capil-
lary bed, higher at the arterial end of the capillaries,
and 10-15 mmHg at the venous end [39].

Apical extrusion of irrigants remains a contro-
versial and debated issue, still under investiga-
tion. However the authors observed no extrusion
during clinical trials when the proper PIPS proto-
col was used.

11.8 Temperature Variation

Because of the low energy used (20 mJ or less) and
its complete absorption in water, no significant
temperature rise was recorded on the root surface.

DiVito et al. (2012) [11] in an in vitro morpho-
logical study investigated the possible thermal
side effects of erbium:YAG laser activation
(20 mJ per pulse, 15 Hz, and 50 ps pulse duration,
400 pm PIPS tip) of 17 % EDTA, used for smear
layer removal. Temperature variations on the
external root surface of the teeth of the laser
groups were measured by a modified thermocou-
ple sensor of 1.5 mm diameter placed on the root
surface 5 mm from the apex. Temperature varia-
tions were monitored continuously throughout all
the irradiation periods. Minimal average tempera-
ture increases of 1.2 and 1.5 °C were observed at
the root surface during laser irradiation for 20 s
and 40 s irradiation time, respectively. SEM eval-
uations of 5 mm in the apical third reported no
laser thermal damage on the dentin surfaces
(Figs. 11.30, 11.31, 11.32 and 11.33).
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11.9 PIPS Effects on Irrigants: tion is discontinued and the resting phase occurs,
The Activation Phase active ions produce chelates which are antibacte-
and the Resting Phase rial and digestive in action on smear layer, bacte-
of NaOClI ria, and other organic and inorganic tissues. The

Another important value of LAI and PIPS is their
ability to increase not only the fluid dynamics of
the irrigants but also their activation and
effectiveness.

Macedo et al. (2010) [28] demonstrated that
sodium hypochlorite efficacy depends on its
reaction rate and on the availability of free chlo-
rine ions, specifically the hypochlorous acid
(HOCI) and the hypochlorite ion (OCI")
(Fig. 11.34). In alkaline solutions the OCI~ pre-
vails and brings with it a superior oxidative effect
and a higher tissue-dissolving capacity than
HOCI (Baker 1947). There is an activation phase
occurring during agitation producing a signifi-
cant portion of active chlorine ions. When activa-

study reported that continuous agitation is a
strong activator of sodium hypochlorite. In par-
ticular NaOCl solutions activated by laser and
ultrasonics showed a higher reaction rate than
nonactivated NaOCl solutions. LAI was demon-
strated to be more effective than PUI after the
3 min of resting interval (Figs. 11.35a—d).

11.10 Other Effects of PIPS:
Vapor Lock

Van der Sluis reported that stable bubbles, such
as vapor lock occurring at the apex, can be driven
and eliminated by the pressure changes from the
growth and collapse of the laser-induced bubble (see

[T |~.|.'J'I | LN
1.00urm

Figs.11.30,11.31,11.32and 11.33 Post-PIPS SEM images reveal extremely clean, undisturbed, and not thermally
affected surfaces when correct PIPS protocol is followed (Courtesy of Dr. Graeme Milicich, Hamilton, New Zealand
and Dr. Enrico DiVito, Scottsdale, Arizona, USA. Figs. 11.30, 11.32 and 11.33: Reprinted from DiVito et al. [11] with
permission. Fig. 11.31: Reprinted from DiVito et al. [13] with permission)
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Chap. 3) [40]. Peeters et al. (2014) in a visualization
study described the disruption of the trapped air
from the apical region, caused by bubble implosion
produced by the use of laser-driven irrigation [41].

Also experimental records from the authors
also reported the ability of PIPS pressure waves
to eliminate vapor lock from inside the artificial
canal model (Olivi G. and DiVito E, 2014)
(Fig. 11.36a-1).

NaOCl — Na* + OCI~

OCI” + H20 —HOCI + OH~

Fig. 11.34 Chemical reaction of sodium hypochlorite
produces free chlorine ions, specifically the hypochlorous
acid (HOCI) and the hypochlorite ion (OCI™)

11.11 Undesired Effects:
Fluid Splashing

If higher power setting (more than 20 mJ) or
incorrect tip positioning is used (not completely
immerged in the pulp chamber with part of the
stripped portion out of the coronal opening),
splashing of irrigant outside the tooth may occur.
This depends on the width of the generated vapor
bubble and on its consequently high pressure that
pushes irrigant out of the root canal at the coronal
opening causing loss of irrigant and ineffective
irrigation. Unlike what was reported by van der
Sluis et al. for LAI (see Chap. 3), PIPS needs
continuous irrigation with an external supply to
maintain constant levels of irrigant inside the
canal so that the canal does not dry out thus

Fig.11.35 (a) Intraoperative micrograph shows the correct position of PIPS tip prior to activation; (b—d) note the higher
consumption of available chlorine with foaming after 10, 20, and 30 s of resting phase following PIPS activation
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Fig. 11.36 (a—c) Ultrasonic activation not effective at removing vapor bubble; (d—f) PIPS™ laser-activated irrigation

quickly removes vapor bubble

Fig. 11.37 Proper patient
draping with waterproof bib
to protect clothing is highly
recommended to be prepared

avoiding adverse thermal effects (George and
Walsh 2012) [42] or ineffective irrigation (Deleu
et al. 2015) [29].

Additionally, to avoid undesired and unpleas-
ant side effects to the patient, it is recommended
that a hermetic barrier using a rubber dam be
used to establish adequate isolation. Liquid dam
can also be added to help achieve proper isola-
tion. Also covering the patient with waterproof
bib to protect clothing is highly recommended
(Figs. 11.37 and 11.38).

11.12 Clinical Applications of PIPS

PIPS offers a variety of applications and results
in cleaning and decontamination of the root
canals clearly supported by the international lit-
erature. The ability of PIPS™ to remove medica-
tions from the root canal, such as double and
triple antibiotic pastes or calcium hydroxide, and
to remove filling materials from oval-shaped
canals was investigated, suggesting the applica-
tion of PIPS also in endodontic re-treatment.
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Fig. 11.38 Proper isolation for PIPS is important. Liquid
dam is interlocked beneath the dam clamp

In endodontics smear layer (also called dentin
mud) is defined as a film retained on the dentin
surfaces after rotary instrumentation or filing.
Debris is defined as dentin chips and generically
as particles loosely attached to the root canal walls
that can result from hand instrumentation or from
the use rotary files and can be visualized after sec-
tioning and splitting of the samples. Remnants of
vital or necrotic pulp tissue are also present into
the canal space, attached on the canal walls after
instrumentation [42, 43]. Cleaning the root canal
entails the removal of organic and inorganic rem-
nants, debris, and smear layer from the canal sur-
face after instrumentation. Decontamination is
aimed to destroy planktonic bacteria and biofilm
and reduce the bacterial load prior the obturation.

Among the different irrigant solutions com-
monly used, 17 % EDTA has been shown to be
more effective and used as a worldwide irrigant
for the removal of smear layer [44, 45] and hence
the irrigant chosen to test PIPS efficacy in smear
layer removal. Sodium hypochlorite (NaOCI)
dissolves the organic tissues and kills bacteria,
and it is the irrigant solution used for the anti-
bacterial action during and at the end of the root
canal therapy. Consequently it is the combina-
tion of these two solutions to produce the better
results when activated by PIPS.

Clinical protocol for PIPS involves several
different steps during root canal therapy:

¢ The continuous supply and activation of fresh
NaOCl helps to dissolve the pulp tissues and
to reduce the bacterial load within the end-

odontic system, at the beginning of and during
the root canal preparation.

e The activation of continuous EDTA helps to
remove debris and smear layer produced by
instrumentation on the root canal walls and to
open the dentinal tubules for final decontami-
nation [11, 13].

e The continuous supply and activation of fresh
NaOCl after removal of smear layer from instru-
mentation helps to dissolve residual organic tis-
sue remnants and to decontaminate the
endodontic system before obturation [12, 15, 46].

* The continuous irrigation with sterile distilled
water prepares the endodontic system for final
obturation.

There is still controversy as to if NaOCIl must
be used as the final step of endodontic irrigation
due to the excessive peritubular erosion observed
when sodium hypochlorite follows EDTA irriga-
tion [44]. However this is a consideration based
only on an observation point of view and does not
take into consideration that each successive irri-
gation passage leads to further tissue removal and
that sterile distilled water remains the final step.

11.12.1 Effects of PIPS on Intracanal
Tissue, Debris,
and Smear Layer

SEM imaging is typically used to evaluate the mor-
phology and cleaning of the root canal after differ-
ent instrumentation and irrigation techniques. PIPS
technique also underwent SEM imaging to assess
possible dentin morphologic alterations as well
as the cleaning and debriding efficacy of the root
canal surface. The use of 17 % EDTA activated by
PIPS during the irrigation protocol after mechanical
instrumentation resulted in better cleaning and smear
layer removal when compared to other irrigation
techniques [11, 13].

A study from DiVito et al. (2012) investigated
the ability of PIPS technique to remove debris
and smear layer from the root canal walls which
were minimally prepared with rotary instrumen-
tation at ISO #20 and 0.06 taper (Profile GT;
Dentsply Tulsa Dental, Tulsa, OK, USA) [11].
Laser parameters were 20 mJ, 15 Hz, 0.3 W, and
50 ps pulse duration, with a 400 pm PIPS tip
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delivered by an Er:YAG laser (Fidelis AT, Fotona
d.d., Ljubljana, Slovenia). A scoring method for
quantitative smear layer removal evaluation was
used, accordingly to Hiilsmann et al. [48], after
observing all the sample SEM images at magnifi-
cation from 1000x to 2000x.

The PIPS laser groups were tested with three
different modalities and compared to sterile dis-
tilled water irrigation alone for 20s. Laser PIPS
groups included sterile distilled water irrigation
for 20s and 17 % EDTA for 20s and for 40s.

SEM examination demonstrated that when
only water irrigation was applied, there was
noticeable smear layer and debris occluding den-
tinal tubules on the treated surface (Figs. 11.39
and 11.40). When sterile distilled water was acti-
vated for 20s with the Er:YAG laser, the speci-
mens showed improved cleaning compared to the
control non-laser group with root canal surfaces
exhibiting more open tubules, residual debris,
and a smear layer still present (Fig. 11.41). The
laser group treated with PIPS activation of 17 %
EDTA irrigation for 20s exhibited improvement
in cleaning and debridement action compared to
the sterile distilled water groups (laser and no
laser activation) (Figs. 11.42 and 11.43). The
most effective removal of smear layer from root
canal walls was achieved by the use of the
Er:-YAG laser plus EDTA irrigation for 40s
(Figs. 11.44 and 11.45). SEM at higher magnifi-
cations (from 2040x to 10,200x mag.) showed
exposed and intact collagen fibers with evidence
of unaltered collagen matrix (Fig. 11.46). None

of the SEM micrographs indicated signs of ther-
mal damage to the dentin surface.

To quantify the differences in smear layer
removal, the five-step scoring method was used.
Results showed that all groups differed signifi-
cantly from each other with PIPS and EDTA group
resulting in more cleaned surfaces (Table 11.1).

Another study from DiVito et al. (2011) con-
firmed the Er:YAG and PIPS ability to remove
debris and smear layer from the root canal walls
after nickel-titanium rotatory instrumentation
[13]. After root canal preparation at ISO #30/06
(Profile® GTTM, Dentsply Tulsa Dental, Tulsa,
OK, USA), three different protocols of irrigation
were performed activated by an Er:YAG laser
(2940 nm Fidelis, Fotona d.d., Ljubljana,
Slovenia) used with a 14 mm long 400 pm PIPS
tip at 20 mJ, 10 Hz, 0.2 W with a 50 ps pulse
duration. Laser irradiation was applied for 20 s
with saline solution and then for 20 and 40s with
17 % EDTA. The irrigation was delivered via
external syringe continuously to maintain fluid
level in the pulp chamber. SEM examination
clearly showed that when only hand irrigation
with water was applied, noticeable smear layer
and closed tubules were still present (Figs. 11.47
and 11.48). However, the samples treated with
PIPS and EDTA showed clean dentin surface,
open tubules, and essentially no smear layer or
debris remaining (Figs. 11.49 and 11.50). SEM
magnification at 20,000x showed that the organic
and inorganic dentin matrix was intact with visi-
ble collagen fibers (Figs. 11.51 and 11.52).

Fig. 11.39 and 11.40 SEM images show noticeable smear layer and debris occluding dentinal tubules on the treated
surface when only water is used for irrigation (Courtesy of Dr. Graeme Milicich, Hamilton, New Zealand and Dr. Enrico
DiVito, Scottsdale, Arizona, USA. Reprinted from DiVito et al. [11] with permission)



WWW.HIGHDENT.IR

O 30153 9 Ol jluld sleod

11 Advanced Laser-Activated Irrigation: PIPS™ Technique and Clinical Protocols

243

A study from Lloyd et al. (2013) assessed the
intracanal tissue and debris elimination from
canal isthmuses of extracted human mandibular
molars using a high-resolution micro-computed
tomography [47].

The mesial canals were prepared using a stan-
dardized instrumentation protocol up to 30/.06.
Two groups (n=7) underwent final irrigation
using either standard needle irrigation (SNI) or
photon-induced photoacoustic streaming (PIPS).
After instrumentation, the canal volumes were
reconstructed from micro-computed tomographic
scans, before and after irrigation, to assess
removal of organic tissue and inorganic debris by

T24.8em

Fig. 11.41 Sterile distilled water activated for 20s with
the Er: YAG laser. The SEM image shows improved clean-
ing compared to the control non-laser group with root
canal surfaces exhibiting more open tubules. Residual
debris and a smear layer still present (Courtesy of Dr.
Graeme Milicich, Hamilton, New Zealand and Dr. Enrico
DiVito, Scottsdale, Arizona, USA. Reprinted from DiVito
et al. [11] with permission)
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quantitative analysis of the superimposed vol-
umes. The total volume of sodium hypochlorite
and EDTA was the same as for the SNI group.
The standard needle irrigation (SNI) protocol
after canal preparation involved irrigation with
17 % EDTA over a period of 60 s at a distance
1 mm short of the working length, followed by
6 % sodium hypochlorite delivered over 30 s. The
PIPS protocol was performed with the standard
settings of the Er:YAG laser (Fidelis; Fotona,
Ljubljana, Slovenia) at 15 Hz and 20 mJ using
the 600 pm PIPS tip placed into the access cavity
only and activated by the following irrigating
solutions: 3x30 s cycles of continuous flow
sodium hypochlorite, one 30 s cycle of distilled
water, one 30 s cycle of EDTA, and a final flush-
ing with 3x30 s cycles of distilled water.
Elimination of debris and organic tissue from
complex canal spaces and an increase in root
canal system volume were more significant
(p<.001) for the laser-activated PIPS group than
for the SNI group (p=.04). Irrigation using PIPS
increased the canal volume and eliminated debris
from the canal system 2.6 times greater than SNI
(Figs. 11.53a—c and 11.54).

A recent study from Arslan et al. (2014) com-
pared the efficacy of PIPS technique and 1 %
NaOCI with conventional, sonic, and ultrasonic
irrigation on the removal of apically placed den-
tinal debris from an artificial groove created in a
root canal. PIPS resulted in significantly more
effective removal of dentinal debris than conven-
tional irrigation (p<0.001), sonic irrigation
(p<0.001), or ultrasonic irrigation (p=0.005) [48].

P -
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Figs. 11.42 and 11.43 SEM images of laser group samples treated with PIPS with 17 % EDTA irrigation for 20s
exhibited improvement in cleaning and debridement action compared to the sterile distilled water groups (Courtesy of
Dr. Graeme Milicich, Hamilton, New Zealand and Dr. Enrico DiVito, Scottsdale, Arizona, USA. Reprinted from DiVito
et al. [11] with permission)
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Figs. 11.44 and 11.45 SEM images of laser group samples treated using PIPS with 17 % EDTA irrigation for 40s
exhibited improvement in cleaning and debridement; however, peritubular dentin was resorbed due to increase time in
laser-activated irrigation (Courtesy of Dr. Graeme Milicich, Hamilton, New Zealand and Dr. Enrico DiVito, Scottsdale,

Arizona, USA. Reprinted from DiVito et al. [11] with permission)

. BBLrm

Fig. 11.46 SEM image close-up of dentin surface show-
ing that the collagen fibers have not been disturbed after
PIPS laser activation. No signs of thermal damage to the
dentin surface (Courtesy of Dr. Graeme Milicich,
Hamilton, New Zealand and Dr. Enrico DiVito, Scottsdale,
Arizona, USA. Reprinted from DiVito et al. [11] with
permission

11.12.2 Effects of PIPS
on Enterococcus faecalis
and Biofilm

Enterococcus faecalis is a commonly isolated
bacterium in the teeth with failing root canals and
is difficult to eradicate from the endodontic sys-
tem [49]. It has been confirmed that E. faecalis
can live in the endodontic environment as plank-
tonic cell or biofilm. Biofilm develops after an
initial attachment of planktonic bacteria to the
root canal surface, and it takes several stages of

Table 11.1 Hiilsmann et al. [48] scoring method of SEM
images (1000x to 2000x) for quantitative smear layer
removal evaluation

Score 1: No smear layer and dental tubules open

Score 2: Small amount of smear layer, many dental
tubules open

Score 3: Homogenous smear layer covering the root
canals walls, only few dentinal tubules open

Score 4: Complete r oot canal wall covered by
homogenous smear layer, no open tubules

Score 5: Heavy, non-homogenous smear layer covering
complete root canal walls

development for it to mature to a structurally
complex matrix that is scarcely eradicable
because of its high adherence to the dentin walls
(Figs. 11.55a, b, 11.56, and 11.57).

The change of biofilm bacteria from sensitive
to resistant against disinfecting agents occurs
between 2 and 3 weeks of biofilm maturation and
is independent on the type of disinfecting agent
used [50]. A 4-week incubation period enhances
the bacterial penetration into dentinal tubules
and promotes strong bacterial biofilm formation
on the root canal surface. After the samples are
vortexed (a machine that agitates the samples
with a centrifugal force moving bacteria from
the periphery to the main canal) and incubated
for a 4-week period, a concentration of free
planktonic cells is observed to correspond to a
bacterial load of 10° bacteria [51] (Figs. 11.58
and 11.59).
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Figs. 11.47 and 11.48 SEM images of the coronal third show clean surface after laser irradiation in 17 % EDTA
for 20 s and smear layer and debris removal from dentin tubules. The surface does not exhibit evidence of the applica-
tion of thermal energy. Er: YAG laser at 20 mJ, 10 Hz, 0.2 W, 400 pm PIPS tip (Courtesy of Dr. Graeme Milicich,
Hamilton, New Zealand and Dr. Enrico DiVito, Scottsdale, Arizona, USA. Reprinted from DiVito et al. [13] with
permission)

Figs.11.49 and 11.50 SEM images of samples treated with PIPS and EDTA showed clean dentin surface, open
tubules, and no smear layer or debris remaining (Courtesy of Dr. Graeme Milicich, Hamilton, New Zealand and Dr.
Enrico DiVito, Scottsdale, Arizona, USA. Reprinted from DiVito et al. [13] with permission)

) !
0.0kV 16.5mm x1310k SE(M.-50)

Figs. 11.51 and 11.52 SEM magnification at 20,000x showed the organic and inorganic dentin matrix intact with
visible collagen fibers undisturbed (Reprinted from DiVito et al. [13] with permission)
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Fig. 11.53 (a) Micro CT scan showing canal tissue anatomy before treatment. (b) Micro CT after rotary preparation
size 30/06 and sodium hypochlorite SNI: upon examination of the complex morphology, it is apparent that the isthmus
remains untouched during canal preparation. (¢) Micro CT after PIPS laser activation with sodium hypochlorite: note
the increase in internal webs, anastomosis, and fins removed (Images courtesy of Prof. Adam Lloyd Chair Department
of Endodontics, University of Tennessee Health Science Center)

Fig. 11.54 3D volumetric reconstruction of tooth scanned with x-ray micro-focus CT showing complex non-separated
canal anatomy (intracanal isthmus). (a) Red represents shaped canal system prior to PIPS. Dark voxels found as
“islands” in isthmus represent soft tissue masses not removed during chemomechanical canal preparation. (b) Green
represents entire complexity of isthmus cleaned following PIPS. (¢) Composite image (blue) shows areas of tissue/
debris removed using PIPS (Images courtesy of Prof. Adam Lloyd Chair Department of Endodontics, University of
Tennessee Health Science Center. Permission received)

The bactericidal effect of PIPS is not related rial agent in endodontics. Also noted is the lysing
to direct laser irradiation and thermal effect, but effect on both cells and matrix due to the com-
rather PIPS exercises its effect via activation of plex turbulent irrigation flow demonstrated by
the NaOCl, the most commonly used antibacte- PIPS.
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Fig. 11.55 (a) SEM image (4177x) of planktonic bacteria cells on root canal dentin surface; (b) high magnification
image (16,708x) of the previous image shows initial attachment of planktonic bacteria to the root canal surface to
develop bacteria conglomerated (Courtesy of Dr. David Jaramillo Loma Linda, California and Dr. Enrico DiVito,

Scottsdale, Arizona, USA)

Fig. 11.56 SEM image (16,708x) shows initial attach-
ment of planktonic bacteria to the root canal surface and
the several stages of development of the biofilm to mature
and form a structurally complex matrix that is scarcely
eradicable because of its high adherence to the dentin walls
(Courtesy of Dr. David Jaramillo Loma Linda, California
and Dr. Enrico DiVito, Scottsdale, Arizona, USA)

The continuous activation of the sodium hypo-
chlorite leads to three different events:

e A three-dimensional streaming of the fluids
with improved penetration of the irrigant
deeply in dentinal tubules [25, 46]

¢ An increased reaction rate of the NaOCI [28]

* A shock wave-like phenomenon that induces a
direct cell lysing and mechanical breakup of
the bacterial biofilm [14].

Fig. 11.57 SEM image (16,201x) shows advanced stage
of development of cocci and rodlike biofilm adherent to
the dentin walls (Courtesy of Dr. David Jaramillo Loma
Linda, California and Dr. Enrico DiVito, Scottsdale,
Arizona, USA)

Peters et al. (2011), at the University of Pacific
(San Francisco, CA, USA), first investigated the
efficacy of three different techniques for root
canal disinfection, specifically comparing the
ability to remove bacterial biofilm formed on root
canal walls of PIPS, syringe irrigation (CI), and
ultrasonic activation (UI) [12].

The teeth used in this study were decoronated
and trimmed to a uniform length of 14 mm.
Canals were prepared at a working length (WL)
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Fig. 11.58 SEM image (10,000x) of 4-week incubation
period of E. faecalis colonizing the dentin walls: the
concentration of free planktonic cells corresponds to a
bacterial load of 10° bacteria (Image of Dr. Giovanni
Olivi, Rome (Italy))

of 0.5 mm short of the anatomical apex to a size
#20 ISO and .07 taper (F1 ProTaper, Dentsply
Tulsa Dental, Tulsa, OK, USA). A reservoir for
irrigant placement was created in the coronal
5 mm of the canal. Conventional syringe irriga-
tion was accomplished by placing a 30 gauge
Maxiprobe needle close to WL and depositing
5 mL of 6 % NaOCl at 30 s and allowing solution
to remain in the canal for an additional 30 s (reac-
tion phase). In the PUI group, NaOCI solution
was placed over 30 s and then activated for 30 s
by using a non-cutting insert (EMS 600 ultra-
sonic unit; Endosoft ESI; EMS, Nyon,
Switzerland) placed 1 mm short of WL (power
was set at 5/10). In the PIPS group, the NaOCl
solution was deposited continuously for 30 s with
activation by a 2940 nm wavelength Er:YAG
laser (Fidelis; Fotona d.d., Ljubljana, Slovenia) at
10 Hz and 50 mJs with a 400 pm PIPS tip. The
continuous supply of fresh sodium hypochlorite
at the beginning and during the root canal therapy
helps to dissolve the pulp tissues and to reduce
the bacterial load within the endodontic system.
The tip was placed stationary into the coronal res-
ervoir and not in the canals. In the laser and ultra-
sonic groups, additional irrigation solution was
deposited in the coronal reservoir only when it
was noted that the coronal reservoir was depleted.

Findings showed that syringe irrigation with
NaOCl alone reduced bacterial counts by 96.6 %.
However only 1 of 20 samples was negative.
Passive ultrasonic activation also resulted in sig-

Fig. 11.59 SEM image (10,000x) of high concentration
E. faecalis colony adherent to root dentin surface,
corresponding to a bacterial load of 10° bacteria (Image of
Dr. Giovanni Olivi, Rome (Italy))

nificant elimination of bacteria by 98.5 %, with
only 2 of 20 samples negative. Finally, activation
with PIPS™ led to more significant reduction in
bacterial contamination by 99.5 % with 10 of 20
samples negative [12].

Pedulla et al. (2012) from the University of
Catania, Italy, also investigated the ability of
NaOCl and PIPS to in vitro decontaminate
Enterococcus faecalis-infected teeth [14]. The
teeth were instrumented to the anatomical apex
up to #25.06, using mechanical preparation
(Mtwo rotary instruments, Sweden & Martina,
DueCarrare-Pd, Italy). The teeth were then
infected and incubated for a period of 2 weeks
leading to a median bacterial count of 10°. Four
different irrigation protocols were used, with dis-
tilled water and NaOCl, delivered through con-
ventional syringe irrigation or laser activated. All
the groups were irrigated for 30 s. In the conven-
tional irrigation groups, the 30 G needle tip was
introduced as close to the anatomical apex as pos-
sible, depositing 3 mL of irrigant solution. In the
laser-activated irrigation protocol, Er:YAG laser
(Fidelis AT, Fotona, Ljubljana, Slovenia), deliv-
ered at 20 mJs per pulse, 15 Hz, and 50 ps pulse
duration, was using a 400 um PIPS tip positioned
and stationary in the pulp chamber. After treat-
ment, PIPS + NaOCI protocol reduced the bacte-
rial counts by 99.8 % rendering more negative
cultures than the other groups, with 30 negative
samples out of 32. Syringe irrigation with NaOCl
alone reduced bacterial counts by 97.1 %, with
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25 negative samples out of 32. PIPS and distilled
water group resulted in an inferior two log bacte-
rial reduction (73.0 %) not sufficient to claim the
bactericidal effect of water and photon-initiated
photoacoustic streaming alone and therefore
confirming the role of NaOClI in the root canal
decontamination. However, the production of
15 negative samples of 32 in the water + PIPS
group helps explain the role of the shock wave in
improving the decontamination of infected root
canals by inducing direct cell lysing and mechan-
ical breakup of the bacterial biofilm [14].
Jaramillo et al. (2012) [52], from Loma Linda
University, CA, USA, performed a bacteriologi-
cal study completed with confocal and SEM
investigations that clearly and significantly
showed the complete inhibition the growth of
Enterococcus faecalis of the PIPS + NaOCl group
when compared with the combination of Er:YAG
laser and phosphate-buffered saline (PBS) [25].
Teeth samples were prepared 1 mm short of work-
ing length using ProTaper® Rotary File system
(Dentsply) and minimally enlarged up to ISO #20
0.07 (F1) to keep the canal enlargement as small
as possible. Er:YAG laser (Fidelis AT, Fotona
d.d., Ljubljana, Slovenia) equipped with a 400 pm
PIPS tip was used at 20 mJ, 15 Hz, and 0.3 W to
activate for 20s a solution of 6 % NaOCl, saline
solution, or phosphate-buffered saline (PBS).
Statistically significant differences in colony-
forming units per milliliter were found between
the laser treatment groups in two of the four
groups. The combination of 20s irradiation with
Er:YAG laser and 6 % sodium hypochlorite com-
pletely inhibits the growth of Enterococcus faeca-
lis when compared with the combination of
Er:YAG laser and phosphate-buffered saline
(PBS). The dental shavings of teeth treated with
Er:YAG laser and sodium hypochlorite showed
100 % elimination of Enterococcus faecalis com-
pared to 50 % with the combination of Er:YAG
laser and phosphate-buffered saline. Pre- and
post-PIPS irrigation SEM analysis, as well as the
confocal microscopy analysis, further confirmed
the bacteriological findings. SEM representative
image clearly showed that there were no bacteria
present on the canal wall of specimens treated
with PIPS and sodium hypochlorite when com-
pared to the PBS control groups (Figs. 11.60a, b

and 11.61a, b). Furthermore, the confocal micros-
copy analysis demonstrated absence of live bacte-
ria on the canal wall and even within the dentinal
tubules in the treatment group compared to the
controls [25] (Figs. 11.62a— and 11.63a, b).

On the basis of these results, further inves-
tigations were performed with a new laser
device (LightWalker AT; Fotona d.d., Ljubljana,
Slovenia) and new parameters. The setting used
was 15 Hz and 20 mJ, and the energy was delivered
at 50 p pulse duration with a new 600 pm,
9 mm long PIPS tip. Different studies were
performed in different university centers using
different investigation methods but following
similar protocols: University of Genoa, Italy;
University Tor Vergata, Rome, Italy; University
Victor Babes, Timisoara, Romania; Boston
University, MA, USA; and University of Sdo
Paulo, Bauru, Brazil.

The authors investigated the ability of PIPS
to decontaminate a 4-week biofilm using laser
activation for 30s with 5 or 6 % NaOCl for two
times, waiting an additional 30s after each acti-
vation period to allow the reaction of the solu-
tion (reaction phase). According to Macedo and
Peters, the authors believe that this step is fun-
damental for a superior disinfecting result
using the laser-activated irrigation technique
[12, 28].

A study by Olivi et al. performed at the
University of Genoa, Italy, in 2011 (published in
2014) reported that when 5 % NaOCI was acti-
vated by the erbium:YAG laser two times for
30s, waiting 30s for rest time after each activa-
tion period to allow for the reaction of the solu-
tion (reaction phase), a greater reduction in
bacterial infection was obtained compared with
conventional hand irrigation performed with the
same timing [51]. The study involved a final
flushing of 30s 17 % EDTA irrigation, activated
and not activated by laser, to verify the canal
surface cleaning and possible morphological
alteration after laser-activated irrigation.
Scanning electron microscopic imaging of split
root sections showed images suggestive of a
qualitative reduction of bacterial presence in the
two treatment groups compared to positive con-
trols. SEM images also showed evidence of lack
of smear layer, open dentin tubules, and the
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Fig.11.60 (a) SEM (9203x) shows cocci and rodlike cells inside the dentin tubules; (b) SEM (18,406x) magnification
of the previous image shows biofilm adherent to dentin tubules surface and some free planktonic cells (Courtesy of Dr.
David Jaramillo, Loma Linda, California)
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Fig.11.61 (a) SEM (2259x) representative image clearly showed that there were no bacteria present on the canal walls
of specimens treated with PIPS and sodium hypochlorite; (b) SEM (18,076x) magnification image of the previous image
showing clean, bacteria-free, and no thermally damaged dentin tubules after PIPS: note the undisturbed organic dentin
structure (Courtesy of Dr. David Jaramillo Loma Linda, California and Dr. Enrico DiVito, Scottsdale, Arizona, USA)

merated the treatment.

absence of laser-induced thermal damage in the
PIPS group (Figs. 11.64, 11.65, 11.66, 11.67,
11.68, and 11.69).

Conventional hand irrigation (CI) showed
residual smear layer with the presence of debris
and partially occluded dentin tubules. Colony-
forming units of bacterial suspensions were enu-

immediately after
Laser-activated irrigation group resulted in no
detectable growth in all 10 samples compared to
6/10 samples with no growth in CI group. When
comparing bacterial counts, this difference was
statistically significant (p<0.05). Furthermore,
after 48 h no bacterial growth was detected in any

»
>

Fig. 11.63 (a) Confocal microscopic image showing the depth of live (green) bacteria penetration into the dentin
tubules of control group and (b) the presence of dead (red) bacteria deeply into the dentin tubules (Courtesy of Dr.
David Jaramillo Loma Linda, California and Dr. Enrico DiVito, Scottsdale, Arizona, USA)
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Fig. 11.62 (a) Confocal microscopic analysis demon-
strates presence of live bacteria on the canal wall and even
within the dentinal tubules in the control group (live bac-
teria in green). (b) Note that green indicates live bacteria
and the red dead. (c) Confocal image of root canal surface
after treatment with PIPS laser activation and NaOCl 30 s.
No evidence of live bacteria on surface or in dentin
tubules. Only autofluorescence (Courtesy of Dr. David
Jaramillo Loma Linda, California and Dr. Enrico DiVito,
Scottsdale, Arizona, USA)
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Fig. 11.64 SEM image (1000x) of E. faecalis-infected
root canal after PIPS: two 30s cycles of sodium
hypochlorite irrigation and one 30s cycle of EDTA. Note
the absence of bacteria and lack of smear layer, open
dentin tubules, and the absence of laser-induced thermal
damage (Image of Dr. Giovanni Olivi, Rome (Italy))
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Fig.11.65 SEM image (2000x) of middle one-third root
canal (6 mm short from the apex), infected with
E. faecalis, after PIPS, shows evidence of lack of smear
layer, open dentin tubules, and the absence of laser-
induced thermal damage (Image of Dr. Giovanni Olivi,
Rome (Italy))
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Figs. 11.66 and 11.67 SEM image (5000x) of apical one-third root canal (3 mm short from the apex), infected with
E. faecalis, after PIPS, shows evidence of lack of smear layer, open dentin tubules, and the absence of laser-induced
thermal damage (Image of Dr. Giovanni Olivi, Rome (Italy))
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Figs. 11.68 and 11.69 Higher SEMs magnification undisturbed and preserved dentin organic structure after PIPS
(two 30s cycles of sodium hypochlorite irrigation and one 30s cycle of EDTA). Lack of bacteria, debris, smear layer,
and open dentin tubules (Image of Dr. Giovanni Olivi, Rome (Italy))
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Fig.11.70 (a—c) SEM images of split cross sections at 5 mm from the apex showed absence of debris and bacteria into
dentinal tubules. (¢) The organic structure appeared intact (Image of Dr. Giovanni Olivi, Rome (Italy))

of the incubated samples of PIPS group com-
pared to the hand irrigation group that showed
bacterial growth in 10/10 samples. SEM images
of cross sections at 5 mm from the apex showed
absence of debris and bacteria into dentinal
tubules. The organic structures appeared intact
[51] (Fig. 11.70a—c).

During the same experimental session, five
samples underwent the same contamination and
incubation method and were treated with the
same protocol, but at lower PIPS setting of
15 mJ, 15 Hz, and 0.225 W. After treatment, pre-
liminary test resulted in no detectable growth in
all five samples, confirming the disinfecting and
cleaning ability of PIPS also at a lower level
setting.

Ordinola-Zapata et al. (2014) compared the
removal of biofilm utilizing four irrigation tech-
niques on a bovine root canal [15].

Plaque from human volunteer after 72 h of con-
tinuous accumulation generated oral biofilm that
was collected, incubated, and used to infect 50
dentin specimens (2x2 mm) that were adapted to
previously created cavities in tooth bovine model.
Different treatment modalities were used for 60s
(3 cycles x 20s): needle irrigation, endoactivator,
passive ultrasonic irrigation, and laser-activated
irrigation (PIPS), in conjunction with 6 % NaOCl,
were used to clean in situ biofilm-infected bovine
dentin. Subsequently, the dentin samples were
separated from the model and analyzed using a
scanning electron microscope (SEM). The laser-
activated irrigation (PIPS) group exhibited the
most favorable results in the removal of biofilm.
Passive ultrasonic irrigation scores were signifi-
cantly lower than both the endoactivator and nee-
dle irrigation scores. Sonic and needle irrigation
were not significantly different [15].
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Olivi M. et al. (2014) assessed the efficacy and
effectiveness of an erbium:YAG laser-activated
irrigation technique for root canal disinfection,
using PIPS tip and protocol, in comparison with
conventional irrigation (CI). The study resulted
in very effective eradication of the E. faecalis
from experimentally infected root canal walls,
encouraging the possible application of the PIPS
technique in endodontics [52].

Lately, Al Shahrani et al. (2014) reported that
the use of the PIPS system along with 6 % NaOCl
showed the most efficient eradication of the bac-
terial biofilm, greatly enhancing the disinfection
of the root canal system [54].

11.13 Discussion

Despite the positive results obtained by PIPS
studies that followed a standardized and con-
trolled protocol, some study reported contradic-
tory results or absence of significant relevant
difference in the results between the PIPS group
and the control groups.

Note: It is important to look into more
depth with an analysis and discussion of
the relative protocols used to understand
why these different results occurred to
thoroughly understand the mechanism of
action and the protocol of this technique.

Zhu et al. (2013) investigated both the anti-
bacterial efficacy and smear layer removal ability
of PIPS in comparison with conventional syringe
irrigation in vitro [31].

The results of their study reported no bacteria
observed by SEM in the CI group (NaOClI,
NaOCl + EDTA) and in the PIPS + NaOCl
group, with no significant differences in CFU
reduction between the laser and non-laser
groups.

The scores of smear layer of the CI group,
where NaOCl + EDTA was used, and PIPS group

that used only NaOCl were significantly lower
than those of the other groups in the coronal and
middle-third of the root canal, but none of the
methods can effectively remove smear layer in
the apical third.

Two main points can explain these results:

* The canal size of the prepared teeth
and
e The irrigants used

The canal size was enlarged to a size #40
K-file and 4 % taper to facilitate the placement of
the irrigation needle in the apical one-third,
enhancing its fluid dynamics and cleaning capac-
ity, so that there would be less difference in their
disinfecting ability. Such an aggressive prepara-
tion of the apical portion results in no difference
in the disinfecting ability of the two methods.
Correspondingly it also leads to reduction of the
root strength and integrity making the tooth more
susceptible to fracture. In the discussion session,
Zhu et al. highlighted this topic, emphasizing
that the canal size may play a fundamental role in
the cleaning efficacy of PIPS, claiming that one
of the benefits of the PIPS system is the minimal
root canal preparation required. This is advanta-
geous when treating teeth in vivo having differ-
ent shapes and sizes such as the lower incisors
and the mesial roots of the upper and lower
molars where it is not recommended that the size
of instrumentation be large at the apex (such as
40 ISO).

The second point to be made is the scientifi-
cally unacceptable comparison of two irrigation
methods that use different solutions in the two
groups. Hand irrigation was tested using both
NaOCL and EDTA, while only NaOCL was used
for laser activation only. Furthermore the use of
NaOCL for smear layer removal is not
appropriate.

In conclusion the investigations used in this
study were not well designed and not similar to in
vivo conditions resulting in misleading
conclusions.

Deleu et al. (2013) investigated the efficacy
of different laser-activated irrigation methods in
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removing debris from simulated root canal
irregularities. The results of the study were not
in line with the most recent studies of PIPS tech-
nique [29].

Conventional irrigation removed signifi-
cantly less debris from the groove than the three
laser groups (diode 980 nm, Er:YAG with
300 pm flat, or PIPS tip), manual dynamic irri-
gation (MDI), and passive ultrasonic irrigation
(PUI) (p<0.001). Erbium:YAG laser with the
flat fiber tip removed significantly more debris
than the diode laser (p=0.007), the MDI
(»=0.02), and the erbium laser using the PIPS
tip (p=0.004), but the amount of debris was not
statistically different from that found in the PUI
group. No statistically significant differences
were observed between PUI, MDI, and Er: YAG-
PIPS groups.

The protocol used explains the lack of evi-
dence in the PIPS group:

¢ The teeth were decoronated, so the fluid reser-
voir needed for the photoacoustic effect was
absent in the PIPS group.

* The laser was operated at too high an energy
and power, 40 mJ, 20 Hz, and 0.8 W, so that
the pulse length of 50 ps and the higher peak
power of 800 W evaporated the intracanal
irrigant causing fluid depletion. This
accounted for the ineffective irrigation found
as well as the thermal damage to the dry
canal.

 Finally, the irrigation was not delivered con-
tinuously, but rather intermittently for 5s, with
four repetition cycles. This is not the correct
PIPS protocol advocated and confirmed as
effective.

The study reported that when the laser was
activated, small portions of NaOCl were forced
out of the canal with every pulse resulting in the
PIPS tip not being submerged but rather in a
fluid-free canal entrance after about 4s. The
authors concluded that this event evidently lim-
ited the further action of the tip.

These problems have been exhaustively
explained before.

11.14 PIPS: New Concept
in Cleaning and Shaping
the Root Canal

Essential to the success of endodontic treatment
is the elimination of microorganisms and their
by-products from the root canal system.

A limiting factor in canal disinfection is the
inability to adequately have the irrigant enter
canal isthmuses and ramifications because they
are blocked by dentin chips created during the
mechanical preparation or by infected pulp tis-
sues and their associated microbes or by resid-
ual endodontic filling material. Additionally,
the blockage of canal isthmuses prevents fluid
interchange regardless of the volume of
irrigant.

Upon examination of the complex morpholo-
gies associated with molars and premolars, it is
apparent that the isthmus remains untouched dur-
ing canal preparation (Figs. 11.71 and 11.73a—e)
(see also Fig. 11.53b). Enlarging canals to include
isthmus preparation results in sacrificing too
much tooth structure, gross enlargement, and
likely root perforation while not significantly
increasing the amount of contact of the instru-
ment to dentin in the canal. Conventional end-
odontics claims the concept that proper shaping
is a prelude to an adequate supply of irrigation
and a good apical obturation [1].

Accordingly, as in the aphorism of Herbert
Schilder [54], the success of endodontic ther-
apy depends more on “what we take away”
(instrumentation) than “what we put into”
(obturation) the root canal system. That being
said the success of endodontic therapy relies
heavily on the chemomechanical preparation
phase for emptying the contents of the root
canal system.

PIPS has been shown to be effective in elimi-
nating microbes, both planktonic and biofilm, in
areas not effectively instrumented or prepared at
all during instrumentation (Figs. 11.72a, b,
11.74a, b, and 11.75a, b). The strong body of evi-
dence that shows PIPS action lyses bacteria and
sterilizes dentin tubules, which have been
reported in the previous paragraphs.
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Fig. 11.71 Complex morphologies of lower molars seen with these micro CT scans (Courtesy of Dr. Ove Peters San
Francisco, California and Dr. Enrico DiVito Scottsdale, Arizona)

Fig. 11.72 (a, b) PIPS is effective in eliminating pulp tissue and microbes in areas not effectively instrumented or
prepared at all during instrumentation. A file ISO 25/04 was used to prepare a single root lower incisor; most of the canal
surface remains unchanged by the preparation but however clean (Histology images courtesy of Dr. Domenico Ricucci,
in cooperation with Dr. Giovanni Olivi Rome, Italy)
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Fig. 11.73 (a—e) Upon examination of the complex morphologies associated with premolars, it is apparent that the
isthmus remains untouched during canal preparation. However after two 30s cycles of sodium hypochlorite irrigation
and one 30s cycle of EDTA activated by PIPS, the surfaces are clean and bacteria-free (Image of Dr. Giovanni Olivi,

Rome (Italy))

It is important to know that the PIPS tech-
nique can be applied regardless of the type of
shaping and instrumentation method chosen to
prepare the canal system. It is very effective at
removing both vital and necrotic tissue. It has
also been demonstrated to be effective at open-

ing and helping negotiate calcified canals and
removing separated or fractured instruments
and antibiotics and medication pastes
(Figs. 11.76a, b and 11.77a, b).

The following protocols for the correct use of
PIPS are described later on.



WWW.HIGHDENT.IR
Qlifo}idldéa 9 Oildludd jled
258 G. Olivi and E.E. DiVito

Magni . Dat WD k1 100im
8- E00x . SE 148 : i

Fig. 11.74 (a, b) SEM (500x and 5000x) images of root canal surface after mechanical preparation and PIPS. The
globular formation on the surface is the so-called calcospherites, the mineralization front of predentin; the presence of
these structures indicates that this part of dentin wall was not shaped; however, surfaces are clean as a result of PIPS
laser-activated irrigation (Image of Dr. Giovanni Olivi, Rome (Italy))

Fig. 11.75 (a, b) SEM (400x and 5000x) images of root canal surface after mechanical preparation and
PIPS. Calcospherites indicate that this part of dentin wall was not shaped but was however cleaned after PIPS (Image
of Dr. Giovanni Olivi, Rome (Italy))
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Fig.11.76 (a) Sample showing
distribution of Ca(OH)2 before
ultrasonically activated
irrigation. (b) Red and orange
areas represent remaining
Ca(OH)2 after irrigation with
sodium hypochlorite energized
with ultrasonics. Green apical
third shows significant remain-
ing Ca(OH)2 unable to be
removed (Images courtesy of
Prof. Adam Lloyd Chair
Department of Endodontics,
University of Tennessee Health
Science Center)

Fig. 11.77 (a, b) Weine type 11
canal configuration with
instrumented canal filled with
calcium hydroxide [Ca(OH)2] in
coronal (red), middle (orange),
and apical (green) thirds. (b)
PIPS completely eliminated all
Ca(OH)2 from complex system
(Images courtesy of Prof. Adam
Lloyd Chair Department of
Endodontics, University of
Tennessee Health Science
Center)
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11.15 PIPS Protocol for Primary
Endodontic Treatment
for Both Vital and Necrotic
(Includes Acute or Chronic
Pulpitis)

This paragraph describes the protocol and tech-
nique preferred by the authors that utilize a com-
bination of hand and rotary instrumentation and
PIPS irrigation.

11.15.1 Access Opening and Glide
Path

Access opening is made in the usual manner
using a small carbide or round diamond burr.
Erbium: YAG laser can also be used to create the
access to the chamber and remove the pulp tissue
without a burr. Both the handpieces (with or
without tip) can be utilized for this purpose.
Irrigation with sodium hypochlorite helps to

Fig.11.78 (a—c) Intraoperative micrograph of complete excavation of carious lesions and the selective removal of pulp
tissue in the chamber allows remaining canal orifices to be visualized and confirmed with an endodontic explorer
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remove the coronal pulp tissues. Upon complete
excavation of carious lesions and the selective
removal of pulp tissue in the chamber, the remain-
ing canal orifices can be visualized and confirmed
with an endodontic explorer (Fig. 11.78a—c).
Creating an appropriate convenience form during
access preparation (straight-line access) is always
preferred and advised (Fig. 11.79a-d). For this
purpose the ultrasonic instruments with a dia-
mond tip work very well because of their long,
curved, and thin stem design allowing for a very
precise and controlled application while using a
microscope. The cavity walls are consequently

flared, rounded, and smoothed to facilitate easy
and straight access into the root canal [55] (Figs.
11.80, 11.81, 11.82, 11.83, 11.84, and 11.85).
The design and size of the access opening are
related to the health of the remaining tissue and
to the position of the canal orifices (Fig. 11.86a—
¢); however, in case of coronal destruction, a
buildup of the crown walls is mandatory to create
a coronal reservoir for adequate volume of irrig-
ants to be activated (Fig. 11.87a, b). A preflaring
of the orifice and enlarging of the coronal one-
third of the canal allow for easy and direct access
to the canal apex (Fig. 11.88).

| '~ — ' ., .‘“ .'

N

Fig. 11.79 (a—d) Creating an appropriate convenience form during access preparation (straight-line access) is always
preferred and advised. (Courtesy Dr. E. DiVito, Scottsdale AZ, USA)
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Figs.11.80,11.81,11.82,11.83,11.84and 11.85 Intraoperative micrographs walls are flared, rounded, and smoothed
to facilitate easy straight-line access into the root canal. Note the extremely clean surface ((Figs. 11.80 and 11.85 Courtesy
of Dr. Thomas McClammy Scottsdale, Arizona, USA) Permission received)
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Fig.11.86 (a—c) The design and size of the access open-
ing are related to the health of the remaining tissue and to
the position of the canal orifices

Fig. 11.87 (a, b) Buildup of the crown walls (mesial and distal walls) is mandatory to create a coronal reservoir for
adequate volume of irrigants to be activated when using PIPS™
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Fig. 11.88 Ultrasonic tips are used to
finish and round the chamber shape.
Gates Glidden drills in different sizes
from 1 to 6 (corresponding to 0.50, 0.70,
0.90, 1.10, 1.30, and 1.50 mm diameter)
and lengths are mainly used for
enlarging the canal orifices of the
coronal one-third of the root canal

11.15.2 Anatomical and Working
Length of the Canal

After establishing a direct glide path to the apical
one-third, using hand stainless steel 10 and 15
files or Ni-Ti thin and flexible rotary files in
NaOCl wet canal (Fig. 11.89, 11.90, 11.91, and
11.92), a small stainless steel hand file (#.06 or
#.08 ISO) is used to determine the anatomical
length (Figs. 11.93 and 11.94). Lubricant gel con-
taining urea peroxide (such as RC-Prep; Premier
Products Co; PA-USA) is placed on the file before
inserting into the canal to lubricate and avoid tis-
sue plugging that may occur when sliding the file
to the anatomic opening (Figs. 11.93 and 11.95).
Use of an electronic apex locator (ROOT ZX, J
Morita Co.; Kyoto, Japan or Apit-Endex, Osada
Electronics) and a radiograph confirmation will
provide verification of the correct working length
at the apex (Figs. 11.96 and 11.97).

11.15.3 Shaping the Root Canal

Whatever the canal length is determined to be,
that value is shortened by 1 mm to which all the

subsequent files will be instrumented to.
Irrespective of the instrumentation technique
used, after each filing step, continuous laser-
activated irrigation (PIPS) of 30s with sodium
hypochlorite will digest the vital and/or
necrotic tissue in the canal. NaOCl is left in the
chamber as a lubricant, and instrumentation
from here forward is always done with ade-
quate hydration and never in a dry field.
Instrumentation is always performed sequen-
tially until reaching a size 20 or 25 ISO
(Figs. 11.98, 11.99, 11.100, and 11.101). This
can be done by hand, rotary, or combination.
Patency is confirmed between each file using
the smallest hand file possible (typically a .06—
.08 ISO hand file) (Fig. 11.102).

The authors find that a combination of hand
.06, .08, and .10 rotary glide path files (#13/02
and #16/02 or #10/02 to #20/02) and finally a
rotary system of own choice works very well
and yields a very consistent and conservative
shape (Figs. 11.103, 11.104, 11.105, and
11.106).

Because the PIPS tip does not require that it be
placed in the canal at all to effectively stream irri-
gants into the smaller and morphologically deli-
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Fig. 11.89 Stainless steel 10 and 15 files and Ni-Ti ’\ N N 4
rotary 0.13 and 0.16 PathFile (Dentsply; PA-USA) for the - . i o
preparation of the glide path \ kil
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Fig. 11.90 Different Ni-Ti thin and flexible rotary files for preparation of glide path: (a) 0.12-0.17/03G-File
MicroMega; Besancon, France; (b) 0.10-0.15-0.20/02 Scout Race FKG; La Chaux-de-Fonds Switzerland; (c) 0.10-
0.15-0.20/02 Endowave MGP J Morita Co; Kyoto, Japan

T

cate apical areas, it is not necessary to open the apical obturation. Previously reported studies
canal spaces to a larger size. This results in a have shown both dentin tubules, and biofilm
more conservative and biomimetic result: 25/06 removal occurred when used with the correct
is a canal shape sufficient to warrant a hermetic  protocol described.
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Fig. 11.91 Graphic representation of hand files progressively preparing a direct access to the apical one-third (glide
path) (Courtesy of Dr. Giovanni Olivi)

Fig. 11.92 Graphic representation of a combination of hand and rotary files for preparing the glide path (Courtesy of
Dr. Giovanni Olivi)
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PIPS + NaOCl

Fig. 11.93 After enlarging the coronal and middle one-third of the canal, PIPS™ and NaOCl are used before using a
.06 and .08 file to determine the anatomical length. Lubricant gel containing urea peroxide is placed on the file (or in
the cavity) to lubricate and avoid tissue plugging when sliding the file to the anatomic opening (Courtesy of Dr. Giovanni

Olivi)

Fig.11.94 .06 and .08 Fig. 11.95 .08 hand files to the root apex (Courtesy of Dr. Giovanni Olivi)
steel hand K-files are

used to determine the

anatomical length of

the canal and to assure

its patency
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Fig. 11.96 Electronic apex locator (Root ZX by Morita)  Fig. 11.97 Electronic apex locator (OSADA by OPITA)
used to confirm anatomical length used to confirm anatomical length

Fig. 11.98 Graphic representation of a .10/2-.13/02 glide path file at working length (anatomical length -1 mm)
(Courtesy of Dr. Giovanni Olivi)
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Fig. 11.99 Graphic representation of a .15/2-.16/02 glide path file at working length (anatomical length -1 mm)
(Courtesy of Dr. Giovanni Olivi)

Fig.11.100 Graphic representation of rotary .20/04 file shaping the canals at working length (Courtesy of Dr. Giovanni
Olivi)
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Fig. 11.101 Graphic representation of rotary 25 file enlarging the canals. A shape 04 or 06 taper is used according to
anatomic and clinical needs (Courtesy of Dr. Giovanni Olivi)

PIPS + NaOCl

Fig.11.102 .08 After PIPS™ and NaOCl, the recapitulation with the smaller first instrument (#1SO.06 or .08) is used
at the apical anatomic constriction to ensure the apical patency and remove any vital or necrotic tissue and possible
dentin plugs produced during instrumentation (Courtesy of Dr. Giovanni Olivi)
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I

e A

Fig. 11.103 Assortment of hand files for glide path and rotary (Reciproc, Dentsply) for shaping

i

e

e A

Fig. 11.104 Combination of hand files and rotary pathfiles (PathFile, Dentsply) for glide path; single rotary file
(Reciproc, Dentsply) is used for shaping (easy-medium canals)
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Fig. 11.105 Combination of hand files and rotary pathfiles (PathFile, Dentsply) for glide path; different rotary files
(WaveOne, Dentsply) are used for shaping (curved and complicated canals)
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Fig. 11.106 Combination of hand files and rotary pathfiles (Endowave MGP, J Morita Co) for glide path; rotary file
series (EndoWave, J Morita Co) is used for shaping curved and complicated canals

11.15.4 Ensuring Apical Patency

After instrumentation and laser-activated irriga-
tion (PIPS) step, recapitulation with the smaller
first instrument (#ISO .06 — .08) at the apical ana-
tomic constriction will ensure the apical patency
and remove any vital or necrotic tissue and pos-

sible dentin plugs produced during instrumenta-
tion (Fig. 11.107). Maintaining the natural
preexisting size of the anatomic apical constric-
tion allows for a better control of possible fluid
extrusion.

Because instrumentation is done 1 mm short
of measured canal length, the possibility of
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transporting, blocking, or pushing debris and
contaminates beyond the apex and into the sen-
sitive periapical tissues is avoided. PIPS fluid
dynamics, by virtue of its photoacoustic
streaming, effectively kills and removes any
remaining tissue, smear layer, and debris for

Fig. 11.107 After PIPS™ and
NaOCl, the recapitulation with the
smaller first instrument (#1SO .06
or .08) is used at the apical
anatomic constriction after each
file passage to confirm patency
(Courtesy of Dr. Giovanni Olivi)

the canal system including the delicate apical
one-third.

An intraoral x-ray is performed to verify the
correct working length and size before the final
canal obturation (Figs. 11.108, 11.109, 11.110,
11.111, 11.112, and 11.113).

Fig. 11.108 Access cavity of lower lateral incisor allows
verification of two canals

Fig. 11.109 Electronic apex finder helps to find the
correct position for determination of anatomical length
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Fig. 11.110 Pre-treatment radiograph lower lateral Fig.11.111 Radiograph confirmation provides verifica-
incisor tion of the correct anatomical length at the apex (working
length to be reduced 1 mm)

Fig. 11.112 Obturation (20/04) resulting in a more Fig.11.113 A 9-month post-op x-ray shows the complete
biomimetic conservative shape (6 m post-op) healing of the periapical lesion
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11.15.5 PIPS Irrigation Protocol

A laser-activated irrigation (PIPS) of 30s with
continuous sodium hypochlorite is used after
each filing step. Upon reaching the desired final
file size, the following PIPS laser-activated irri-
gation protocol is performed: Use of distilled
water between NaOCl and EDTA avoids any
chemical reactions between the different fluids.
Sterile water used as the final step in the PIPS
protocol reduces the release of oxygen from the

solution in the root canal system possibly modi-
fying the polymerization of resin-based root
canal sealers.

The tip is placed into the access cavity only
and kept stationary and activated with each of the
following irrigating solutions as they are applied
into the access cavity with a 27 gauge irrigating
needle (Figs. 11.114 and 11.115).

The laser parameters and settings are listed
below:

PIPS 600 pm, 9 mm long tapered and stripped tip is mounted on the handpiece; pulse dura-
tion is set on SSP (50 microsecond), and pulse energy on 20 mJ, and pulse repetition rate is

set on 15 Hz.

Handpiece air-water spray feature is turned off.

1. 30s of PIPS with continuous flow of 17% EDTA (3 ml)
2. 30s of PIPS with continuous flow of sterile distilled water
3. 30s of PIPS three times (3x) with continuous flow of 5 % NaOCI (3 ml) with 30s no activa-

tion between cycles (resting phase)

4. 30s of PIPS with continuous flow of distilled water as the final step before obturation
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Fig. 11.114 The final step before obturation requires patency to be confirmed using .06 or .08 file after NaOCl irriga-
tion activates by PIPS™ (Courtesy of Dr. Giovanni Olivi)

30s PIPS-EDTA  30s PIPS-water 3x 30s PIPS-NaOCl

Fig. 11.115 PIPS final irrigation protocol utilizes 17% EDTA activated by PIPS™ for 30s; after 60s resting time,
sterile distilled water agitated by PIPS™ is used for 30s to inactivate the EDTA; finally three cycles of 5-6 % NaOCl
are activated by PIPS™ for 30s; each cycle has 30s rest phase to allow the hypochlorite to react. Again sterile dis-
tilled water agitated by PIPS™ is used for 30s to inactivate the oxygen before obturation using resin-based sealer
(Courtesy of Dr. Giovanni Olivi)
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11.15.6 Root Canal Obturation

Upon completion of this protocol, obturation
with any system can be used. The authors use a
flowable resin-based sealer (such as EndoRez by
UltraDent, BC sealer by Brasseler, or AH plus

from Dentsply) because of their low viscosities
and higher flow rates needed to fill any remaining
endodontic spaces (isthmuses, ramifications, lat-
eral canals, apical delta) opened by PIPS. Finally
resin-coated gutta-percha is placed (Figs. 11.116,
11.117,11.118, 11.119, and 11.120).

Fig.11.116 Post-op x-ray: A preflaring of the orifice and
enlarging of the coronal one-third of the canals allow for
easy and straight-line (direct) access to the canal apex;
confluent canals and isthmus filling completed (Courtesy
of Dr. Thomas McClammy Scottsdale, Arizona, USA)

Fig. 11.118 Post-op x-ray: canal fill confirmed into lat-
eral defect

Fig. 11.117 Post-op x-ray: straight-line direct access to
the canal the middle and apical one-third of the canals
improved irrigation and obturation of complicated apical
anatomy

Fig.11.119 Post-op x-ray: final obturation with continu-
ous taper completed (Courtesy of Dr. Thomas McClammy
Scottsdale, Arizona, USA)
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Fig. 11.120 (a, b) Pre- and post-treatment radiographs of lower first molar. Note the obturation pattern in the anasto-
mosis area. (¢) Complex morphologies associated with molars seen with these micro CT scans (Courtesy of Dr. Ove
Peters San Francisco, California USA and Dr. Enrico DiVito Scottsdale, Arizona, USA)

Upon radiographic verification of adequate
fill, it is imperative that a good coronal seal is
achieved as soon as possible. This can be done by
a flowable etched and bonded resin composite
with or without a glass fiber post and core,

together with a partial or full coverage crown.
Postoperative radiographic verification of heal-
ing should be done at 1-, 3-, and 6-month inter-
vals (Figs. 11.121, 11.122, 11.123, 11.124,
11.125, 11.126, and 11.127).



WWW.HIGHDENT.IR
OIS 361938 9 OHled | Hleod
11 Advanced Laser-Activated Irrigation: PIPS™ Technique and Clinical Protocols 279

Fig. 11.121 (a) Pre-treatment lower first molar, with periapical lesion; (b) 6 months post-treatment

Fig. 11.122 (a) Pre-treatment lower first molar, with large apical lesion; (b) 6 months post-treatment
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Fig. 11.123 (a) Pre-treatment radiograph of retreat of upper first molar showing apical lesions on mesial and palatal
roots; (b) 1 year post-treatment

4

Fig. 11.124 (a) Pre-treatment upper first molar; (b) 1 year post-treatment (Courtesy Dr. Tom McClammy Scottsdale,
Arizona, USA)
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Fig. 11.126 (a) Pre-treatment upper second bicuspid; (b) 6 months post-treatment
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Fig. 11.127 (a) Pre-treatment upper first bicuspid; (b) 1 year post-treatment

11.16 PIPS Protocol for Endodontic
Retreatment

Removing failed endodontic material from pre-
vious therapies requires the use of hand and
rotary files in combination with PIPS. PIPS and
continuous water between instruments are used
in an alternating pattern until dislodging

and cleaning of previous material occur
(Figs. 11.128a—d, 11.129, 11.130, and -11.131a,
b). PIPS standard settings are used with the
handpiece water feature “on” at 2 water/0 air.
Use of alcohol and hydrogen peroxide with
PIPS aids in dissolving the previous material.
For this step turn off the handpiece air/water
spray feature.

The use of specific solvents for gutta-percha such as chloroform, endosolv, and other similar
chemistries must be used separately from PIPS to avoid the possibility of a flammable incident due

to laser activation.
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Fig.11.128 (a) Pre-treatment view of treated molar. Note metal post and original gutta-percha; (b) post-PIPS. Note the
clean walls and canal orifices; (¢) pre-treatment radiograph of retreat; (d) 3-year post-treatment radiograph showing
healing of the lesion
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Fig. 11.129 (a) Pre-treatment image of retreat of lower
central incisor; (b) after post removal, PIPS shows the lin-
gual untreated canal; (¢) root canal obturation completed;
(d) post-op radiograph
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Fig. 11.130 (a) Pre-treatment radiograph of upper first molar retreat. Note apical lesion on mesial-buccal root;
(b) immediate post-re-treatment radiograph; (c) one year post-op

Fig. 11.131 (a) Pre-treatment radiograph of upper second premolar retreat; (b) 60-day post-op re-treatment
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11.17 PIPS as an Aid for Locating
and Establishing Patency
in Calcified Canals

Calcified canals are one of the main problems in
endodontic treatment. To help file calcified canals,
chelating agents such as EDTA used with PIPS
photoacoustic pressure waves help open and
negotiate access to the apical part of the canal.

For calcifications and obstructions in the coro-
nal portion of the canal or chamber, higher energy
can be used for the activation (30-40 mJ); when
the calcification is in the canal, the safer, standard
parameter must be maintained: PIPS tip, 50 ps
pulse, 20 mJ, 15 Hz, and alternating combination
of continuous flow of EDTA followed by water
while activating laser with the PIPS tip. Repeat
until canal orifices are visualized.

11.18 PIPS as an Aid in Dislodging
Fractured Instruments

During an endodontic treatment, hand or rotary
instruments may accidentally separate or break in
different areas of a root canal. Usually instru-
ments in the coronal one-third can be easily
removed with different devices including high-
volume suction, but the breakage and wedging of
a file fragment in the dentin wall of the apical or
medium one-third is a challenge that many times
requires the intervention of a specialist.

Different strategies can be applied for this pur-
pose. Typically the best choice is to remove the
fractured fragment. Other times if this is not pos-
sible, bypassing the instrument allows for filing,
cleaning, decontaminating, and obturation of the
remaining portion of root canal.

Fig. 11.132 (a) Pre-treatment radiograph lower first molar. Note separated file in the mesial root; (b) post laser-acti-
vated irrigation with PIPS creates space to allow for the passage of a hand file past the separated file. Note that this was
accomplished without the need to over-instrument the canal as is often the case with conventional re-treatment. (c)
Immediate post-op radiograph showing the final fill. Note conservative canal morphology was maintained
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Accordingly different irrigant solutions are used:

Several alternating irrigation cycles of NaOCl
and EDTA (typically three to four cycles,
30 s intervals) activated by PIPS allow for
decontamination and cleaning of the root canal
distal to the wedged fragment. Also the use of
EDTA gel (file EZE) allows for a lubrication
of the canal helping smaller hand instruments
(.06, .08, .10) to reach the working length,

bypassing the obstacle (Figs. 11.132a—c and
11.134a—d).

When the objective is to dislodge the frag-
ment, the photoacoustic shock waves of
the standard PIPS setting are used, with sev-
eral cycles of sterile distilled water or
directly with the handpiece water spray fea-
ture on (2 water/zero air), until confirmation
of removal is verified radiographically
(Fig. 11.133a-d).

Fig.11.133 (a) Lower molar showing separated instrument in the mesial canal. (b) Expulsion of separated instrument
as a result of PIPS irrigation during preparation phase. Note the isolation of the molar using liquid dam in addition to
rubber dam. PIPS laser-activated irrigation must operate with the tip continuously submerged in an adequate fluid res-
ervoir to achieve the best photoacoustic effect. (¢) Verification of removal of separated file and patency to working
length verified. (d) Immediate post-op radiograph showing obturation completed
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Fig. 11.134 (a) Pre-treat radiograph of lower cuspid. (b) Separated 20/06 GT rotary file. PIPS was used to continue
debridement and irrigation of canal system leaving the separated instrument in the canal. (¢) Immediate post-treatment
radiograph. Cuspid was obturated using flowable sealer (EndoRez by Ultradent). Note the three-dimensional fill to the
apex and the lateral mid-root canal puff. This verified the ability of PIPS to successfully remove and open portals of exit
even with the separated file left in place. (d) 45-day post-op. Note the resorption of sealer both at the apex and lateral
portal area. Apical lucency also improving confirming healing in progress

11.19 Other Application of PIPS gutta-percha to obturate root canal dentin (AH
Plus-Jet sealer, Dentsply, USA). A push-out test

11.19.1 PIPS Effects on Adhesion was used to measure the bond strength between
of Resin Sealer Cement the root canal dentin and the sealer, and a statisti-

to Root Canal Dentin cally significant interaction between the final irrig-

ant activation techniques used and root canal thirds
Akcay et al. (2014) investigated the effects of vari- resulted with PIPS and PUI providing higher bond
ous irrigation activation techniques on the bond strength of resin sealer to root dentin compared to
strength of an epoxy resin-based sealer, used with  conventional and sonic irrigation techniques. The
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activation of the irrigant and effective streaming
have a positive effect on the bond strength of the
resin sealer to root dentin, producing more perme-
able dentin surface for sealing [57].

Arslan et al. (2015) also investigated the
effects of various irrigation techniques (PIPS
with NaOCl, PIPS with EDTA, and PIPS with
distilled water at 0.3 W, 15 Hz, and 20 mJ, needle
irrigation with distilled water and NaOCl, ultra-
sonic irrigation with NaOCl) on the bond strength
of a self-adhesive resin cement and fiber post
cemented to root canal dentin after 60 s irriga-
tion. PIPS with distilled water resulted in higher
push-out values than those of needle (with both
distilled water and NaOC]l) and ultrasonic irriga-
tion (p<0.05) [58].

11.19.2 PIPS Effect on Activation
of Hydrogen Peroxide
Devital Tooth Bleaching

Among the several studies on PIPS, the most
recent investigated the bleaching effective-
ness of photon-induced photoacoustic stream-
ing (PIPS) on discolored teeth comparing
different devital bleaching techniques: 1 week
walking bleach with sodium perborate and
with 35 % hydrogen peroxide gel, PIPS using
35 % hydrogen peroxide liquid for 3 min, and
just 35 % hydrogen peroxide, as a liquid and
as a gel for 30 min. Spectrophotometric mea-
surements on the buccal surfaces of the
crowns, at the beginning, just after the bleach-
ing procedures and the following first, third,
and seventh days [59] were performed to ana-
lyze the color variations. PIPS technique
using 35 % hydrogen peroxide liquid resulted
statistically superior to 35 % hydrogen perox-
ide liquid and gel without PIPS immediately
after the procedures (p<0.05). PIPS tech-
nique further bleached specimens more than
all of the other techniques (p <0.05) after 1, 3,
and 7 days [58]. The authors concluded that
further studies are needed to determine if the
PIPS™-assisted bleaching technique may
result in any complications, particularly cer-
vical resorption [59].

Conclusion
The role of successful endodontics includes the
process of shaping, disinfection, and obturation.
When comparing different disinfection tech-
niques, laser-activated irrigation has been proven
to be more effective than conventional means.
Many peer-reviewed studies confirmed the
effectiveness of PIPS™ in achieving superior
bacterial decontamination, biofilm removal, den-
tin tubule sterilization, and root canal cleansing.
Following the proper PIPS™ protocol for
laser-activated irrigation is crucial to achieve
these results. PIPS™ allows the clinician to
effectively stream and exchange irrigants
three-dimensionally throughout the entire root
canal system. Because of the unique tapered
and stripped PIPS™ tip design and its high
efficiency, the tip can be placed in the access
chamber only, not in the canals themselves,
allowing for ease of use that is of great benefit
to the clinician. The higher efficiency requires
only low subablative energy settings thereby
avoiding completely the thermal effects asso-
ciated with previous laser applications.
PIPS™ application allows the dentist to use
less instrumentation and remove less dentin
root structure leading to more conservative
biomimetic shapes.
Regardless of the shaping or obturation tech-
nique used, PIPS™ laser-activated irrigation
improves the success of endodontic therapy.
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central upper incisor, 8
conventional laser endodontics, 113
lateral upper incisor, 8
lower canine, 13
lower central incisors, 9
lower cuspid, 12—13
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lower molars, 24, 26
lower premolars, 16-19
preparation, root canal catheterization, 38-39
upper canine, 10-12
upper molars, 19-21
upper premolars, 13-16
Acoustic streaming, 56-58
Adaptive files, 43—44
Antimicrobial photodynamic therapy (aPDT). See
Photoactivated disinfection (PAD)
Apical anatomy, 28-29
Apical extrusion
high pressure inside canal, 236
LAI efficiency and safety, 208-209
tip position, 236-237
wide apical foramen, 235-236
Apical negative-pressure irrigation system (ANP), 194
Apical periodontitis (AP), 46
Apical preparation and root canal shaping, 206-207
Argon laser, 84-85

B

Barbed broaches, 43

Bubble formation
different wavelengths, 204205
effect of energy, 198-203
effect of pulse duration, 198, 204
pulse frequency effect, 204
tip design effect, 198, 204-206
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C
Calcified canals, 286
Carrier-based obturation, 42-43
Cavitation
hydrodynamic, 197-198
irrigation systems, 58-59
shock wave, 224-225
ultrasonic/laser activation, 64
Cementum, 30
Central upper incisor, 7-8
CLE. See Conventional laser endodontics (CLE)
CO, laser
endodontic surgery, 91
hydroxyapatite, 91
indirect pulp capping, 160
laser pulpotomy, 167-168
thermal effect, 92
Conventional laser endodontics (CLE), 87-89, 92
access cavity, 113
irradiation, 112
laser root canal decontamination, 127-128
irrigation and visible and near-infrared laser
irradiation, 130-131
medium-and far-infrared, 131-134
radial firing tips, 134
visible and near-infrared, 128—130
mechanism, 112-113
300 micron fiber, 134-135
morphological and cleaning effects
different laser wavelengths, 121-123
laser and irrigation, 123-127
medium-infrared laser, 120-122
near-infrared lasers, 116—120
root canal preparation
erbium lasers, 114-116
excimer laser, 114
Nd:YAG laser, 114
Nd:YAP laser, 114
section of lower molar, 134-135
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Crown-down technique, 40
Cuspids

lower canine, 13

upper canine, 10-13

D
Deciduous teeth anatomy, 4-5
Dentin, 30, 31
debris, 46
dentinal tubules, 32
peritubular and intertubular dentin, 32-34
predentin and calcospherules, 31
tubules, 32
types, 34-35
Dentinal walls, laser
medium-infrared laser, 98—100
near-infrared laser, 96-98
Devital tooth bleaching, 289
Diode laser
810 nm, 118-119
980 nm, 119-120
Direct pulp capping, 159-160

E
Effect of laser light
bacteria, 95-96
dentinal walls
medium-infrared laser, 98—100
near-infrared laser, 96-98
free water, 100—103
photosensitizers, 96
Enamel, 30
Endodontic instruments, 43-44

Engine-driven nickel-titanium rotary instrument, 43

Enterococcus faecalis
and biofilm

apical one-third root canal, 250, 252
bovine root canal, 253
cocci and rodlike cells, 244, 247, 250
confocal microscopy analysis, 249-251
conventional hand irrigation, 250
conventional syringe irrigation, 248
coronal reservoir, 248
dentin walls, 244, 247, 248
laser-activated irrigation technique, 249
middle one-third root canal, 252
organic structures, 253
passive ultrasonic irrigation, 253
phosphate-buffered saline, 249
planktonic bacteria, 244, 247
root canal disinfection, 247
root dentin surface, 244, 248
sodium hypochlorite, 247

undisturbed and preserved dentin organic

structure, 250, 252

undisturbed organic dentin structure, 250

4-week incubation period, 244, 248
LAI 214-215
laser root canal decontamination, 127—-134

Erbium lasers, 114-116
Erbium:YAG laser, 77-80, 89-91
LAI
agitation of irrigants, 211
apical extrusion, 209

bubbles cavitation and shock waves, 197-198

canal and pulpal chamber, 198-203
debriding of root canal, 208
E. faecalis, 214-215
flat end-firing and conical tips, 205
root canal image, 204-205
smear layer removal, 210

laser pulpotomy and pulpectomies
dental caries, 162, 164—-165
failure rates, 162—-163
isolite isolation, 162

lower right second primary molar, 162, 165

non-vital caries, 162, 165
traumatic injury, 162—-163

and Nd:YAG LightWalker AT dual wavelength laser,

221
Er,Cr:YSGG laser, 77, 80
Er:YAG laser, 89-91
LAI
agitation of irrigants, 211
canal and pulpal chamber, 198-203
debriding efficacy, 208
E. faecalis, 214-215
flat end-firing tip, 205
pulse durations, 198
root canal image, 204-205
smear layer removal ability, 212
wavelengths, 204
Escherichia coli, 127-129, 132, 134
Excimer laser
root canal preparation, 114
ultraviolet spectrum of light, 84

F
Far-infrared lasers

CO, laser, 91-92

laser root canal decontamination, 131-134
Fluid splashing, 239-241

H
Hand instrumentation, 40
Hedstrom files, 43
Heterogeneous cavitation, 58
Human teeth anatomy
apical anatomy, 28-29
cuspids
lower canine, 13
upper canine, 10-13
deciduous teeth, 4-5
dentin, 30, 31

peritubular and intertubular dentin, 32-34

predentin and calcospherules, 31
tubules, 32
types, 34-35
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lower incisors, 9—-10
lower molars
first, 23-25
second, 26
third, 26-28
lower premolars, 16-19
first, 16—18
second, 17-19
permanent teeth
macroscopic anatomy, 4—7
microscopical anatomy, 30
upper incisors
central, 7-8
lateral, 8
upper molars
first, 19-23
second, 19-21
third, 22-23
upper premolars
first, 13—15
second, 15-16
Hydrodynamic cavitation, 197-198

1
Indirect pulp capping, 158
Indocyanine green, 147
Intermittent flush technique, 50
Irrigation activation protocols, 50
Irrigation systems
chemical effects, 61-62
clinical procedures
irrigation activation protocols, 50
LAI, 51-53
sonic activation, 50-51
ultrasonic activation, 50-52
endodontic outcome, 64—65
flow characteristics
LAI 60-61
lateral canals and tubules, 55-56
negative pressure irrigation, 55
sonic and ultrasonic activation, 56-61
syringe irrigation, 53-55
fluid dynamics, 47
operational characteristics
LAI 48-49
negative pressure irrigation, 4748
sonic activation, 49
syringe irrigation, 47
ultrasonic activation, 49-50
root canal disinfection, 62-64

K
KTP laser, 85
K-type endodontic instruments, 43

L
Laser-activated irrigation (LAI), 93-94
bubble formation

different wavelengths, 204-201

effect of energy, 198-203

effect of pulse duration, 198, 204

pulse frequency effect, 204

tip design effect, 198, 204-206

clinical applications, 211
clinical procedures, 51-53
efficiency and safety

apical extrusion, 208-209

apical preparation and root canal shaping,

206-207

temperature variation, 209-210

tip position, 207-208
Enterococcus faecalis, 214-215
flow characteristics, 59-61
influencing factors, 210-211

laser chemical effects on NaOCl, 210

mechanism, 194-195

hydrodynamic cavitation, 197-198
photothermal interaction, 197

wavelengths and target chromophore, 195-196

operational characteristics, 48—49
smear layer and compacted root canal debris,

212-214
sodium hypochlorite, 194

Laser Doppler flowmetry (LDF)
accuracy and reliability, 181-187

arbitrary units, 174-175
benefit, 176-177
diagnostic unit, 173, 175
diurnal variations, 187
photoplethysmogram, 172
plethysmograph, 172
properties, 175-176
pulse oximetry, 172

restoration of tooth vitality and revascularisation,

176-177

autotransplantation and luxation, 178, 183
second upper premolar, 178-183

trauma case, 177-178
splint use, 183

ultrasound Doppler imaging, 172

working mechanism, 173-174

Laser Doppler perfusion imaging (LDPI), 187
Laser Doppler perfusion monitoring (LDPM), 187
Laser root canal decontamination, 127—-128
irrigation and visible and near-infrared laser

irradiation, 130-131

medium-and far-infrared, 131-134

radial firing tips, 134

visible and near-infrared, 128-130
Lasers

basic components
active medium, 76

controller subsystem and cooler, 77

delivery system, 77-79
energy source, 77
handpieces and tips, 77, 80
optical cavity, 76
classification, 74-75

conventional laser endodontics, 87-89, 92
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Lasers (cont.)
effects
bacteria, 95-96
dentinal walls, 96-102
free water, 100-103
photosensitizers, 96
electromagnetic spectrum of light, 74-75
far-infrared, 91-92
history, 73, 83-87
LAI, 93-94
laser-tissue interaction, 94-95
medium-infrared, 89-91
near-infrared
neodymium: YAG laser, 88-89
neodymium: YAP laser, 89
semiconductor laser, 86—88
parameters

continuous wave and gated mode, 80, 103
distance between target and fiber, 103—-104

energy, 78-80
fluence and power density, 103
free-running pulsed mode, 80-81
laser power, 81
operator modality, 81
pulsed mode and pulse duration, 81, 103
pulse repetition rate, 81, 103
photoactivated disinfection, 92-93
PIPS™ technique, 93-94
properties, 75-76
ultraviolet spectrum of light, 84
visible spectrum of light
argon laser, 84-85
KTP laser, 85
semiconductor laser, 85-86
Lateral compaction, 42
Lateral upper incisors, 8
LDF. See Laser Doppler flowmetry (LDF)
Lower canine, 13
Lower incisors, 9—10
Lower molars
first, 23-25
second, 26
third, 26-28
Lower premolars, 16—19
first, 16—18
second, 17-19
Low-speed instrument with latch type, 43
Luxation, 178, 183—-185

M
Medium-infrared lasers
chimney-like pattern, 99-100
dentin ablation, 98
dentin morphologic pattern, 98
Er:YAG and Er,Cr:YSGG laser, 89-91
intertubular dentin, 100, 101
laser root canal decontamination, 131-134
melting of dentin, 99, 102

morphological and cleaning effects, 120-122

open tubules, 99, 101

untouched mechanically prepared dentin wall, 99, 101

Methylene blue, 147
Multi-wavelength diode laser, 77, 79

N
Neodymium:YAG lasers, 80, 88—-89

morphological and cleaning effects, 116-118

root canal preparation, 114
Neodymium:YAP lasers, 89

morphological and cleaning effects, 118

root canal preparation, 114
Near-infrared lasers

dentinal walls, 96—-100

diode laser, 118-120

Nd:YAG laser, 88-89, 116-118

Nd:YAP laser, 89, 118

semiconductor laser, 86—88
Negative pressure irrigation

flow characteristics, 55

operational characteristics, 47-48
940 nm diode laser, 77, 79

(0]

Obturation of root canal
carrier-based obturation, 42—43
lateral compaction, 42
properties, 41
warm vertical compaction, 42-43

P
PAD. See Photoactivated disinfection (PAD)
Peritubular and intertubular dentin, 32-34
Permanent teeth
macroscopic anatomy, 4—7
microscopical anatomy, 30
Phenothiazine dyes, 147
Pheophorbide-a polylysine, 146
Photoactivated disinfection (PAD), 92-93
antimicrobial photo therapy, 153
endodontics, 149-152
historical background, 146
mechanism of action, 146
chromophores, 147
effectiveness, 148—-149
penetration depth, 148
photosensitizers, 147
physicochemical parameters, 147
reactive oxygen species, 147
660-nm diode laser, 153
photosensitizers, 153

Photodynamic antimicrobial chemotherapy (PACT), 145

Photon-induced photoacoustic streaming (PIPS),

49, 92-93, 163-167, 219
Photoplethysmogram (PPG), 172
Photosensitizers, 96
PIPS™ technique, 93-94
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access preparation, 221-222
activation of hydrogen peroxide devital tooth
bleaching, 289
anti-bacterial efficacy and smear layer removal
ability, 254
cavitation and shock wave, 224-225
clean canal surface, 222, 224
clinical applications, 240-241
canal tissue anatomy, 243, 246
clean dentin surface, open tubules, 242, 245
collagen fibers, 242, 244
complex non-separated canal anatomy, 243, 246
dentin morphologic alterations, 241
EDTA irrigation, 242-245
Enterococcus faecalis and biofilm, 244-254
Er:YAG laser, 242-243
noticeable smear layer and debris, 242
organic and inorganic dentin matrix, 242, 245
scoring method, 242
smear layer and debris removal, 242, 245
dentin surface, 222-223
efficiency and safety, 230-241
advantages, PIPS tip positioning, 235
apical extrusion, 235-237
apical preparation and root canal shaping, 235
continuous/intermittent irrigation, 231-232
different wavelengths, 231
flat/conical laser tip, 232, 234
300 um tip, 232-233
pulse frequency, 231
radiograph, 235, 237
X-ray of lower third molar, 235-236
endodontic retreatment, 282-285
Er:YAG and Nd:YAG LightWalker AT dual
wavelength laser, 221
fluid dynamics study, 225-227
fluid splashing, 239-241
fractured instruments, 286288
hand irrigation, 254
irrigants, 238-239
ledging and thermal damage, root canal surface,
222-223
lower first molar, 220, 222-223
lower second bicuspid, 222-223
mechanism, 222, 224
noninstrumented clarified tooth, 221-222
parameters
effect of energy and tip diameter and design, 226,
228-230
effect of pulse duration, 229-234
patency in calcified canals, 286
primary endodontic treatment
access opening and glide path, 260-264
anatomical and working length of canal,
264-268
apical patency, 272-274
PIPS irrigation protocol, 275-276
root canal obturation, 282-285
root canal shaping, 264-272
resin sealer cement adhesion, 289

root canal cleaning and shaping
Ca(OH)2 distribution, 257, 259
isthmus, 255, 257
lower molars, 256
root canal surface, 255, 258
single root lower incisor, 255-256
Weine type II canal configuration, 257, 259
temperature variation, 237-238
upper first and second premolars, 220
vapor lock, 238-240
Plethysmograph, 172
Predentin and calcospherules, 31
Primary dentin, 34
Primary endodontic treatment
access opening and glide path
access preparation, 261
carious lesions, 261
design and size of access opening, 261, 263
Er:YAG laser, 260
intraoperative micrographs walls, 261, 262
mesial and distal walls, 261, 263
ultrasonic tips, 261, 264
anatomical and working length of canal
.06 and .08 steel hand K-files, 264, 267
combination of hand and rotary file,
264, 266
electronic apex locator, 264, 268
hand files, 264, 266
Ni-Ti thin and flexible rotary file, 264, 265
PIPS™ and NaOCl, 264, 267
stainless steel 10 and 15 file, 264-265
apical patency, 272-274
PIPS irrigation protocol, 275-276
root canal obturation, 282-285
root canal shaping, 264-272
Primary teeth, 4
ProTaper Universal, 41
Pulpal blood flow. See Laser Doppler flowmetry (LDF)
Pulpectomy, 161
Pulpotomy, 160-161
Pulp therapy, primary teeth
lasers, 161-162
CO, laser, 167-168
Er:YAG laser, 162-165
PIPS protocol, 163-167
pulpectomy, 161
vital pulp therapy
direct pulp capping, 159160
indirect pulp capping, 158
pulpotomy, 160161

R
Reactive dentin. See Tertiary dentin
Reciprocating file, 44
Restoration of tooth vitality and revascularisation,
176-177
autotransplantation of wisdom teeth and luxation,
178, 183
autotransplanted second upper premolar, 178—183
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Restoration of tooth vitality and revascularisation (cont.)
trauma case
alveolar bone fracture, 177
blood perfusion, 178, 180-181
DRT 4 LDF monitor, 178
electric pulp test, 178
Exaflex®, 178
maxillary front teeth, 178—180
Riboflavin, 147
Root canal catheterization
access cavity preparation, 38-39
endodontic instruments, 43—44
root canal obturation
carrier-based obturation, 42—43
lateral compaction, 42
properties, 41
warm vertical compaction, 42-43
shaping concept, 39-40
hand instrumentation, 40
rotary instrumentation, 40—41
Root canal cleaning and shaping
Ca(OH)2 distribution, 257, 259
isthmus, 255, 257
lower molars, 256
root canal surface, 255, 258
single root lower incisor, 255-256
Weine type II canal configuration, 257, 259
Root canal disinfection, 62—64
Root canal obturation
carrier-based obturation, 42—43
complicated apical anatomy, 277
confluent canals and isthmus, 277
continuous taper, 277
large apical lesion, 278, 279
lateral compaction, 42
lower first molar, 277, 278
periapical lesion, 278, 279
properties, 41
upper first bicuspid, 278, 282
upper first molar, 277, 280-281
upper second bicuspid, 278, 281
warm vertical compaction, 42—43
Root canal preparation
erbium lasers, 114-116
excimer laser, 114
Nd:YAG laser, 114
Nd:YAP laser, 114
Root canal therapy, 29, 30
Rotary instrumentation
file design features and functions, 40—41
ProTaper Universal, 41
Twisted Files, 41

S

Sclerotic dentin, 34-35
Secondary dentin, 34
Semiconductor laser, 85-88
Shaping concept, 39-40

hand instrumentation, 40
rotary instrumentation, 40—41
Sloughing, 64
Smear layer, 46
Sodium hypochlorite (NaOCl), 210
Sonic activated irrigation
clinical procedures, 50-51
flow characteristics
acoustic streaming, 5658
cavitation, 58—60
operational characteristics, 49
Step-back technique, 40
Syringe irrigation
flow characteristics, 53-55
operational characteristics, 47

T

Tertiary dentin, 34-35
Threshold of ablation, 79
Toluidine blue, 147
Transient cavitation, 58
Twisted Files, 41

U
Ultrasonic activated irrigation
clinical procedures, 50-52
flow characteristics
acoustic streaming, 56-58
cavitation, 58—60
operational characteristics, 49-50
Upper canine, 10-112
Upper incisors
central, 7-8
lateral, 8
Upper molars
first, 18-20
second, 21
third, 22-23
Upper premolars
first, 13—-15
second, 15-16

\Y%
Visible spectrum of light
argon laser, 84-85
KTP laser, 85
semiconductor laser, 85-86
Vital pulp therapy
direct pulp capping, 159-160
indirect pulp capping, 158
pulpotomy, 160-161

W
Warm vertical compaction, 42—43





