
www.ketabdownload.com



www.ketabdownload.com



Disinfection of Root Canal Systems

www.ketabdownload.com



www.ketabdownload.com



Disinfection of Root Canal Systems
The Treatment of Apical Periodontitis

Edited by

Nestor Cohenca

Department of Endodontics and Pediatric Dentistry,
University of Washington, Seattle, WA, USA

www.ketabdownload.com



This edition first published 2014 © 2014 by John Wiley & Sons, Inc.

Editorial offices: 1606 Golden Aspen Drive, Suites 103 and 104, Ames, Iowa 50010, USA

The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

9600 Garsington Road, Oxford, OX4 2DQ, UK

For details of our global editorial offices, for customer services and for information about how to apply for permission to

reuse the copyright material in this book please see our website at www.wiley.com/wiley-blackwell.

Authorization to photocopy items for internal or personal use, or the internal or personal use of specific clients, is granted by

Blackwell Publishing, provided that the base fee is paid directly to the Copyright Clearance Center, 222 Rosewood Drive,

Danvers, MA 01923. For those organizations that have been granted a photocopy license by CCC, a separate system of

payments has been arranged. The fee codes for users of the Transactional Reporting Service are ISBN-13:

978-1-118-36768-1/2014.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and product

names used in this book are trade names, service marks, trademarks or registered trademarks of their respective owners. The

publisher is not associated with any product or vendor mentioned in this book.

The contents of this work are intended to further general scientific research, understanding, and discussion only and are not

intended and should not be relied upon as recommending or promoting a specific method, diagnosis, or treatment by health

science practitioners for any particular patient. The publisher and the author make no representations or warranties with

respect to the accuracy or completeness of the contents of this work and specifically disclaim all warranties, including without

limitation any implied warranties of fitness for a particular purpose. In view of ongoing research, equipment modifications,

changes in governmental regulations, and the constant flow of information relating to the use of medicines, equipment, and

devices, the reader is urged to review and evaluate the information provided in the package insert or instructions for each

medicine, equipment, or device for, among other things, any changes in the instructions or indication of usage and for added

warnings and precautions. Readers should consult with a specialist where appropriate. The fact that an organization or

Website is referred to in this work as a citation and/or a potential source of further information does not mean that the author

or the publisher endorses the information the organization or Website may provide or recommendations it may make.

Further, readers should be aware that Internet Websites listed in this work may have changed or disappeared between when

this work was written and when it is read. No warranty may be created or extended by any promotional statements for this

work. Neither the publisher nor the author shall be liable for any damages arising herefrom.

Library of Congress Cataloging-in-Publication Data

Disinfection of root canal systems : the treatment of apical periodontitis / edited by Nestor Cohenca.

p. ; cm.

Treatment of apical periodontitis

Includes bibliographical references and index.

ISBN 978-1-118-36768-1 (cloth)

I. Cohenca, Nestor, 1968- editor of compilation. II. Title: Treatment of apical periodontitis.

[DNLM: 1. Periapical Periodontitis–therapy. 2. Root Canal Therapy. 3. Disinfection–methods. 4. Root Canal Irrigants.

5. Therapeutic Irrigation. WU 230]

RK351

617.6′342059–dc23
2014004701

A catalogue record for this book is available from the British Library.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in

electronic books.

Cover design by Jen Miller Designs

Typeset in 9.5/11.5 pt PalatinoLTStd by Laserwords Private Limited, Chennai, India

1 2014

www.ketabdownload.com



Contents

Contributors vii
Introduction ix
Preface xi
Acknowledgments xiii

Part 1: Background 1

1 Root Canal Infection and Endodontic
Apical Disease 3
Nestor Cohenca and Ana Maria
González Amaro

2 The Anatomy of the Root Canal
System as a Challenge to Effective
Disinfection 15
Eric Herbranson

3 Biofilms in Root Canal Infections 29
Christine M. Sedgley and Rogério de
Castilho Jacinto

4 Efficacy of Root Canal Disinfection 57
Ashraf F. Fouad

5 Impact of Root Canal Disinfection on
Treatment Outcome 71
James D. Johnson and Natasha M. Flake

Part 2: Nonsurgical Intracanal
Disinfection 89

6 Shaping the Root Canal System to
Promote Effective Disinfection 91
Ove A. Peters and Frank Paqué

7 Topical Disinfectants for Root Canal
Irrigation 109
Bettina Basrani and Markus Haapasalo

8 Fluid Dynamics of Irrigation within
the Root Canal System 141
Franklin R. Tay

9 Positive Pressure Irrigation 169
Cesar de Gregorio, Carlos Heilborn, and
Nestor Cohenca

10 Apical Negative Pressure Irrigation
(ANP) 189
Nestor Cohenca, Cesar de Gregorio, and
Avina Paranjpe

11 Disinfection of the Root Canal
System by Sonic, Ultrasonic, and
Laser Activated Irrigation 217
Luc van der Sluis, Bram Verhaagen,
Ricardo Macedo, and Michel Versluis

v

www.ketabdownload.com



vi Contents

12 Ozonization and Electrochemical
Root Canal Disinfection 239
Roberta Pileggi

13 Intracanal Medication in Root Canal
Disinfection 247
Lea Assed Bezerra da Silva, Raquel
Assed Bezerra da Silva, Paulo
Nelson-Filho, and Nestor Cohenca

14 Emerging Technologies in Root
Canal Disinfection 277
Anil Kishen, Annie Shrestha, and Nestor
Cohenca

Part 3: Apical Response and
Surgery 297

15 Healing of Apical Lesions: How Do
They Heal, Why Does the Healing
Take So Long, and Why Do Some
Lesions Fail to Heal? 299
Zvi Metzger and Anda Kfir

16 Surgical Endodontics: The
Complimentary Approach 319
Richard Rubinstein and Alireza
Aminlari

Index 341

www.ketabdownload.com



Contributors

Alireza Aminlari
Private Practice, Farmington Hills, MI, USA

Department of Cariology, University of Michigan,

Ann Arbor, MI, USA

Bettina Basrani
Discipline of Endodontics, Faculty of Dentistry,

University of Toronto, Toronto, ON, Canada

Rogério de Castilho Jacinto
Department of Semiology and Clinics, Federal

University of Pelotas, Pelotas, RS, Brazil

Nestor Cohenca
Department of Endodontics and Pediatric

Dentistry, University of Washington, Seattle,

WA, USA

NatashaM. Flake
Department of Endodontics, University of

Washington, Seattle, WA, USA

Ashraf F. Fouad
Department of Endodontics, Prosthodontics and

Operative Dentistry, University of Maryland,

Baltimore, MD, USA

Shimon Friedman
Faculty of Dentistry, University of Toronto,

Toronto, ON, Canada

AnaMaria González Amaro
Department of Microbiology, University

Autonomous of San Luis Potosí, San Luis Potosí,

Mexico

Cesar de Gregorio
Department of Endodontics, University of

Washington, Seattle, WA, USA

Markus Haapasalo
Department of Oral Biological andMedical

Sciences, Vancouver, BC, Canada

Carlos Heilborn
Private Practice, Asunción, Paraguay

Eric Herbranson
Private practice, San Leandro, California, USA

James D. Johnson
Department of Endodontics, University of

Washington, Seattle, WA, USA

Anda Kfir
Department of Endodontology, Tel Aviv

University, Tel Aviv, Israel

Anil Kishen
University of Toronto, Toronto, ON, Canada

RicardoMacedo
The Academic Centre for Dentistry in Amsterdam

(ACTA), University of Amsterdam, Amsterdam,

The Netherlands

vii

www.ketabdownload.com



viii Contributors

Zvi Metzger
Department of Endodontology, Tel Aviv

University, Tel Aviv, Israel

Paulo Nelson-Filho
Department of Pediatric Dentistry, School of

Dentistry of Ribeirão Preto. University of Sao
Paulo, Riberao Preto, Brazil

Frank Paqué
Department of Preventive Dentistry,

Periodontology, and Cariology, University of
Zurich, Zürich, Switzerland

Avina Paranjpe
Department of Endodontics, University of

Washington, Seattle, WA, USA

Ove A. Peters
Department of Endodontics, University of the

Pacific, San Francisco, CA, USA

Roberta Pileggi
Department of Endodontics, University of Florida,

Gainesville, FL, USA

Richard Rubinstein
Private Practice, Farmington Hills, MI, USA
Department of Cariology, Restorative Sciences, and

Endodontics, University of Michigan, Ann
Arbor, MI, USA

ChristineM. Sedgley
Department of Endodontology, Oregon Health and

Science University, Portland, OR, USA

Annie Shrestha
University of Toronto, Toronto, ON, Canada

Lea Assed Bezerra da Silva
Department of Pediatric Dentistry, School of

Dentistry of Ribeirão Preto. University of Sao
Paulo, Riberao Preto, Brazil

Raquel Assed Bezerra da Silva
Department of Pediatric Dentistry, School of

Dentistry of Ribeirão Preto. University of Sao
Paulo, Riberao Preto, Brazil

Luc van der Sluis
Department of Conservative Dentistry and

Endodontics, University of Toulouse, Toulouse,
France

Franklin R. Tay
Department of Endodontics, Georgia Regents

University, Augusta, GA, USA

Bram Verhaagen
Research Institute for Biomedical Technology and

Technical Medicine, University of Twente,
Enschede, The Netherlands

Michel Versluis
Research Institute for Nanotechnology, Research

Institute for Biomedical Technology and
Technical Medicine, University of Twente,
Enschede, The Netherlands

www.ketabdownload.com



Introduction

During my first endodontic residency, my program
director, Professor Ilana Heling, always reminded
me that “bacteria” is the reason for all endodontic
failures. Back then (24 years ago), I knew all the
literature supporting the link between bacteria and
apical pathosis but was naive enough to think that
biomechanical instrumentation of the root canal
will take care of the microbiological status inside
the canal, and the immune system (the host) will
do the rest at the apical area.

A few years later, the endodontic world
underwent a complete reshape of concept and
armamentarium. Among them being new tech-
niques, Ni-Ti alloys, rotary systems, using nickel,
and the operating microscopes. For all those
endodontists trained in the early 1990s or earlier, it
meant to learn endodontics almost all over again,
and so we did. However, the amazing technolog-
ical advancement in endodontics had a cost to
the consumer, in this case, the endodontists and
ultimately the patient.

If we place the financial aspect aside, these
advancements were supposed to produce bet-
ter endodontic therapy, which is measured by a
higher outcome and more teeth being saved from
extractions. However, despite the “art and science”
of current endodontic therapy, current outcome
studies have failed to demonstrate an increase in
endodontic success. How come? Should we not
expect at least a slight improvement? After all, we
shape better, we see better, definitely we spend
much more, and yet studies demonstrate the same

outcome of apical healing. Something is wrong! In

business, we would have used the expression that

perhaps we invested our time and money on the

wrong market.

After reading most of the outcome studies pub-

lished between 2005 and 2008, I realized that we

will never get any better in healing apical periodon-

titis until we realize and accept who our real enemy

is, what our biological aim is, and what should be

our strategy to target the biological reasons of the

disease.

Thus, the purpose of this book is to provide the

reader with a unique perspective on how to heal

apical periodontitis. Successful endodontic therapy

depends on the removal of microorganisms and

their endotoxins from the root canal system. Toxic

metabolites and by-products released from orga-

nized biofilms within the canal diffuse into apical

tissues and elicit inflammatory responses and bone

resorption. Therefore, as endodontists, our main

goal should be to focus on the predictable elimina-

tion of microorganisms from the root canal system.

However, the inherent anatomy andmorphology of

the root canal system imposes additional inherent

challenges making this loyal task of disinfection

even tougher. Isthmuses, intercanal and intracanal

communications, accessory and lateral canals, cur-

vatures and oval-shaped canals are all part of the

anatomical challenges we need to overcome. Yet,

the goal remains the same: control of the infection.

Bacterial reduction to the extent of a negative

ix
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x Introduction

culture should be considered the desired “clinical
outcome” of endodontic treatment.

In 2004, Bergenholtz and Spangberg claimed
that studies must address the fundamental prin-
ciples of endodontics, rather than the adoption
of cutting-edge technology that contributes to
the advancement of root canal therapy. To make
this statement even stronger, in 2007, Ng et al.
published an excellent systematic review on the
outcome of primary root canal treatment and
reported that the success rates had not improved
over the past 40 years. The aforementioned is in
complete agreementwith the finding byKakehashi,
Stanley, and Fitzgerald. We simply detoured and
lost perspective for a few decades, but I believe
that it is never too late to make it right.

That is how and why I became interested in the
field of root canal disinfection and toward higher
healing of apical periodontitis. Another of my
mentors, Professor Shimon Friedman – considered
one of the best in the field of endodontic out-
come – once challenged me on this difficult or
impossible task. Although we are not done yet,
the results of years of intense research conducted

by the authors of this book have produced a sig-
nificant amount of new data that will provide the
reader with a good and current understanding of
the etiology of apical periodontitis and the tech-
niques available to obtain a more efficient and
predictable disinfection toward better healing and
greater outcome. The book discusses the etiology
of endodontic disease, especially the endodontic
biofilm, and all therapies available to predictably
disinfect the root canal system thus increasing
endodontic treatment outcome.

I would like to thank the Commissioner of
Wiley, Mr. Rick Blanchette, for his vision, trust,
and, most of all, his persistence. Last, my gratitude
to all authors and co-authors that without much
hesitation collaborated with their knowledge,
experience, and valuable time. I am extremely
proud and blessed for the opportunity I had to
work with leaders from around the world who
contributed to this book. Not only because of
expertise, but because we share the same concerns
and passion for endodontics. Together, we joined
forces to contribute to our specialty, our peers, and
our patients.

Nestor Cohenca
School of Dentistry,

University of Washington,
Seattle, WA, USA
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Preface

The passage of time has brought about consider-

able evolution of the understanding of endodontic

disease and its primary cause and the modalities

applied to tackle that cause aswell as the limitations

of those modalities. Driven by an ever-increasing

volume of research, this process has seen several

shifts in focus that, in turn, have generated tech-

nological advances that benefitted almost every

aspect of how endodontic therapy is delivered. The

rapid pace of those advances challenged the tradi-

tional endodontic textbooks to keep up both with

the changing focus and the technologies developed

to benefit endodontic therapy.

The current focus is the disinfection of the root

canal system, widely recognized as a formidable

challenge. Confronting this challenge requires

specific knowledge, unique technologies devel-

oped that apply this knowledge, and updating the

clinicians on how to apply those developments

in practice. The textbook Disinfection of Root Canal
Systems: The Treatment of Apical Periodontitis by

Dr. Nestor Cohenca is designed specifically to pro-

vide the knowledge base, the detailed information

on current and emerging technological advances,

and guidelines on how to clinically apply those

technologies. In this regard, it is a most timely addi-

tion to the endodontic texts available to clinicians,

students, and researchers.

Compared to a decade ago, the understanding of

canal disinfection has evolved in ways that impact

changes in devices, procedures, protocols, and

even concepts. For one, the limitation of endodon-
tic instruments in disinfecting the root canals has
been well appreciated, shifting the focus to the
anatomical intricacies of the root canal systems
as well as the microbial resilience as the ultimate
challenges in the clinical practice of endodontic
therapy. As a result of this shift, in a relatively
short period of time, we have seen development of
(the list is not all-inclusive): innovative instrument
designs to better address root canal anatomy; new
devices for delivery of antimicrobial agents into
root canal systems; new antimicrobial agents with
dual and triple activity; harnessing of physical
effects to distribute and activate antimicrobial
agents; optimization of the light energy applied
to better address the microbial challenges within
the root canal systems; and the use of nanotech-
nologies to challenge microbial biofilms in ways
never tried before in endodontics. Faced with
such rapid evolution, compiling a textbook that
aims to capture the most recent innovations and
concepts is a challenge. On the one hand, the his-
toric context is required to foster a comprehensive
understanding of biology and therapeutic concepts.
On the other hand, the innovative content needs
to remain contemporary for the next few years
to come.

Tomeet those challenges, Dr. Cohenca teamed up
with a large panel of experts, allowing the reader
to benefit from contributions by 30 educators,
researchers, and clinicians from four continents.
The result of this collective effort is a unique

xi
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xii Preface

textbook that highlights like no other the most
current concepts of endodontic therapy of the
infected teeth. With access to this collective inter-
national expertise, the reader gains an in-depth
and wide-ranging insight into the current state of
disinfection of root canal systems. Under this one
cover, the reader will find current research-based
information on endodontic infection and resulting
disease, microbial challenges facing the host and
the clinician, methods and limitations of assessing
the efficacy of root canal disinfection, ambivalent
relationship between disinfection and healing
outcomes of endodontic therapy, anatomic com-
plexities of root canal systems, value of the shaping
of root canals, applicable irrigating agents, chal-
lenges inherent to flow dynamics in root canals,
contrasting approaches to delivery and activation
of irrigation agents within root canals, recent and
emerging adjuncts to canal disinfection, intra-
canal medication, kinetics of the healing processes
of infection-related endodontic disease, and the
complimentary surgical treatment procedure.
The specific areas several of its chapters focus
on and detailed reviews of research findings that
the chapters provide are not commonly found in
endodontic textbooks.

This new textbook is organized in a logical
sequence. Rather than assigning precedence to
treatment techniques, the book first reviews the
foundations of biology, anatomy, researchmethods,
and healing assessment, to highlight the challenges
facing the clinician and researcher in addressing
the disinfection of root canal systems. This is then

followed by a comprehensive coverage of the
principal disinfection procedures, modalities that
have yet to enter the mainstream, and emerging
concepts. The lingering challenges of slow healing
kinetics and surgical management when disinfec-
tion is ineffective are then reviewed to provide an
essential perspective.

In compiling this textbook, its editor engaged
many talented and knowledgeable individuals
within the endodontic community to contribute
chapters in their respective areas of undisputed
expertise. With collective depth and breadth of
experience and knowledge in both endodontic
science and art, they possess wide-ranging insight
into endodontic research, education, and clini-
cal practice. As a longtime educator, researcher,
and clinician, I find it gratifying to see the talent
harnessed to collaborate on this textbook.

This textbook has all the potential to become an
indispensable resource for dentists and endodontic
specialists, endodontic specialty-program students,
and for those engaged in endodontic research. They
will find its content critical to fostering a sound
understanding of the challenges underlining the
disinfection of root canal systems, and also as a
useful guide to the most current devices, materials,
and techniques developed tomeet those challenges.
It will assist them in achieving sophistication in
their selected endeavors.

Shimon Friedman
Faculty of Dentistry, University of Toronto,

Toronto, Ontario, Canada
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1 Root Canal Infection and Endodontic
Apical Disease

Nestor Cohenca
Department of Endodontics and Pediatric Dentistry, University of Washington, Seattle,
WA, USA

Ana Maria Gonzá lez Amaro
Department of Microbiology, University Autonomous of San Luis Potosí, San Luis
Potosí, Mexico

Infection control: why now?

The outcome of endodontic treatment depends
on the microbiological status of the root canal. In
inflamed vital pulps, the infection is commonly
limited to the site of exposure causing a localized
inflammatory response (1, 2). However, when
aseptic technique is used, the effect of endodontic
therapy is predictably high as demonstrated by
several studies (3–7).

In infected necrotic pulps, microorganisms are
present within the root canal system and denti-
nal tubules, causing a apical inflammatory lesion
called apical periodontitis. In these cases, endodontic
treatment should be essentially directed toward
the prevention and control of pulpal and apical
infections, as stated by Kakehashi, Stanley, and
Fitzgerald nearly 50 years ago (8). Unfortunately,
the success of the therapy for these cases is 10–15%

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

lower when compared to non-contaminated teeth
(Table 1.1) (3–7, 9–11). What is more concerning is
the fact that this lower outcome has not changed
or improved despite all the technological advance-
ments the world of endodontics has seen (12). How
come that despite the “art and science” of current
endodontic therapy, outcome studies have failed
to demonstrate an increase in endodontic success?
Why do we fail to predictably control the infection
after so many years of research, experiment, and
treatment? The answer might be related to the fact
that very few advances have ever targeted the real
problem, which continues to be microorganisms,
especially in the apical third. The success of the
endodontic treatment is possible only with an
understanding of the molecular biology of the
pathogens, their structures, synergies, and weak-
nesses. No file will ever disinfect a root canal, nor is
it designed for that purpose. Recognizing that our

3

www.ketabdownload.com



4 Background

Table 1.1 Outcome of endodontic therapy based on the presence or absence of apical periodontitis.

Author and year Cases/cohort Recall
Without apical
periodontitis (%)

With apical
periodontitis (%)

Strindberg (1956) 258 6 months to 10 years 93 80

Kerekes and Tronstad (1979) 491 Norway, Dental school 3–5 years 92 89

Sjogren et al. (1990) 96 Sweden, Dental school 8–10 years (91%) 96 86

Friedman et al. (2003) 92 4–6 years (20%) 92 74

Farzaneh et al. (2004) 94 Toronto, Grad students 4–6 years (48%) 94 81

Orstravik et al. (2004) Norway, Dental school 0.5–4 years (83%) 94 79

Ng et al. (2011) 702 London Grad students 4 years (83%) 83

Ricucci et al. (2011) 816 Italy (Ricucci) 5 years (87%) 92.3 82.7

endodontic therapy will end in failure if we do not
find a method to completely destroy the microbes
within the root canal system, infection control
must be our main goal and concern. Therefore, we
should focus our research and development on
efficient and predictable methods to control the
infection and improve the endodontic treatment
and healing of apical periodontitis.

Terminology and apical definitions

The term apical periodontitis has gained increasing
support and is used widely in current literature.
The American Association of Endodontists recently
published the revised Glossary of Endodontic
Terms (13). Some of the terms defined in the
glossary are as follows:

Normal apical tissues Teeth with normal apical tis-
sues that are not sensitive to percussion or pal-
pation testing. The lamina dura surrounding the
root is intact and the periodontal ligament space
is uniform.

Symptomatic apical periodontitis Inflammation, usu-
ally of the apical periodontium, producing
clinical symptoms including painful response to
biting and/or percussion or palpation. It may or
may not be associated with an apical radiolucent
area.

Asymptomatic apical periodontitis Inflammation and
destruction of apical periodontium that is of
pulpal origin, appears as an apical radiolucent
area and does not produce clinical symptoms.

Acute apical abscess An inflammatory reaction to
pulpal infection and necrosis characterized by
rapid onset, spontaneous pain, tenderness of the
tooth to pressure, pus formation, and swelling of
associated tissues.

Chronic apical abscess An inflammatory reaction
to pulpal infection and necrosis characterized
by gradual onset, little or no discomfort, and
the intermittent discharge of pus through an
associated sinus tract.

In biological terms, apical periodontitis means
“inflammation of the periodontium.” This is a
broad term to describe an inflammatory reaction
in the tissues, including lateral and furcal locations
of inflammation; it does not distinguish etymolog-
ically pulp-induced periodontitis from marginally
derived periodontitis. More specific pathologies
such as granulomas and cysts were excluded
because they do not represent a “clinical or radio-
graphic” diagnostic reality, but rather a diagnosis
based on histological findings. The prevalence of
apical periodontitis has increased throughout the
years (14, 15), even in the low caries-rate adult
Danish population (16).

The evolution of endodontic
microbiology

Miller, in 1890 (17), was the first to demonstrate
the presence of bacteria in necrotic human pulp
tissue. However, the cause and effect relationship

www.ketabdownload.com



Root Canal Infection and Endodontic Apical Disease 5

is attributed to Kakehashi et al. (8) who experi-
mented with gnotobiotic (germ-free) and normal
rats. Bacterial contamination in the orally exposed
pulp tissue caused necrosis and apical pathoses
in normal rats. The study is considered a classic
reference as it initiated a new and bright era in
endodontic microbiology.

In 1966, Moller (18) established the importance
of adequate isolation for microbiological sampling
and various culture media for the recovery and
identification of anaerobic microorganisms, pro-
viding more relevant information regarding the
type of bacteria present in root canal systems.
Bergenholtz then demonstrated the presence of
bacteria in the traumatized teeth. Despite the fact
that pulp chambers were not exposed, bacterial
growth was observed in 64% of all samples. The
flora was dominated by anaerobic microorganisms
including Bacteroides, Corynebacterium, Peptostrep-
tococcus, and Fusobacterium (19). Two years later,
Sundqvist (20) demonstrated the prevalence of
anaerobic bacteria in root canals, supporting the
results obtained by Bergenholtz.

In the 1980s, the studies were more focused on
understanding the colonization and interactions
within the endodontic microflora. Moller investi-
gated the relationship between uncontaminated
necrotic pulp and apical tissues. The study main-
tained uncontaminated necrotic pulp in the root
canal during a period of at least 6 months, and
evaluated changes in the microbial flora enclosed
in the root canal and its capacity to induce api-
cal periodontitis (21). Using 9 monkeys (Macaca
fascicularis), the pulp of 78 teeth was asepti-
cally necrotized. Twenty-six of the pulp chambers
were sealed and the pulp chamber remained free.
Fifty-two teeth were infected with the indigenous
flora. Clinical, radiographic and microbiological
data was recorded before and after the completion
of the study. The root canals were initially unin-
fected sterile in the final samples. No inflammatory
reactions were found on the 26 control teeth. On the
experimental teeth inflammatory reactions were
observed clinically (12/52 teeth) and radiographi-
cally (47/52 teeth). An average of 8 to 15 bacterial
strains were identified as facultative anaerobic
bacteria including enterococci, coliforms, and
anaerobic bacteria such as Bacteroides, Eubacterium,
Propionibacterium, and Peptococcus, Peptostreptococ-
cus. Some anaerobic bacteria not present on the

initial microbiological test were isolated on the
final samples. Histological examination of the api-
cal tissue confirmed the presence an inflammatory
reaction to the bacterial contamination (21).

In 1982, Fabricius et al. investigated the pulps
of 24 root canals, 8 in each of the 3 monkeys that
were experimented on. Teeth were mechanically
devitalized and exposed to the oral flora for about
1 week and thereafter sealed. Microbiologic sam-
pling and analysis was performed in 16 teeth (of 2
of the monkeys) after 7 days of closure (initial sam-
ples). Afterward, inoculation pulps were sealed for
a period of 6 months. Final sampling was taken
from the main root canal, the dentin, and the apical
region at the same sampling session. All microbio-
logic analyses were carried out quantitatively. Final
root canal samples from the apical region showed
a predominance of obligate anaerobic nonsporu-
lating bacteria; in fact 85–98% of the bacterial cells
were anaerobic. The most frequently found species
were Bacteroides and Gram-positive anaerobic
rods. A lower proportion of facultative anaerobic
bacteria were found; this was most pronounced
for coliform rods in comparison with the strains of
Bacteroides melaninogenicus.

Today, electron microscopy has become a great
technology in many areas of science. Nair (22)
studied the structure of the endodontic flora, its
relationship to the dentinal wall, microbial inter-
actions, and dynamics of apical inflammatory
response. The study was performed on human
teeth with granulomas and cysts. The results
showed the presence of microorganisms in all the
samples. The flora consisted of cocci, bacilli, and
spirochetes filamentous organisms. In most cases,
the bacteria were restricted to the canal, but in 4
granulomas and 1 cyst, the bacteria were found
in the lesion. There was a distinct bacterial plaque
adhering to the dentinal wall at the apical foramen.
Nair describes this finding as a group or commu-
nity of one ormore types of microorganisms as well
as bacterial condensate, suggesting the formation
of plaque in the dentinal wall by the flora of the
root canal. This finding is considered to be the
subject that currently occupies many researchers:
the presence of biofilm on root canal walls.

In 1990, Nair (23) analyzed nine therapy-resistant
and asymptomatic human apical lesions (4–10
years) removed during surgery using light and
electronmicroscopy. Six out of nine lesions revealed
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microorganisms in the apical root canal. Four con-
tained bacteria and two contained yeasts. Of the
three cases with no microorganisms, one revealed a
foreign body giant cell granuloma. In the majority
of therapy-resistant apical lesions, microorgan-
isms (bacteria, yeast) and foreign body giant cell
granulomas play a significant role in treatment
failures.

Although endodontic microbiology has evolved
significantly, it still lacks an understanding of the
ecology of the root canal and requires an analysis
of the bond that develops between microorgan-
isms and their surroundings. This relationship is
an essential element that provides a glimpse into
the understanding of their behavior and ability to
invade an area that is rich in nutrients and whose
abiotic and biotic factors determine the distribution
and quantity of living organisms that may share
the root space. In the early 1990s, Sundqvist (24, 25)
published a couple of reviews summarizing the
available data. Bacterial flora of the root canal is
dominated by obligate anaerobes, comprising up
to 90% of the total population. Aerobic bacteria are
rarely found initially in the infected root canals but
could have been introduced during the treatment.
During the course of an infection, interrelation-
ships develop between microbial species, based on
their nutritional demands and nutritional interac-
tions, and the pathogenicity of the polymicrobial
root flora is dependent on bacterial synergy. Bac-
teriocins proteins produced by a microorganism
enhance their ability to inhibit growth of some
species competing for the same ecological niche.
Additionally, they promote bacterial coaggregation
and interactions establishing the ecology of the
apical tissues.

The identification of the endodontic micro-
biota in the apical third was reported in 1991 by
Baumgartner (26) who employed both aerobic
and anaerobic cultures in the same study, in order
to isolate and identify the microflora of the api-
cal portion of root canals of teeth with carious
pulpal exposures and apical lesions. Ten freshly
extracted teeth with carious pulpal exposures and
apical lesions contiguous with the root apex were
placed inside an anaerobic chamber and the api-
cal 5mm of the root canals cultured. In addition
to anaerobic incubation, duplicate cultures were
incubated aerobically. Fifty strains of bacteria from
the 10 root canals were isolated and identified.

The most prominent bacteria cultured from the
10 root canals were Actinomyces, Lactobacillus,
black-pigmented Bacteroides, Peptostreptococcus,
nonpigmented Bacteroides, Veillonella, Enterococcus
faecalis, Fusobacterium nucleatum, and Streptococcus
mutans. Of the 50 bacterial isolates, 34 (68%) were
strict anaerobes. Baumgartner’s study demon-
strated the presence of predominantly anaerobic
bacteria in the apical 5mm of infected root canals
in teeth with carious pulpal exposures and apical
lesions.

Advancements in the identification of endodon-
tic flora by Molander et al. in 1998 correlated
the clinical outcome, refractory lesions, and the
presence of certain strains. Molander and cowork-
ers examined the microbiological status of 100
root-filled teeth with radiographically verified
apical periodontitis and 20 teeth without signs of
apical pathoses. In teeth with apical periodontitis,
117 strains of bacteria were recovered in 68 teeth.
Facultative anaerobic species predominated among
these isolates (69% of identified strains). Entero-
cocci were the most frequently isolated genera,
showing “heavy” or “very heavy” growth in 25
out of 32 cases (78%). In 11 teeth without signs of
apical pathoses, no bacteria were recovered while
the remaining 9 yielded 13 microbial strains. Eight
of these grew “very sparsely.” It was concluded
that the microflora of the obturated canal differs
from that found normally in the untreated necrotic
dental pulp, quantitatively as well as qualitatively.

In 1990, Sha and Collins reclassified the moder-
ately saccharolytic, predominantly oral Bacteroides
species, which include B. melaninogenicus, Bac-
teroides oralis, and related species. These bacteria
form a phenotypically and phylogenetically coher-
ent group of species, which differ so significantly
from the emended description of the genus Bac-
teroides that they should not be classified in
the same genus and proposed that these species
be reclassified in a new genus, Prevotella (27)
(Figure 1.1).

By this time the advent of molecular biology
techniques advanced in leaps and bounds in the
detection and identification of microorganisms,
uncovering the intimacy between genetics, bio-
chemistry, and microbiology. Technique sensitive
analyses of nucleic acids extracted from microor-
ganisms directly, or from a sample containing
the microorganism in question, have identified
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New black-pigmented
classification

Porphyromonas (Asaccharolytic)

Prevotella (Saccharolytic)

– Porphyromonas gingivalis

– Porphyromonas endodontalis

– Prevotella intermedius

– Prevotella melaninogenicus

– Prevotella denticola

– Prevotella loescheii

– Prevotella nigrescens

– Prevotella corporis

Figure 1.1 Current taxonomy and of black-pigmented
bacteria.

endodontic microorganisms of interest; as was the
case with Actinomyces. Polymerase chain reaction
(PCR) is a biochemical technology in molecular
biology used to amplify a single or a few copies of
a piece of DNA across several orders of magnitude,

generating thousands to millions of copies of a
particular DNA sequence. Xia and Baumgartner
used PCR with a pair of universal primers for Acti-
nomyces and species-specific primers to evaluate
the contents of infected root canals and aspirates
from abscesses or cellulitis for the presence of
Actinomyces israelii, Actinomyces naeslundii, and

Actinomyces viscosus. DNA was extracted from
131 clinical samples (28). DNA reacting with the
universal primer for Actinomyces was detected
in 72 of 129 (55.8%) clinical samples. Of those, 41
of 51 (80.4%) were from infected root canals, 22 of
48 (45.8%) were from abscesses, and 9 of 30 (30%)
were associated with cellulitis.

Since then, Siqueira and Rocas reported hun-
dreds of species obtained from root canals using
PCR techniques. In a review article published in
2008, they concluded that bacterial presence in the
root canal at the time of filling is a risk factor for
posttreatment apical periodontitis (29). About 100
species/phylotypes have already been detected

in postinstrumentation and/or postmedication
samples, and Gram-positive bacteria are the most
dominant. However, it remains to be determined
by longitudinal studies if any species/phylotypes
persisting after treatment procedures can influence
the outcome (29).

Waltimo et al. reported the current trend of
recurrent yeast in endodontic infections, and their
antimicrobial response confirms that yeast may be
isolated in about 5–20% of the infected root canals.
Their article identifies multiple virulence factors of
Candida that allow it to infect the dentin–pulp com-
plex and penetrate the dentinal tubules causing an
inflammatory reaction and suggesting a pathogenic
role of this organism in apical periodontitis (30).

With the discovery and understanding that
fungus is present, the complexity of the micro-
biota became clear. In 2003, Slots et al. (31) were
the first to report the presence of cytomegalovirus
and Epstein–Barr virus (EBV) in more than 90%
of granulomas of symptomatic and large apical
lesions (31). Dual infection with cytomegalovirus
and EBV is closely associated with symptomatic
lesions. Herpes simplex virus’ (HSV) active infection
has no apparent relationship to apical disease.

Another study aimed to identify herpes virus,
including human cytomegalovirus (HCMV), EBV,
HSV-1, and varicella zoster virus (VZV) in-vivo
(32, 33). Patients with acute apical abscesses and
cellulitis of endodontic origin were used for the
study. The identification was carried out by the
primary PCR and nested PCR techniques. The
results demonstrated the presence of HCMV, EBV,
and HSV-1; however, they indicated that the pres-
ence of herpes virus that were identified were very
low in their genetic copies, and therefore it was
concluded that herpes viruses are present but do
not have a direct relation to the development or
establishment of pathologies such as acute apical
abscess or cellulitis of endodontic origin.

The link between endodontic infection
and apical disease

The presence of bacteria within the root canal
system is essential for the development of apical
inflammation (8). Apical periodontitis is a disease
characterized by inflammation and destruction
of apical tissues caused by microbial agents
of endodontic origin. Initially, the tooth pulp
becomes infected and necrotic by an autogenous
oral microflora. The microenvironment of root
canal systems provides excellent conditions for
the establishment of a mixed, predominantly
anaerobic, flora. Collectively, this polymicrobial
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community residing in the root canal has several
biological and pathogenic properties, such as anti-
genicity, mitogenic activity, chemotaxis, enzymatic
histolysis, and activation of host cells.

Microorganisms’ growth within the root canal
is in the form of biofilm. The microbial com-
munity develops as a biofilm and colonizes the
environment. It occurs first by the deposition
of a conditioning film; then there is adhesion
and colonization of planktonic microorganisms
in a polymeric matrix. The coadhesion of other
organisms and the detachment of biofilm microor-
ganisms into their surroundings happen at a later
stage (34). Bacterial biofilm has an open architec-
ture with channels traversing from the biofilm
surface. The structure of biofilm affects the move-
ment of molecules, and the gradients are key
determinants in its development. Bacteria growing
on a surface may display a novel phenotype that,
consequently, may allow increased resistance to
antimicrobial agents. Resistance can result from
restricted inhibitor penetration, slower bacterial
growth rates, transfer of resistance genes, subopti-
mal environmental conditions for inhibitor activity,
and the expression of a resistant phenotype (35).

This ecological view on the persisting infection
in endodontics suggests that the action of individ-
ual species in refractory endodontic infections is
secondary when compared to the adaptive changes
of a polymicrobial biofilm community undergoing
physiological and genetic changes in response to
changes in the root canal environment (36). The
invasion of root dentinal tubules by root canal
bacteria is a multifactorial event in which a limited
number of oral bacterial species have the required
properties to participate. Current literature has
demonstrated that biofilms may remain viable
in anatomical areas of the root canal system that
remain untouched by either mechanical or chem-
ical disinfection (Figure 1.2) (37–39). Scanning
electronmicroscopy (SEM) examination of root tips
associated with refractory apical periodontitis has
suggested the presence of bacterial biofilm at the
apical portion of the root canal (Figure 1.3) (40–42).

SEM analysis revealed bacterial biofilm sur-
rounding the apical foramen and external radicular
surface (Figures 1.4a and 1.2c). Careful observation
of these structures under higher magnification
revealed clumps of coaggregated bacterial cells
in a matrix of extracellular polymeric substance

(EPS). E. faecalis biofilms displayed a complex
three-dimensional structure that demonstrated
spatial heterogeneity and a typical architecture
showing microcolonies with ramifying water chan-
nels (Figure 1.4b). Fibrillar structures appeared to
be made up of twisted fibers. Larger structures of
wrapped sheets were also present and consisted
of small numbers of bacteria cells embedded in a
matrix of fibers (Figure 1.4d).

Bacterial endotoxins and by-products egress
through portals of exit causing the destruction of
the apical tissues. In response, the host has an array
of defenses consisting of several classes of cells,
intercellular messengers, antibodies, and effector
molecules. The microbial factors and host defense
forces encounter, clash with, and destroy much of
the apical tissue, which result in the formation of
various categories of apical periodontitis lesions.
In spite of the formidable defense, the body is
unable to destroy the microbes well-entrenched
in the sanctuary of the necrotic root canal, which
is beyond the body’s immune system. Therefore,
the major goal of the root canal debridement is to
eliminate the biofilm and bacteria-harboring debris.

Contemporary endodontic microbiology has
become even more complex with the discovery
of fungi and viruses. Waltimo et al. (43) found
yeast in 7% of the culture-positive samples from
persistent root canal infections. Candida albicans
was the most frequently isolated yeast (80%). This
finding was later confirmed by several studies (44,
45). Attachment to mucosal tissues and to abiotic
surfaces and the formation of biofilms are crucial
steps for Candida survival and proliferation in the
oral cavity. Candida species possess a wide arsenal
of glycoproteins located at the exterior side of
the cell wall, many of which play a determining
role in these steps. In addition, C. albicans secretes
signaling molecules that inhibit the yeast-to-hypha
transition and biofilm formation. In-vivo, Candida
species are members of mixed biofilms and subject
to various antagonistic and synergistic interactions
(Figure 1.5) (46). Recently, Gomes et al. (47) con-
firmed the presence of filamentous fungi, which
were isolated in situ from 17 of 60 samples (28.3%).
The genus Aspergillus was isolated from 7/17
samples (41%).

The presence of HCMV, EBV, and HSV was first
reported by Sabeti et al. (48) in symptomatic apical
lesions. In a different study, Slots et al. (49) detected
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(a)

(d)

(b)

(c) (f)

(e)

Figure 1.2 Composite figure of
photomicrographs representative of
microscopic sections of Groups I
(EndoVac—ANP), II (Ultrasound—PUI),
and III (conventional irrigation—PP)
stained by the Brown and Brenn
technique, revealing the presence and
location of bacteria in the root canal
system and apical tissues 180 days after
endodontic treatment: (a) Panoramic
photomicrograph, showing
contamination of the entire extension of
the tooth (Zeiss, 1.25×). (b) Detail of
panel a (rectangle) in which the cervical
root canal third can be visualized with
abundant presence of microorganisms
inside the dentinal tubules (Zeiss, 20×).
(c) Detail of panel a (square) showing
the middle root canal third with intense
presence of bacteria (Zeiss, 20×). (d)
Detail of panel a (circle) revealing the
middle root canal third with presence of
bacteria in the cemental craters (arrow)
(Zeiss, 10×). (e) Detail of panel a
(triangle) showing abundant presence of
microorganisms in the apical root canal
third (Zeiss, 40×). (f) Detail of panel a
(asterisk) in which bacteria can be seen
in the apical lesion (Zeiss, 20×).

HCMV in 100% of the symptomatic and in 37%

of the asymptomatic study lesions (49). EBV was

identified only in HCMV-infected apical lesions.

The difference of HCMV and EBV between symp-

tomatic and asymptomatic lesions was found to be

statistically significant. Current studies confirmed

these findings by using primary and nested PCR as

well as reverse transcription PCR. (33) EBV DNA

and RNA were present in endodontic pathoses in

significantly higher percentages (43.9% and 25.6%,

respectively) compared with healthy pulp controls.

The DNA of HSV was found in low percentages in

endodontic patients (13.4%), and only one patient

showed the presence of VZV. In conclusion, the

presence of fungi and viruses had been associated

with irreversible pulpitis and periodontitis, con-

firming once again that endodontic micro flora is

complex and composed of well-organized biofilms

of microorganisms with synergetic interactions.

The host responses to root canal infection have

been the subject of much research in recent years.

There is great similarity among the pathogenic
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(a) (b)

(d)(c)

Figure 1.3 In-vivo E. faecalis biofilm. (a, c) Cocoidal structures attached to mature biofilm (6000×). (b) Extrapolymeric fibers
(10,000×). (d) “Mushroom”-shaped structures (10,000×).

(a) (b)

(c) (d)

Figure 1.4 E. faecalis mature biofilm in-vivo. (a, c) Microcolonies wrapped in an extracellular matrix (8000×). (b) Network
consisting of fibrillary structures (10,000×). (d) “Mushroom”-shaped structures (10,000×).

www.ketabdownload.com



Root Canal Infection and Endodontic Apical Disease 11

Figure 1.5 Mature biofilm demonstrating the synergistic relationship between E. faecalis and Candida albicans.

processes in marginal and apical periodontitis, and
many of the findings in periodontal research have
direct relevance to apical periodontitis. A clearer
concept of the immunological processes involved in
the development of apical periodontitis is emerging
(50, 51). Microbiological variability and virulence
factors in infected root canals have been demon-
strated, and specific data indicate that the bacterial
flora varies systematically with the clinical con-
dition of the tooth involved (persistent infection,
therapy-resistant infection). Different therapeu-
tic strategies of antimicrobial control may have
to be applied, depending on the microbiological
diagnosis in a given case.

Apical periodontitis is not a self-healing disease
(52). Untreated apical periodontitis may lead to
a chronic infection of the oral tissues at locations
closer to more vital organs than many other oral
infections. Although these infections may remain
quiescent for decades, they may also develop and
spread with serious consequences for the individ-
ual (53, 54). In the face of the risks of such chronic
infection from the infected teeth, their extraction

and replacement by implants has been put forward
and discussed as a viable alternative to endodon-
tic treatment (55, 56). The variable success rates
(by strict criteria) of treatment procedures for the
cure of apical periodontitis are sometimes used as
arguments for the implant “treatment” concept.
However, what little evidence there is does not
indicate a lower survival rate of endodontically
treated teeth, and the superiority of tooth preser-
vation compared to its replacement should be
evident as a biological principle of preference.
However, the challenge from other treatment con-
cepts, to endodontics as a discipline, should act as
a driving force to produce more and scientifically
solid evidence for the modalities of cure and pre-
vention applied to our disease of interest, apical
periodontitis.

Conclusion

Pulpal and apical inflammation, and the asso-
ciated pain and the consequences of root canal
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infection, remain significant aspects of dentistry
today. New knowledge and insights provide bet-
ter treatment opportunities and stimulate further
research activities. The prevention and control of
apical periodontitis has a solid scientific base but
the many variations in the clinical manifestations
of the disease still leave technical and biological
problems that need to be solved. Despite recent
technological advances in treatment, evidence of
improved outcome is still lacking. Alternative
treatment involving implants is promoted as being
better, but the criteria of evaluation of the outcome
of the two forms of treatment are dissimilar; there is
no true evidence-based comparison. The advance-
ment, and utilization, of our biologic principles
will allow a better understanding of the disease
process and add to the fundamental truth that
the biologic response to disease continues to be
a biologic therapy; those therapies will and must
continue to advance with our understanding.
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2 The Anatomy of the Root Canal
System as a Challenge to Effective
Disinfection

Eric Herbranson
Private practice, San Leandro, California, USA

Introduction

Nair in a 2006 review of the causes of persistent
apical periodontitis in endodontically treated teeth
identified six biological factors that lead to asymp-
tomatic radiolucencies persisting after root canal
treatment. These are (i) intraradicular infection
persisting in the complex apical root canal system;
(ii) extraradicular infection, generally in the form
of apical actinomycosis; (iii) extruded root canal
filling or other exogenous materials that cause a
foreign body reaction; (iv) accumulation of endoge-
nous cholesterol crystals that irritate apical tissues;
(v) true cystic lesions, and (vi) scar tissue (1). He
identified intraradicular infection as themain cause
of unresolved apical periodontitis. The infectious
agents are located in the uninstrumented recess of
the internal anatomy of the root canal system and
exist primarily as biofilms. The internal anatomy
can be notoriously complex, especially in molars,
and includes extra canals, recesses, fins, isthmuses,
and accessory canals that provide space for the
biofilms to reside. In addition, biofilms are difficult
to eradicate. It has been reported that biofilms

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

are a thousand times more difficult to eradicate
than planktonic organisms floating in an aqueous
environment (2–4). It is because of the combination
of anatomical hiding places and the difficulty of
destroying the biofilm that complete debridement
of the canal space is probably impossible with our
current treatment protocols.

The complexity of the root canal system

Root canal configuration and classification

There is great complexity and variation to the
pulp space as it travels from the coronal to the
apex. There are multiple canals that join and sep-
arate at unpredictable places in the tooth. All
the anatomical studies from Hess forward have
demonstrated this. The flatter or more ovoid the
root cross-section, the greater the propensity for
complexity. In the maxilla, the most variation will
be found in the premolars, especially the second
and the mesiobuccal (MB) root of the molars. In
the mandible, anterior, premolar, and molar teeth

15
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Weine (6)

Type I Type II Type III Type IV Type V

Figure 2.1 Weine’s canal classification. Originally
described as four types but later expanded to five types.
(Reproduced with permission of E. Herbranson.)

Vertucci (7)

Type I Type II Type III Type IV

Type V Type VI Type VII Type VIII

Figure 2.2 Vertucci’s canal classification.
(Reproduced with permission of E. Herbranson.)

are the ones that will show the greatest variation.

The mandibular premolar is a bit of an enigma as

it is usually a round root form with a single canal

but it will exhibit multiple canals and great com-

plexity on occasion. There is some ethnic variation

in anatomy. For instance, blacks have the highest

percentage of complex premolar, with Trope et al.
(5) reporting a 32.8% incidence of two canals in the

first premolar.

Weine (6) attempted to classify these into four

types and later five (Figure 2.1). This was expanded

by Vertucci (7) with eight different canal mor-

phologies (Figure 2.2). These classifications were

further developed by Gulabivala et al. (8, 9) to

nine types, and Sert and Bayirli (10) reported an

additional 14 configurations in a small subset of a

Turkish population. This chasing of more andmore

classification points to the fundamental fact that

there is great complexity in the pulp configuration

in teeth. It is worth the time for a clinician to look

at the Weine or Vertucci classification and then

play the mental game of how one would detect,

instrument, and obturate these various configura-

tions. It will also help the clinician to appreciate

the difficulty of debriding and disinfecting these

shapes.
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Even with multiple angles these canal variations
are difficult to detect with conventional 2D radio-
graphs. The use of small field cone beam computed
tomography (CBCT) scans are a valuable adjunct to
help the clinician to detect and mentally image the
canal system shape.

Root canal morphology

Pulp space shape is conceptualized by many to be
a round hole. The reality is they mimic the external
shape of the root. If it is round, the pulp shape will
be round. If the root is ovoid, the pulp shape will be
ovoid (Figure 2.3). There are a family of minor com-
plexities in anatomy that are difficult to categorize.
They include fins, niches, loops, and other oddities.
They are a reflection of the unlimited variations in
pulp space anatomy that exists.

Accessory canals

Accessory and lateral canals extend from the pulp
to the periodontium. They are found in all teeth
and are formed when Hertwigs’s epithelium root
sheath traps the periodontal vessels during tooth
formation. Vertucci, in 1984 (7), reported their
incident was 24–30% in maxillary anterior teeth,
50–60% in maxillary premolars, and 30–50% in
maxillary molars with the MB root showing the
highest incidence. He reported lateral canals in
18–30% of mandibular anterior teeth and almost

Figure 2.3 A sectioned, partially developed upper first molar
showing how the internal pulp space follows the external root
form. (Courtesy of Dr. David Clark.)

half of lower premolars and molars. Lateral canals
are found most commonly in the apical third, any-
where from 60% to 90%, with 10–16% occurring in
the middle third of the root and the cervical third
with a lower percentage. Complex multirooted
teeth have more cervical lateral canals and may
present patent accessory canals in the furcation
region in 29.4% in mandibular molars, and 27.4%
in maxillary molars (11).

Isthmuses and intracanal communications

Any root that has more than one canal will always
present some degree of communication between
those canals spaces. These features are really a vari-
ation of the complexity described by the Vertucci
classification (Figure 2.4). They occur in a signifi-
cant number of these types of roots with incidence
as high as 71% of the maxillary first molars (12).
These communications and isthmuses were respec-
tively in 42% and 54% of the cases in the coronal
third, in 59% and 79% of the cases in the middle
third, and in 24% and 50% of the cases in the apical
third (12). In mandibular first molars, the presence
of isthmus communications averaged 54.8% on
the mesial and 20.2% on the distal root (13). This
anatomical communications should be taken into
consideration during endodontic treatment as well
as during apical surgery (14).

Figure 2.4 A high-resolution micro-CT scan of a three-rooted
lower first molar illustrating many of the anatomical
challenges facing endodontic therapy. (Reproduced with
permission of E. Herbranson.)
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Figure 2.4 shows many of the complexity fea-
tures discussed here illustrated in a single tooth. It
has an extra root on the distolingual (DL), Vertucci
type IV anatomy on the mesial root with a loop
feature, later canals, and isthmus and apical deltas.
All are areas for biofilm to hide in. Debridement,
disinfection, and obturation of these types of spaces
are difficult or impossible. This tooth could be the
poster child for the anatomical challenges facing
the clinician.

Apical delta

An apical delta is a pattern of small accessory canals
at the apex of some teeth that looks like a river delta.
The complexity and multiple portals of exit of the
pulp system make these areas very hard to debride
and disinfect.

C-shaped canals

C-shaped canals are an anatomic variation to keep
in mind when treating maxillary and mandibular
molars with adjoining or fused roots, which results
in a C-shaped configuration of the canal spaces (15).

The etiology of the C-shaped canal is the fusion
of the buccal aspect of the mesial and distal roots.
Classification systems have been proposed by
Melton et al. (16) and more recently by Fan et al.
(17, 18). The anatomical variations of the C-shaped
canal are numerous as the canal can vary from
one distinct ribbon-shaped canal from pulp cham-
ber to apex to three distinct separate canals with
interconnections between the canals. The C-shaped
canal has been reported in mandibular premolars
and molars as well as in maxillary molars and its
prevalence seems to be related to the ethnicity,
with higher incidence of C-shaped canals in Asian
populations. Zheng et al. (19) evaluated a total
of 608 patients of Chinese descent with healthy,
well-developed mandibular second molars and
reported the presence of C-shaped canal system in
39% of the teeth.

The challenge in treating C-shaped canals lies
in the thorough debridement and complete obtu-
ration because of the irregular areas of the canal
house debris and necrotic tissue that is difficult
to clean and fill. Mechanical instrumentation is

unpredictable for disinfection, and caution should
be taken when preparing the isthmus area as it
is frequently very thin leading to a strip perfora-
tion. Thus, disinfection is accomplished chemically
delivering and activating irrigants with ultrasonic
and negative pressure irrigation with the purpose
of enhancing debridement and disinfection.

The source of complexity

The anatomy complexity has its source in the
development of teeth. Internal pulp anatomy is
a reflection of the external anatomy of the root.
This is due to the tooth formation process. Primary
dentin apposition by the odontoblasts occurs at
a relatively constant rate so the wall thickness of
the dentin in a partially developed root will be
similar around the perimeter. If the external shape
is ovoid, the canal will be ovoid. If the external
shape resembles a kidney bean, the internal shape
will also be the same. Figure 2.3 that shows the
cross-section anatomy of a partially developed
upper molar illustrates this point. As the tooth
reaches its full development, this kidney bean
shaped root will end up with two canals with
fins, inter and intracanal communications between
the canals. This is shown in Figure 2.5, with the

Figure 2.5 A group of four sectioned MB roots from upper
first molars. Note how the roots with concavities have two
canals. (Reproduced with permission of E. Herbranson.)
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Figure 2.6 A two-rooted lower first premolar with multiple
accessory canals including one in the furcation. (Reproduced
with permission of E. Herbranson.)

cross-sections of four MB roots of upper first
molars. The three that are kidney bean shaped
have two canals and isthmus anatomy. As a gen-
eral rule, any tooth with a concavity in its root
form has the potential for multiple canals and
aberrant internal anatomy. This goes for almost
all the teeth. All maxillary molars and premolars
have root concavities. Most mandibular anterior
and molar teeth have root concavities. Although
lower premolars are typically round in shape, a
percentage of them have very complex anatomy
(Figure 2.6).

Detecting anatomy

This complex internal anatomy has been around
for eons (Figure 2.7) but has been recognized
and appreciated by the dental community only
slowly. Hess (20) published a landmark book in

Figure 2.7 Micro-CT scan of a 65,000-year-old Neanderthal
upper second molar. Note the anatomical complexity.
(Reproduced with permission of E. Herbranson.)

1925 demonstrating the complexity of the inter-
nal anatomy using cleared teeth with ink dye
penetrations of the pulp spaces (Figure 2.8) but
this work languished in obscurity until Dr. Her-
bert Schilder resurrected it to demonstrate the
need for 3D obturation of the pulp space (21).
This anatomy has been demonstrated in a num-
ber of ways since then. The author, during his
graduate endodontic training, showed the com-
plexity of posterior tooth anatomy using silicon
rubber casts of the pulp space (Figure 2.9). Other
methods include careful cutdowns to the obtu-
rated canal space (Figure 2.10a,b) and chemically
demineralizing the dentin to reveal the internal
anatomy (Figure 2.11). All these are revealing and
valuable educational tools, but these methods
are labor intensive and consequently the sam-
ple sizes are small. It was not until the advent
of research grade micro-CT technology that it
was possible to do this work on a broader sam-
ple size.

Micro-CT scanners have resolutions that can
produce around 10 μm voxel data. This is high
enough resolution to demonstrate much of the
complexity of the anatomy. For instance, a typical
lateral canal will have a diameter of 20–30 μm
(22). Ten micron voxel data can resolve a fea-
ture of that size. In addition, because the data
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Figure 2.8 Examples of Hess original ink stained pulps in cleared teeth. (Reproduced with permission of E. Herbranson.)

Figure 2.9 A silicon cast of an upper first molar. Note the
communication between the MB canals. (Reproduced with
permission of E. Herbranson.)

is computer based, it can be manipulated and
presented in a variety of visualization formats.
Interactivity, transparency, cutting planes, stere-
opsis are all possible adjuncts to visualization. Dr.
Steve Buchanan demonstrated, in a lecture, the
first micro-CT data from teeth. The protocols for
micro-CT imaging lend themselves to “production

line” collection and processing of data. A project
started in 1998 by Brown and Herbranson Imaging
and funded by NIH was the first attempt to do
that on a significant numbers of teeth. This group
ultimately micro-CT scanned about 600 teeth. The
data is currently available in the 3D Tooth Atlas v7
(23). Artistic rendering of tooth anatomy typically
grossly oversimplifies the complexity of the actual
anatomy (Figure 2.12a,b). It is this simplification
that unfortunately leads to a limited under-
standing of the complexity. Micro-CT machines
currently produce the gold standard images for
visualizing the internal anatomy of teeth. As
they become more common, other datasets will
become available, which will lead to a better
understanding.

Although the micro-CT machine produces
very useful images, there is a level of anatomy
that these machines do not have the ability to
resolve. Figure 2.13 shows an upper first premolar
image from a typical 10 μm pixel size resolution
scan. Note the apparently simple anatomy at the
apexes of the buccal roots. Figure 2.14 shows the
same apexes at a 1.8 μm pixel resolution using
a synchrotron (Advance Light Source, Lawrence
Berkeley National Laboratory) as the radiation
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(a) (b)

Figure 2.10 (a,b) Root canal filling of two different teeth obturated using warm vertical condensation. The root were shaved
back to reveal the anatomy and extension of the gutta-percha. Note the significant but incomplete fill of the isthmus between the
canals. (Courtesy of Dr. Robert Sharp.)

Figure 2.11 A cleared MB root of an upper first molar that
was extracted. (Courtesy of Dr. Craig Barrington.)

source (Figure 2.14). This much higher resolution
scan shows small apical anatomy and inclusions
that are not evident on the lower resolution
scan. It is important that we realize that our
micro-CT “gold standard,” as good as it is, does not
reveal all the complexity that exists (Figures 2.15
and 2.16).

The importance of understanding
anatomy toward better outcomes

The anatomical variations discussedpresent signifi-
cant challenges to irrigation, disinfection, and obtu-
ration of the root canal space.

Extra canals require an awareness of the potential
for their existence and a strategy to detect and treat
them. This requires a high-level understanding of
the anatomy, understanding how these variations
present themselves, and a commitment to locating
it. Without treatment, extra canals will lead to
unresolved problems and poorer outcomes. Many
cases that present to clinicians for retreatment
have problems that can be traced to missed canals.
Dealing with these is really a clinical expertise
issue. To be successful, these cases demand that the
clinician apply all the available armamentarium to
the problem, including a studied approach, micro-
scopes, CBCT scans, and a commitment to solving
the problem.

Micro anatomy variations such as fins, deltas,
accessory canals is anatomy that is beyond the
reach of mechanical debridement and puts the bur-
den for resolution on the irrigation protocols we
use and to a lesser degree the obturation protocols
we use. These spaces is the difficult challenge in
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(a) (b)

Figure 2.12 (a,b) Two examples of the artistic rendering of
pulp anatomy. Although dimensionally accurate, they still
exhibit a simplicity that does not reflect the complexity of a
real tooth. (Reproduced with permission of E. Herbranson.)

Figure 2.13 This is a 10μm micro-CT scan of a three-rooted
upper first premolar. The endodontic procedure was done
extraorally. (Reproduced with permission of E. Herbranson.)

endodontics because they are a perfect home for
biofilms and a difficult place to access. We must
develop and use the most effective protocols for
addressing these spaces.

Although many of the current obturation tech-
niques can exhibit what appears to be an effective
obturation of lateral anatomy, there are two issues

that need to be highlighted. The first is that even in
an impressive-looking obturation, not all the lateral
anatomy can be filled (Figure 2.17). You can only
see what was obturated, not what was not obtu-
rated. The second issue is that the residual debris
in the canal can block the effective obturation of a
space. Effective obturation depends on the effec-
tive debridement of the small anatomy, which is
problematic.

There are teeth with such a complexity in
anatomy that current orthograde endodontic tech-
nology cannot resolve. Figure 2.18 is an example
of such a tooth. It is unlikely that a clinician could
maneuver a file to the apex of the MB2 canal. A
retrograde surgical procedure could adequately
treat this MB root if the clinician included the
MB2 apex in the apicoectomy prep. A narrow-field
CBCT scan would be very useful in ensuring the
clinician understood the subtle anatomy challenges
presented here.

Clinical cases

Case 1: This endodontic procedure on a mandibu-
lar left first molar was done by an experienced
endodontist in two appointments with an inter-
mediate Ca(OH)2 dressing and warm vertical
obturation. The patient continued to have mild

www.ketabdownload.com



The Anatomy of the Root Canal System as a Challenge to Effective Disinfection 23

Figure 2.14 These are the apexes of the buccal roots of the
tooth shown in Figure 2.13 but scanned at 1.8 μm. Note the
fine structures not visible in the lower resolution scans in
Figure 2.13. (Reproduced with permission of E. Herbranson.)

Figure 2.15 A micro-CT scan of an upper first molar showing
two canals, isthmus, and delta formation in the MB root.
(Reproduced with permission of E. Herbranson.)

discomfort so the tooth was re-treated, again
in two appointments, with an intermediate
Ca(OH)2 dressing (Figure 2.19a,b). The patient
again had mild discomfort. After a discussion of
alternative treatment, including apical surgery,
the patient decided to have the tooth extracted.
Multiple angle 2D radiographs (Figure 2.20)
showed nothing extraordinary, but a micro-CT
scan revealed the unfilled isthmus and fins in the
buccal root (Figure 2.21). This was the result of a
failure of our current technology, not a failure of
intention or operator skill. This tooth probably
could have been salvaged with an apicoectomy

and retrofill on the mesial root but the patient
was unwilling to go through the procedure.

Case 2: This is the MB root of an upper first molar
that was extracted during periodontal surgery.
Note the third canal (in red) that parallels the
MB3 canal (Figure 2.22). Locating this canal
would be very difficult without a narrow field
CBCT scan.

Case 3: This extracted tooth was treated using the
hand instrumentation technique see howwell the
complex D root could be filled with a warm ver-
tical obturation method. Every effort was made
to guarantee a solid fill. It is interesting that even
though someof the anatomybetween theMBand
mesiolingual (ML) canals was filled, much of it
did not get addressed (Figure 2.23).
In all of these cases, conventional 2D radiographs

showed excellent obturations and apparently good
technique. It is only the application of micro-CT
technology that revealed the unfilled internal
anatomy. The clinician must keep in mind the prin-
ciple that a radiograph shows what the operator did.
It does not show what the operator did not do. So we
must be careful not to make too many assumptions
about the quality of the procedure we delivered
based on our radiographs.

Conclusions

The ultimate objective of endodontic therapy is the
obturation of the prepared root canal space with an
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Figure 2.16 A lower central with a classic 1-2-1 pulp configuration. (Reproduced with permission of E. Herbranson.)

Figure 2.17 A MB root tip treated in the mouth and then
amputated during a periodontal procedure. Obturated with a
warm vertical gutta-percha technique. Note the impressive
obturation of the extra canal anatomy between the two main
canals. This is the main sealer, not gutta-percha. (Reproduced
with permission of E. Herbranson.)

inert material in order to restore the integrity and
health of the treated tooth in the dental arch. Several
causes of endodontic failure have been identified,
including the failure to disinfect a complex root

Figure 2.18 An “impossible”tooth on which the MB2 canal
would be very difficult to treat and disinfect with nonsurgical
orthograde endodontics. (Reproduced with permission of E.
Herbranson.)

canal system. Endodontics is a game of eliminat-
ing microorganisms from uninstrumented spaces
within the internal anatomy of the pulp space.
As our knowledge of that space increases, our
understanding of the challenge before us increases.
Therefore, it is imperative for the endodontist to
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(a) (b)

Figure 2.19 Postoperative radiograph of the first endodontic
treatment of a mandibular left first molar (a). The nonsurgical
root canal retreatment (b). The patient was never comfortable
with the tooth and eventually had it extracted. (Reproduced
with permission of E. Herbranson.)

Figure 2.20 After the tooth was extracted, varied angle 2D
radiographs taken, including proximal radiograph,
demonstrate the complexity of the anatomy such as intracanal
isthmus communication. (Reproduced with permission of E.
Herbranson.)

be thoroughly familiar with root canal anatomy,

including the numbers and locations of canals, in

order to clean, shape, and obturate for optimal

success. While it is humbling to understand the

challenge we face, it is through this understanding

that we can design and develop protocols that will

help us improve success.

Figure 2.21 Micro-CT scan of the mandibular left first molar.
The pink represents unfilled pulp space. (Reproduced with
permission of E. Herbranson.)

Figure 2.22 Mesiobuccal root of an upper first molar treated
in the mouth and amputated during a periodontal surgery.
Note the untreated MB2 canal parallel to the MB3.
(Reproduced with permission of E. Herbranson.)
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Figure 2.23 An extracted tooth treated extraorally and sealed
with warm vertical obturation. The purple is unfilled anatomy
between the two main canals in the mesial root. (Reproduced
with permission of E. Herbranson.)
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Introduction

Biofilms are microbial communities composed
of microcolonies that contain cells irreversibly
attached to a substratum, an interface, or each
other, as opposed to being suspended in liquid
(planktonic mode). Biofilm formation has been
described as an ancient prokaryotic adaptation
allowing survival in hostile environments (1–3).
The process encompasses attachment of microbial
cells to a surface, followed by cell proliferation,
adherence to other bacteria, production of a matrix,
and microcolony maturation (4). Dispersal of
cells allows the formation of new biofilm micro-
colonies (5). A key characteristic of biofilms is
their highly heterogeneous composition that can
vary greatly under different environmental con-
ditions. Of particular clinical significance is that

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

microbial cells in biofilms can utilize a variety of
mechanisms that enable survival under challeng-
ing conditions (6–10). For example, biofilms have
been regarded as the primary causative agent for
many hospital-acquired infections as well as per-
sistent and chronic infections such as cystic fibrosis
pneumonia (4, 8).

Seminal studies published several decades ago
established the role of microorganisms as the pri-
mary etiologic agents of apical infections (11–14).
In these and many subsequent evaluations of the
root canal (RC) microflora, strains were typically
grown as single-species, planktonic cultures. More
recently, it has been recognized that microorgan-
isms exist in the RC system as multispecies biofilm
communities (15–20). This chapter describes the
general characteristics of biofilms and analyzes
biofilms associated with RC infections.

29
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General characteristics of biofilms

Components of biofilms

Microbial cells occupy only a small portion of the

biofilm. The majority of the biofilm structure is a

highly heterogeneous matrix composed of extracel-

lular polymeric substances (EPS) produced by cells

within the biofilm. The EPS matrix can account for

greater than 90% of the dry mass of most biofilms

and provides multiple functions. These include

provision of a scaffold for the biofilm, water reten-

tion, protection, an energy sink, ionic exchange,

sorption of organic and inorganic compounds,

nutrient source, and exchange of genetic informa-

tion (21). From a clinical perspective, the EPS can

act as a physical barrier to antimicrobial agents

such as antibiotics and disinfectants (21, 22). The

major component of the EPS matrix is water, with

channels throughout the biofilm structure facilitat-

ing the inflow of nutrients and the outflow of waste

materials (23, 24). Other important components

of the highly hydrated EPS include extracellular

polysaccharides, proteins, and DNA (eDNA, extra-

cellular deoxyribonucleic acid), as well as other

elements (5, 21) (Figure 3.1).

Extracellular polysaccharides provide a scaffold

for proteins mediating adhesion of the biofilm to

Phages

Toxins

Protozoa

Food

Signals

Waste

Parental strain

Oxygen

Nitric oxide

eDNA

Protein

Polysaccharide

Fatty acid

Amyloid fiber

Filamentous phage

Genotypic and phenotypic variants

Dispersal cell

Dead cell

(a) (b)

Figure 3.1 Components of biofilms. (a) Microcolonies in the mature biofilm are characterized by an extracellular polymeric
substances (EPS) matrix, composed of polysaccharides, proteins, extracellular DNA (eDNA), and other elements. The EPS matrix
functions as a shield to protect the bacterial community or population from predators such as protozoa or lytic phages, as well as
from chemical toxins (e.g., biocides and antibiotics). The EPS matrix may help to sequester nutrients and, along with the
underlying microorganisms, is also responsible for the establishment of gradients (e.g., oxygen and nutrients diffusing inward, and
waste products as well as signals such as nitric oxide diffusing outward); (b) at the time of dispersal, microcolonies undergo cell
death and lysis along with active dispersal of motile microorganisms to leave behind hollow colonies. (Reprinted by permission
from Macmillan Publishers Ltd. from: Nature Reviews in Microbiology (McDougald D, Rice SA, Barraud N, Steinberg PD,
Kjelleberg S.)
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(a)

(b) (c)

Figure 3.2 Ultrastructural analysis of eDNA during the initial establishment of E. faecalis biofilms. (a, b) Immuno-SEM
micrographs demonstrating localization of eDNA near the septum in early (4 h) E. faecalis biofilms; (c) endogenous lyses of cells
in an older (48 h) biofilm display an entirely different morphology from that seen in early biofilms, as DNA (asterisks) is released
from a ruptured cell (arrow). Bars, 500 nm. (Barnes et al. (32). Reproduced with permission of Gary Dunny.)

the surface and intercellular attachments (22, 25).

They can also contribute to antimicrobial resistance

by preventing antibiotics from reaching their site of

action (26) and by protecting the biofilm from the

host defenses (27). Extracellular proteins supply

the essential structural and enzymatic functions.

For example, glucan-binding proteins produced by

Streptococcus mutans provide a link to exopolysac-

charides (28). Enzymes within the EPS matrix

provide carbon and energy sources by digesting

polymers (21) and degrade the EPS matrix to facili-

tate dispersion of microbial cells that can form new

biofilms (29). eDNA is involved in the adhesion,
aggregation, cohesion, and exchange of genetic
information (21, 30–32). eDNA also plays a critical
role in the initial establishment of biofilms (32)
(Figure 3.2).

Cell–cell communication in biofilms

Quorum sensing

The distance between microorganisms and their
spatial distribution within biofilms are critical
factors for intermicrobial communication processes
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Quorum sensing

HSL
secreted

HSL
secreted

Locally
high HSL

concentration

Modified
metabolism

HSL
receptors

Biofilm
Relatively low HSL
concentration

Planktonic

© 2004 CENTER FOR BIOFILM ENGINEERING MSU-BOZEMAN

Figure 3.3 Quorum sensing in biofilm and planktonic conditions. Quorum sensing occurs when the concentration of normally
low levels of certain signal molecules (e.g., homoserine lactones, or HSLs) becomes high enough to act as autoinducers (AIs) that
trigger a synchronized response throughout the biofilm population. As biofilm cells are held together in dense populations, the
secreted HSLs attain higher concentrations. HSL molecules then recross the cell membranes and trigger changes in genetic
activity. (Reproduced with permission of the Center for Biofilm Engineering, Montana State University.)

in biofilms (1). Certain bacteria communicate and
coordinate behavior via the constitutive synthesis
of small signaling molecules using an intercellular
signaling system called quorum sensing (33, 34)
(Figure 3.3). Quorum sensing allows the coordi-
nated regulation of the expression of key proteins
in biofilms so that when a high density popu-
lation reaches a certain threshold (“quorum”),
the concentration of normally low levels of cer-
tain signal molecules becomes high enough to
act as autoinducers (AIs) that trigger a synchro-
nized response throughout the biofilm population
(35, 36). AI-2 signal is used by both gram-negative
and gram-positive bacteria. Gram-negative bac-
teria also use N-acyl homoserine lactone-based
signaling while gram-positive bacteria utilize small
peptides (33, 37–39).

Horizontal gene transfer (HGT)

Interactions between genetically distinct bacteria
are involved in the establishment and maintenance
of biofilms (1) and can provide an accommo-
dating environment for the transfer of genetic
material (40). Horizontal gene transfer (HGT)
occurs by three basic methods: transformation,

conjugation, and transduction, and allows the
movement of genetic information both within and
between species via plasmids, bacteriophages, and
transposons (Figure 3.4).

Biofilm growth has been shown to enhance
genetic exchange via transformation, as demon-
strated in several streptococcal species naturally
competent for transformation (42, 43). However,
the most efficient HGT process in bacteria is conju-
gation, with the requirement for cell-to-cell contact
distinguishing conjugation from transduction and
transformation (Figure 3.4). The ability of plas-
mids to conjugatively transfer between species has
been demonstrated in oral streptococci (44–46),
and between Treponema denticola and Streptococ-
cus gordonii in experimental biofilms (47). In the
endodontic microflora, several enterococcal iso-
lates recovered from patients in Sweden exhibited
a characteristic response to enterococcal-derived
pheromone that supported the possibility of highly
efficient pheromone-induced conjugative transfer
of genetic elements in RC infections (48). This
premise was subsequently supported in an ex-vivo
model through the demonstration of bidirectional
transfer of a conjugative plasmid in RCs occurring
between S. gordonii and Enterococcus faecalis (49)
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a b
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Expert Rev. Anti Infect. Ther. © Future Science Group (2010)

Figure 3.4 Horizontal gene transfer of
DNA. The bacterial cells are represented by
the green and purple ovals. The DNA is
represented by the helix. Transposons and
plasmids are either blue bars or circles. The
arrows show the direction of transfer of the
DNA. (a) Transformation: the donor cell
(top left) has lysed and the DNA released
into the environment. This can be taken up
by competent bacteria and incorporated
into the recipient genome; (b) conjugation
of plasmids through a pilus; (c) conjugation
of transposons via a mating pore; (d)
transduction mediated by the injection of
DNA by a bacteriophage. (Reprinted with
permission from Roberts AP, Mullany P.
Oral biofilms: a reservoir of transferable,
bacterial, antimicrobial resistance. Expert
Review of Anti-Infective Therapy
8(12):1441–1450. Expert Reviews Ltd ©
2010.)

(Figure 3.5). Taken together, these findings suggest
the feasibility of RC strains containing conjuga-
tive plasmids with genes that enhance survival to
transfer these properties to other strains in the RC
biofilm.

Responses to stress and environmental
challenges

In the ever-changing biofilm environment, micro-
bial cells encounter a multitude of stresses and
challenges. These include exposure to nutrient
limitation, reactive oxygen and nitrogen species,
membrane damage, and elevated temperature
(10). Exposure to antimicrobial agents also places
biofilm communities under stress.

A diverse range of global stress responses by
cells exposed to these challenges can facilitate
their survival (50). For example, global response
systems (GRS) such as the alternative sigma fac-
tors RpoS (51) and RpoH (52), gene repressor
LexA (53), and small molecule effectors, such
as (p)ppGpp that induce the stringent response
(54), act by modulating intracellular metabolic
processes to enable adaptation and survival.
Resultant stress responses include downregula-
tion of error-correcting enzymes, upregulation

and activation of error-prone DNA polymerases,
and HGT of mobile genetic elements (55, 56).
Two-component toxin–antitoxin (TA) systems are
also involved in the responses to stress stimuli; the
toxins are stable proteins directed against specific
intracellular targets, and the antitoxins are degrad-
able proteins or small RNAs that neutralize the
toxin or inhibit toxin synthesis (57). TA systems
are involved in persister cell formation (58) and
quorum sensing (59) and may regulate the switch
from planktonic to biofilm lifestyles (60).

As a direct consequence of stresses and the
resulting responses, the availability of nutrients
and electron acceptors can vary considerably
throughout the biofilm, and the growth stage of
microbial cells can range from rapidly growing to
dormant. This results in variations in metabolic
activity, gene expression patterns, and potential
phenotypic variations throughout the biofilm com-
munity (7). Cells might adapt by turning certain
genes on or off or by random gene switching,
and fitter mutants might arise as part of a natural
selection process (Figure 3.6).

Responses to antimicrobials in biofilms

Microorganisms in biofilm communities have
several options available to resist the detrimental
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Figure 3.5 Horizontal gene transfer (HGT) in the root canal. Scanning electron micrographs showing accumulations of E.
faecalis JH2-2/pAM81 and S. gordonii Challis-Sm (a) 24 h and (b) 72 h after inoculation into the root canal. Bidirectional HGT of
the plasmid pAM81 was confirmed by the purification of the plasmid in transconjugants; (c) confirmation of conjugative transfer
of pAM81 from E. faecalis to S. gordonii (lanes 2–7) and from S. gordonii to E. faecalis (lanes 8–13): pAM81 plasmid DNA
digested with HindIII in donor strains (lanes 2 and 8) that were transferred to plasmid-free recipient strains (lanes 3 and 9) that
resulted in transconjugant strains with pAM81 (lanes 4–7 and 10–13). Lanes 1 and 14 show molecular size marker. (Reprinted
from Journal of Endodontics, 34(5), Sedgley CM, Lee EM, Martin MJ, Flannagan SE. Antibiotic resistance gene transfer between
Streptococcus gordonii and Enterococcus faecalis in root canals of teeth ex-vivo, 570–574 © 2008, with permission from Elsevier.)

effects of antimicrobial therapy (4, 61, 62)
(Figure 3.7). For example, the thickness of the
biofilm, as well as the concentration and ability of
the antimicrobial to penetrate the EPS matrix, can
determine the extent of exposure of cells in biofilms.
Thus, while the superficial cells of the biofilm com-
munity are rapidly exposed to high concentrations
of antimicrobials, exposure of deeper parts depends
on the ability of the antimicrobial to diffuse through
the biofilm matrix (61). The EPS matrix can slow
down the diffusion of the agent (63) but does
not necessarily prevent diffusion (64). Multidrug
resistance efflux pumps are also considered to con-
tribute to antibiotic resistance in biofilms (65–67).

Oxygen levels and metabolic rates are reduced
at the center of a microcolony compared with near
its surface (68, 69). This can result in localized

limited or absent metabolic activity of microbial
cells deeper in the biofilm as well as induce cells
to enter stationary phase and thus lose suscepti-
bility to killing by antibiotics that target dividing
cells (70). Persister cells have been associated with
recalcitrant biofilm infections (9, 71). Persister
cells are phenotypic variants that are genetically
identical to the susceptible cells within a clonal
population (72, 73). On exposure of the biofilm to
antibiotics, persister cells demonstrate very slow
or arrested growth (“dormancy”) and diminished
protein synthesis (9, 74). Following the treatment
of biofilms with antibiotics such as β-lactams, the
rapidly growing cells are killed, leaving the dor-
mant cells to repopulate the biofilm. The formation
of persister cells is thought to be through a com-
bination of continuously occurring random events
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(a) (b) (c)

Figure 3.6 Multiplicity of phenotypic states in
biofilms. Three hypothesized mechanisms of
phenotypic diversification in a biofilm. (a)
Physiological adaptation. Cells respond adaptively to
local environmental conditions by turning on or off
certain genes; the responses depend on the local
chemical microenvironment and, therefore, allow
for a range of distinct localized adaptations; (b)
genotypic variation and natural selection. A
mutation or chromosomal rearrangement results in a
variant (purple) that multiplies according to its
fitness in the biofilm; (c) stochastic gene switching.
Cells toggle between discrete physiological states by
gene switching, which is random in nature.
(Reprinted by permission from Macmillan Publishers
Ltd from: Nature Reviews (Stewart PS, Franklin MJ.
Physiological heterogeneity in biofilms. Nat Rev
Microbiol 6(3):199–210) © 2008.)
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Figure 3.7 Some proposed biofilms associated with resistance mechanisms: (1) antimicrobial agents may fail to penetrate
beyond the surface layers of the biofilm. Outer layers of biofilm cells absorb damage. Antimicrobial agents’ action may be
impaired in areas of waste accumulation or altered environment (pH, pCO2, pO2, etc.); (2) antimicrobial agents may be trapped
and destroyed by enzymes in the biofilm matrix; (3) altered growth rate inside the biofilm. Antimicrobial agents may not be active
against nongrowing microorganisms (persister cells); (4) expression of biofilm-specific resistance genes (e.g., efflux pumps); (5)
stress response to hostile environmental conditions (e.g., leading to an overexpression of antimicrobial agent-destroying
enzymes). (Reprinted by permission from Macmillan Publishers Ltd: Clinical Pharmacology and Therapeutics (del Pozo JL,
Patel R. The challenge of treating biofilm-associated bacterial infections. Clin Pharmacol Ther. 2007 82(2):204–209) © 2007.)
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(“stochastic”), or in response to an environmental
stimulus (“deterministic”) (9, 75).

Resistance to antimicrobial treatment is signif-
icantly higher in multispecies biofilms compared
to single-species biofilms (76–78). Dual-species
biofilms of S. mutans and Veillonella parvula were
less susceptible to various antimicrobial agents
(chlorhexidine, cetylpyrimidinium chloride, zinc
chloride, erythromycin, hydrogen peroxide, and
amine chloride) than single-species biofilms of
the same microorganisms (76, 79). This may be
attributable to the cooperative behavior of the
community that enables survival on exposure to
the antimicrobial agent (80), and potential advan-
tages to be gained by residing in multispecies
biofilms (77).

Root canal biofilms

Evaluation of root canal biofilms

The anatomy of the RC system is intricate and
complex. In addition to the main canal(s), there can
be lateral canals, accessory canals, apical ramifica-
tions, and isthmuses (81). All anatomical areas of
the infected RC system have been shown to harbor
bacterial cells organized as archetypal biofilm struc-
tures (82, 83). In 1987, Nair (15) described infected
RCs containing clusters of “self-aggregating”
colonies of one distinct type or “coaggregating”
communities of several types that would now
be described as biofilm structures. Since then,
observations of RC biofilms in infected extracted
teeth have utilized light microscopy (15, 17, 20,
82, 84), scanning electron microscopy (SEM) (85,
86), environmental SEM (87), transmission electron
microscopy (TEM) (18, 88), confocal laser scan-
ning microscopy (CLSM) and fluorescent in situ
hybridization (FISH) (89), and various combina-
tions of techniques (19, 90) (Figure 3.8). Collectively,
these observational studies have shown that RC
biofilms are highly variable.

Much effort has gone into the identification of the
microbial component of clinical RC infections. Gen-
era cultured from symptomatic and asymptomatic
RC infections and aspirates from apical abscesses
include Prevotella, Porphyromonas, Fusobacterium,
Peptostreptococcus, Streptococcus, Lactobacillus,
Enterococcus, Actinomyces, Propriobacterium, and

Candida (12, 13, 91, 92). Compared to culture meth-

ods, molecular analyses of RC samples have shown

a substantially more diverse microflora that is com-

posed of a large proportion of unidentifiable and

unculturable species (93, 94). Recent analyses using

pyrosequencing methods have revealed an even

greater microbial diversity (95–98) (Figure 3.9).

The recovery and analyses of the EPS matrix

component of RC biofilms during clinical pro-

cedures are yet to be described. Considerable

challenges exist in obtaining intact RC biofilm sam-

ples in a nondestructive manner. From a practical

aspect, it is likely that paper points absorb plank-

tonic microorganisms disrupted from the biofilm

surface but are less likely to retrieve microorgan-

isms located in the deeper parts of the biofilm or

within the dentinal tubules. Similarly, file shavings

are also unlikely to provide samples of “intact” RC

biofilms. Sampling previously treated RCs poses

further obstacles, particularly if the prior restora-

tion and root fillingmaterial are difficult to remove.

Primary root canal infections

Many studies have confirmed that infected RCs

harbor a multispecies population of facultative

and strict anaerobic gram-positive and gram-

negative bacteria, spirochetes, yeasts, archaea, and

other unidentified species (95–103). In addition,

Epstein–Barr virus may be associated with irre-

versible pulpitis and apical periodontitis (104),

and papilloma virus and human herpes virus have

been found in exudates from acute apical abscesses

(AAAs) (105).

The microflora of carious dentin implicated

in endodontic infections subsequent to pulpitis

includes significant numbers of lactobacilli (106)

and gram-negative bacteria (107). Both innate and

adaptive immune responses modulate the relation-

ship between tissue damage and the microflora

in advancing caries (108). Many microorganisms

cultured from endodontic infections have also

been identified as commensals in the oral cav-

ity. The transition from oral “commensal” to RC

“pathogen” may reflect an innate ability to switch

on genes that encode virulence factors (Figure 3.10)

as well as other factors enabling survival and

propagation in a different environment.
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Figure 3.8 Imaging of endodontic biofilms by combined microscopy (FISH/CLSM–SEM). (a) Overview of split root canal.
Certain parts of the canal surface were covered with a thick matrix layer (encircled areas 1, 2) whereas other regions showed only
sparse and comparatively thin islands of matrix (encircled area 3); (b) the size and shape of some structures of the matrix
suggested the presence of bacteria (arrows 1, 2), but without conclusive evidence; (c) other areas of the matrix consisted of so
densely composed material that no traces of bacterial presence could be found; (d) After labeling the split tooth with the EUB338
(Cy3) probe, distinct parts of the canal showed a strong red fluorescence signal in the CLSM (arrows 1 and 2); (e) overlay of
corresponding SEM and FISH/CLSM (a and d) images of the same regions revealed matching areas of the FISH signal and the
amorphous matrix, suggesting the presence of bacterial biofilm. The laterally located FISH signal was within a lateral canal in the
root (arrow 1); (f) higher magnifications of FISH-labeled root canal surface with CLSM indicated a biofilm composed of bacteria
with short rod or coccus-like morphology (arrow 1). (Reprinted by permission from John Wiley and Sons from Schaudinn C, Carr
G, Gorur A, Jaramillo D, Costerton JW, Webster P. Imaging of endodontic biofilms by combined microscopy (FISH/cLSM - SEM).
Journal of Microscopy 235(2):124–127 © 2009.)

Bridging, or coaggregation, between two or

more bacterial species is an important process

in multispecies biofilm formation (1). In dental

plaque, Fusobacterium nucleatum is considered to

be a strategic microorganism as evidenced by its

ability to coaggregate with numerous other species

and mediate adherence of early and late colonizers

(110). Similarly, in infected RCs, the commonly
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Figure 3.9 Relative abundance of different bacterial phyla in acute and chronic dental root canal infections. (a) Overall data;
(b) data according to the clinical condition. Phylogenetic classification was based on Ribosomal Database Project Classifier
analyses. (Santos et al. (98). Reproduced from PLoS ONE 6(11): e28088. doi:10.1371/journal.pone.0028088.)
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Figure 3.10 Virulence factors and associated
genetic elements in bacteria. (From Sedgley CM.
Virulence of endodontic bacterial pathogens.
Chapter 7;130-51. Endodontic Microbiology.
Editor, Fouad AF. Wiley-Blackwell Publishing,
Ames, IA. This material is reproduced with
permission of John Wiley & Sons, Inc. © 2009.)
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Figure 3.11 Coaggregation assay scoring. (a) Upper tube: “0”no change in turbidity and no evidence of coaggregates in the
mixed suspensions; lower tube: “+1”turbid supernatant with finely dispersed coaggregates that did not precipitate immediately;
(b) “+2”definite coaggregates easily seen but suspension remained turbid without immediate settling of coaggregates; (c) “+3”
slightly turbid supernatant with formation of large precipitating coaggregates; (d) “+4”clear supernatant and large coaggregates
that precipitated immediately. (Reprinted from Journal of Endodontics, 32(10), Johnson EM, Flannagan SE, Sedgley CM,
Coaggregation interactions between oral and endodontic Enterococcus faecalis and bacterial species isolated from persistent
apical periodontitis, 946–950, © 2006, with permission from Elsevier.)

recovered Fusobacterium species appears to partic-
ipate in synergistic interactions in RC infections
(111). F. nucleatum exhibits strong associations with
Peptostreptococcus micros, Porphyromonas endodon-
talis, and Campylobacter rectus (112, 113) and has
been shown to enhance the pathogenicity of Por-
phyromonas gingivalis in mouse models (114). In
addition, coaggregation assays have shown that
fusobacteria form coaggregates with many species
including Prevotella, Streptococcus (115), E. faecalis,
Streptococcus anginosus, Peptostreptococcus anaero-
bius, and Prevotella oralis (116) (Figure 3.11). Other
positive associations shown to occur in RC strains
are between Prevotella intermedia and P. micros, and
between P. anaerobius and Eubacteria and P. anaero-
bius (113). In addition, in guinea pigs, Parvimonas
micra enhanced the pathogenicity of Bacteroides
melaninogenicus (Prevotella melaninogenica) and Bac-
teroides asaccharolyticus (Porphyromonas spp.) (117).

In contrast to synergistic relationships, interac-
tions between different species and strains of the
same species can be antagonistic. For example,

some microorganisms produce antimicrobial pro-
teins or peptides collectively termed bacteriocins
that can be bacteriostatic or bactericidal to other
members of the same species (narrow spectrum)
or across genera (broad spectrum). Nonvirulent
bacteriocin-producing strains have useful appli-
cations in the food industry and as probiotics
(118). Bacteriocin production is not uncommon in
enterococcal strains recovered from endodontic
infections (48, 119). However, although the role
of bacteriocins in RC biofilms is not known, it is
feasible that by changing the composition of the
microflora, the production of bacteriocins could
modulate the infectious process. This was high-
lighted by the analysis of the strain E. faecalis
MC4, originally recovered from an autogenously
infected RC of a Macaca fascicularis monkey with
apical periodontitis (120) and used as part of strain
collections in seminal endodontic microbiology
studies in monkeys (120–124). In those studies,
E. faecalis MC4 survived in RCs for at least 2.5
years both as a single species and in combination
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with other species of an “eight strain collection,”
and was shown in bacteriologic, radiographic, and
histological studies to induce pulpal and apical
pathogenesis (inducing the least immune effect
when inoculated as a single species). Dahlen and
colleagues (119) reported that E. faecalisMC4 inhib-
ited other members of the eight strain collections
to various degrees. More recent work has shown
that the inhibitory activity by E. faecalis MC4 is
associated with a Class IIa bacteriocin encoded by
a pheromone-responsive, multiantibiotic resistance
plasmid (125, 126).

In the oral environment, saliva flow impacts the
development of biofilms on oral surfaces. However,
the RC environment is neither subject to fluid flow
nor necessarily fluid-filled. It has been hypoth-
esized that during the initial phase of infection,
exudate derived from the inflammatory lesion front
may provide the fluid phase during the develop-
ment of the RC biofilm (16). As such, in those cases
where the biofilm is invading vital pulp tissue,
nutrients would be available. In contrast, nutrient
deprivation would be more likely to occur in RCs
containing necrotic pulp tissue and in previously
treated RCs. Many microorganisms manage to sur-
vive these challenging environments by prompting
a starvation response whereby bacteria adjust their
metabolic balance away from multiplication and
toward the acquisition of energy for survival (127).
Therefore, the adoption of a nongrowing state
is an important mechanism for survival in the
nutrient-deprived milieu of the RC.

As the biofilm progresses apically, it encounters
the host’s complex and intricately coordinated
immune system. Polymorphs attempt to wall off
the bacterial biofilm from the remaining canal
lumen (128), as can be seen in Figure 3.12 (90).
However, in-vitro studies have confirmed that
biofilms can eventually overwhelm the invad-
ing neutrophils (129) and reduce host defense
responses as evidenced by a reduced cytokine
release from macrophages exposed to E. faecalis in
biofilm compared to planktonic conditions (130).

Several studies have reported that there are a
larger number of species (99) and more diver-
sity (98) in acute compared to chronic infections
(Figure 3.9). For example, black-pigmented
gram-negative anaerobic bacteria such as P.
endodontalis and P. gingivalis have been associated
with symptomatic-infected RCs and endodontic

30 μmm

B

I

B

D

Figure 3.12 Light microscopic view of apical section
showing bacterial biofilm (B) adherent to the canal surface
dentin (D) and walled in by polymorphonuclear leukocytes
and red blood cells (I) beyond which is a further biofilm (1 bar
represents 30 μm). (Richardson et al. (90). Reproduced with
permission of John Wiley and Sons, Inc.)

abscesses (131–134). Molecular fingerprinting
of 20 paired samples of RC and AAA exudates
showed that, although the mean number of species
and the diversity index did not differ, very few
species were shared between RC and AAA sam-
ples, and microbial communities diverged between
subjects (135) (Figure 3.13). Cluster analysis of
the same clinical material showed that anaerobic
species were distributed in small, complex, and
distinctive communities in both RC infections and
AAAs, indicating that several microbial profiles
can be associated with the development of acute
endodontic infections (103).

A classic study on infected RCs in monkeys
showed that the microflora was more anaerobic
in the apical compared to the coronal part of the
canal (122). This is supported by a recent study
that used pyrosequencing methods to compare
the microbial ecology of the coronal and apical
segments of infected RC systems of 23 extracted
teeth with apical periodontitis (96) (Figure 3.14).
The apical segment harbored more taxa overall and
more fastidious obligate anaerobes, leading the
authors to conclude that the apical part of the RC
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Figure 3.13 Microbial profiles associated with 20 paired samples of root canals (RC) and acute apical abscess (AAA) exudates.
(a) Associations between RC and AAA samples in the number of species; (b) diversity index. Pairs of samples are connected by
matching lines. (Reprinted from Journal of Endodontics, 36(9), Montagner F, Gomes BP, Kumar PS. Molecular fingerprinting
reveals the presence of unique communities associated with paired samples of root canals and acute apical abscesses,
1475–1479 © 2010, with permission from Elsevier.)
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Figure 3.14 Prevalence of exclusive and shared operational taxonomic units (OTUs) (sequences that cluster within 97%
similarity level) by the two root segments of 23 root pairs. Only those OTUs that contained at least 10 reads/sample were counted
as present in the corresponding sample. The order of the samples (root numbers) from left to right corresponds to the increasing
difference in phylogenetic distance (Weighted Unifrac) between the corresponding apical and coronal segments. The distances
are shown above the respective root numbers. The two segments from R10 were highly similar (distance = 0.04), while those
from R27 differed the most (distance = 0.44) among the corresponding pairs of samples. (Ozok et al. (96). Reproduced with
permission of John Wiley & Sons, Inc.)

system drives the selection of a more diverse and
more anaerobic community than the coronal part.

Persistent and secondary root canal
infections

RC treatment aims to eliminate necrotic pulp tis-
sue and bacterial biofilm from the RC system.

However, several obstacles to optimal RC disinfec-

tion can exist, resulting in persistent infections, or

infections arising from the original microflora that

have survived RC treatment (84, 136). These obsta-

cles include the anatomical complexities of the RC

system (20, 82), the buffering effects of dentin (137),

and the physical barrier to antimicrobials pro-

vided by the EPS matrix. As a consequence, some

species survive endodontic treatment procedures
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(a) (b) (c)

(d) (e)

Figure 3.15 Histologic investigation of root-canal-treated teeth with symptomatic apical periodontitis. (a) After endodontic
retreatment of tooth 14; (b) follow-up radiograph taken after 1 year. Radiolucency was unchanged. Sinus tract was still present,
and the tooth was tender to percussion and palpation; (c) root-end resection was performed of both mesiobuccal and distobuccal
roots; (d) overview of the mesiobuccal root tip; (e) magnification of the ramification on the right side in (d). Its lumen is filled with
a large biofilm arranged against inflammatory cells (Reprinted from Journal of Endodontics, 35(4), Ricucci D, Siqueira JF, Jr., Bate
AL, Pitt Ford TR, Histologic investigation of root canal-treated teeth with apical periodontitis: a retrospective study from
twenty-four patients, 493–502, © 2009, with permission from Elsevier.)

(138–143) and persistent infection can ensue

(17, 144). As distinct from persistent infections,

secondary RC infections are initiated by microor-

ganisms introduced into the RC by disruption in

asepsis during treatment, or via coronal leakage

and exposure of previously treated RCs to the oral

cavity (84, 136).

The primary cause of endodontic treatment fail-

ure has been attributed to intraradicular infections,

usually in the form of biofilms (145) (Figure 3.15).

Ricucci and Siqueira (20) observed biofilms in

the apical segment of 31 of 42 previously treated

teeth with posttreatment apical periodontitis. They

reported that bacteria immediately adjacent to

the exit of ramifications were associated with

inflammation of the periodontal ligament. The

authors concluded that bacteria present in the

apical portion of the RC, apical deltas, and lateral

canals have the potential to sustain longstanding

infections (20). Those bacteria that survive need

to be able to resist periods of starvation and with-

stand possible disruption of the EPS matrix. If

communication with the apical tissues is present,

the biofilm is likely to have access to a source of

nutrients that facilitates growth and a subsequent

host response that sustains or exacerbates apical

inflammation and avoids healing (124). Bacterial

products from persistent and secondary RC infec-

tions diffusing into the apical tissues through RC

ramifications and exposed dentinal tubules will
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induce an inflammatory response with consequent
release of cytokines that activate bone resorption
mechanisms (146–148).

The composition of the microflora associated
with persistent and secondary endodontic infec-
tions is significantly different from that associated
with primary infections. The most prevalent
microorganisms detected include Enterococcus (138,
139, 142, 149) and Streptococcus species (150), as well
as Lactobacillus (143), Actinomyces (149, 151–153),
and Peptostreptococcus species (113), Candida (154),
Eubacterium alactolyticus (113), Propionibacterium
propionicum (155), Dialister pneumosintes, and Fili-
factor alocis (94). Studies that use pyrosequencing
techniques to evaluate the flora associated with
persistent and secondary infections are likely
to report a higher diversity than that reported
so far.

Bacterial survival after RC treatment might
depend in part on how good an adaptor the organ-
ism is to the new limiting factors in their niches.
For example, E. faecalis, a gastrointestinal tract
commensal organism commonly recovered from
previously treated RCs (138, 156) is an opportunist
species that can tolerate adverse environmental
conditions, including low nutrient concentra-
tions, high salinity, and high pH (157). E. faecalis
can survive for extended periods in treated RCs
ex-vivo (158) (Figure 3.16) and recover from star-
vation conditions (159). Subramanian and Mickel
(160) suggested that E. faecalis might contribute to
persistent apical infections both by biofilm forma-
tion as well as soft-tissue adhesion and invasion.
A recent study has shown that both E. faecalis
biofilm cells and their planktonic counterparts are
phagocytosed efficiently by immune cells such as
macrophages and dendritic cells; however, once
inside the phagocyte, biofilm cells survive bet-
ter, and proinflammatory cytokines secretion by
the host phagocytes is less than that evoked by
internalized planktonic cells (161).

The predominance of gram-positive bacte-
ria in persistent endodontic infections has been
attributed to their greater resistance to antimicro-
bials and ability to adapt to harsh environmental
conditions. However, it is important to note that
the gram-positive E. faecalis is by no means the
only species recovered from these RC infections
(94, 162), nor is there compelling evidence that
it is the single causative agent for the failure of

endodontic treatment. For example, E. faecalisMC4

did not induce a strong apical immune response

when left in monkeys’ RCs as a single species for 6

months; however, when the strain was inoculated

as a mixed species (with Actinomyces bovis and

Bacteroides oralis), more hard tissue resorption and

inflammation was seen (121).

Extraradicular biofilms

Several reports have described the presence of

extraradicular biofilm in cases of longstanding

lesions and persistent RC infections (85, 163–168).

Deposition of calculus on the root apex has also

been observed in cases with persistent infections

with sinus tracts (20, 169, 170); an example is shown

in (Figure 3.17).

It is generally accepted that Actinomyces species
and P. propionicum are involved in longstanding

apical lesions refractory to endodontic treatment

because of their ability to evade the host response,

survive in the apical tissues, and prevent apical

healing (171–173). In these cases, surgical man-

agement that includes apicoectomy and removal

of the infected tissue provides a successful out-

come (167, 174). Signoretti et al. (167) described

a case of a lower left first molar that presented

with persistent apical infection and sinus tract fol-

lowing retreatment. Bacterial biofilm surrounding

the apical foramen and external radicular sur-

face of the resected root was visualized by SEM,

and the following species were cultured: Actino-
myces naeslundii, Actinomyces meyeri, P. propionicum,

Clostridium botulinum, P. micra, and Bacteroides
ureolyticus (Figure 3.18).

In contradistinction, extraradicular biofilm

infections are not commonly associated with

asymptomatic teeth with apical periodontitis (20).

In a sample of biopsy specimens from 64 untreated

and 42 treated roots of teeth with apical periodon-

titis, extraradicular biofilms were observed in only

6 out of 100 specimens, all of which were from

symptomatic teeth, 3 associated with sinus tracts,

and all but one associated with intracanal bacteria

(20). The authors concluded that extraradicular

biofilm are dependent on intraradicular infections

and more likely to be associated with clinically

symptomatic teeth.
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Figure 3.16 Infection of dentinal tubules by E. faecalis OG1-S after 48 h incubation (a and inset in b), and after root canal filling
followed by 12 months (c and inset in d) and 24 months (e and inset in f) incubation. Brown and Brenn stain. (Sedgley et al. (158).
Reproduced with permission of John Wiley and Sons, Inc.)

In-vitro models to study root canal
biofilms

Several in-vitro models have been used to study
biofilms of relevance to RC treatment. These
studies typically focus on the efficacy of antimi-
crobial agents against single- or multispecies
biofilms. The simplest models have utilized
biofilms grown on the surfaces of microtiter plate
wells (175, 176) (Figure 3.19) or polystyrene pegs

[minimal biofilm eradication concentration assay

(MBEC, Innovotech, Edmonton, Canada)] (177).

A major advantage of these simple models is the

ability to screen a large number of samples easily

and control multiple experimental conditions such

as initial inoculum, temperature, and concentra-

tion of antimicrobial agents. However, they are

“closed” systems, and unless the growth media is

regularly replaced, the absence of flow into or out

of the wells results in nutrient depletion and other
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(a) (b) (c)

(d) (e)

(f) (g)

Figure 3.17 Calculus formation on apical root surface of tooth #9 that presented with persistent infection and sinus tract:
(a and b) after flap reflection; (c) resected root tip showing calculus; (d) SEM showing root tip (×37); (e) inset of (d) focusing on
calculus-like material (×80); (f) inset of (e) (×300); (g) inset of (f) (×1400). (Courtesy Dr. Fernanda GC Signoretti.)

environmental changes such as variations in pH

and redox potential.

Flow displacement biofilm devices can in part

overcome these limitations by being “open” sys-

tems that allow both the flow of nutrients and

the removal of waste products. Examples include

continuous-flow-stirred tank reactors where a

steady state is created by the feed rate being

equivalent to the effluent removal rate (e.g., the

CDC biofilm reactor), and the plug flow reactor
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Figure 3.18 Persistent extraradicular infection and sinus tract in tooth 36: (a) preoperative radiograph; (b) after nonsurgical
retreatment; (c) postoperative after distal root resection; (d) 24-month recall showing apical healing; (e) resected root; (f) SEM
showing extruded gutta-percha (×25); (g) uninstrumented apical foramen (×200); (h) bacterial colonies adhering to external
radicular surface (×3300). (Adapted from Journal of Endodontics, 37(12), Signoretti FG, Endo MS, Gomes BP, Montagner F,
Tosello FB, Jacinto RC (2011) Persistent extraradicular infection in root-filled asymptomatic human tooth: scanning electron
microscopic analysis and microbial investigation after apical microsurgery, 1696–700 © 2011, with permission from Elsevier.)

(PFR) that utilizes unidirectional flow and mixing

by diffusion (e.g., the modified Robbins device)

(178). There are variations of these open system

devices that make them well suited to endodon-

tic biofilm research, an example being flow cells

that are a small-scale variation of the PFR (179,

180). Their major advantage is access to real-time,

nondestructive microscopic observation, and anal-

yses of biofilms. However, only a low number of

biofilms can be observed at any one time. Recently

developed microfluidic devices that integrate

low-flow-rate channels with multiwell titer plates

have the potential to overcome this limitation (181).

In addition to polystyrene, other growth surfaces

used in endodontic biofilm investigations include

dentin (182), nitrocellulose membranes placed onto

agar (183), hydroxyapatite discs (184), and enamel

slabs on dental splints (185). The obvious advan-

tage of growing biofilms on dentin is of clinical

relevance. However, variations in size, shape, and

number of dentinal tubules can occur both between

and within teeth, suggesting it might be important
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Figure 3.19 Biofilms grown on the surfaces of microtiter
plate wells. Representative microtiter plate with 24-h E faecalis
biofilms after resolubilization of crystal violet used to stain
fixed biofilms. More intense coloration represents thicker
biofilm formation. The five sets of more intensely stained
quadruplicate samples are classified as “moderate”biofilm
formers based on OD570 readings. The left column of eight
wells are negative controls where no biofilms were detected.
(Reprinted from Journal of Endodontics, 33(7), Duggan JM,
Sedgley CM, Biofilm formation of oral and endodontic
Enterococcus faecalis, 815–818 © 2007, with permission
from Elsevier.)

to consider these variables when planning in-vitro
investigations. In addition, biofilm formation on
young and old RC dentin may vary (186, 187);

“young” teeth (from 18 to 25-year-old patients)
had higher numbers of dentinal tubules invaded

by bacteria, with deeper invasion, compared with

“old” teeth (frompatients older than 59 years) (187).
The majority of in-vitro investigations has used

single-species, or, less commonly, multispecies,
biofilms grown on root dentin of extracted human

(182, 186, 188–191) or bovine (192–194) teeth.
Single-species E. faecalis biofilms are commonly

utilized for the evaluation of antimicrobial activity

of endodontic materials, in part because of its fre-
quent recovery from previously treated RCs (138,

156). A major advantage of E. faecalis is its ease of
handling relative to obligate anaerobes. However,

it is important to recognize that endodontic infec-
tions are polymicrobial, and species in addition to

E. faecalis are routinely recovered from teeth that are

re-treated (94). The development of multispecies
biofilm models may address this issue (194, 195),

although they are likely to present additional
challenges in terms of reproducibility, but arguably

less than plaque samples that may differ substan-
tially both between and within subjects (196).

The viability of microbial cells in biofilms has
been measured by microbial recovery assays
(192, 194, 197) and by evaluating metabolic activity
(respiratory activity and mRNA synthesis) and cel-
lular integrity (membrane potential and integrity)
(17, 127). Although more technically challeng-
ing, methods utilizing CLSM and fluorescent stains
have the advantage of providing three-dimensional
analyses of viable and nonviable cells in biofilms.
Regardless of the in-vitro method used, because
biofilms are highly heterogeneous and form over
multiple stages, standardized and clearly described
experimental techniques are essential for meaning-
ful comparisons between studies. Clearly, it is not
surprising that the selection of the model system
can have a profound influence on the results (198)
and therefore should ideally simulate the infected
RC environment as closely as possible.

Conclusions

The biofilm structure represents a successful strat-
egy for bacteria to adapt to the RC environment and
resist endodontic treatment. From a microbial per-
spective, biofilm formation is likely to facilitate sur-
vival in unfavorable environmental conditions such
as the deprived nutritional conditions found in the
necrotic or previously treated RC system and under
harsh conditions imposed by RC treatment pro-
cedures. Although many key mechanisms remain
to be elucidated, it is obvious that RC infections
are highly heterogeneous and adaptable biofilm
communities under the influence of variable local
environmental selective pressures, synergistic and
antagonistic microbial cell–cell interactions, and a
diverse range of host defense responses.

In view of their heterogeneity there are consid-
erable challenges in the development of clinically
relevant biofilm models that realistically mimic
the RC environment. However, although further
work is needed to fully understand antimicrobial
resistance in biofilms, the accumulative effects
of various processes, rather than their individual
involvement, are likely to contribute to increased
resistance in biofilm communities.

Finally, although the susceptibility of the host
plays a critical role in host–pathogen interactions

www.ketabdownload.com



48 Background

(199), recent reports of host resistance and tolerance
being complementary defense strategies (200) raise
intriguing questions regarding the role of host
tolerance in the outcome of RC treatment in the
presence of biofilms. It is clear that much remains
to be learned about the critical conditions created
by the ability of biofilm cells to persist and evade
host defense strategies in the RC environment.
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Goals of endodontic treatment
and of root canal disinfection

Root canal disinfection, rather than mere debride-

ment, has become a central goal of endodontic

treatment in recent years. This approach developed

from the realization that microbial infection is the

principal cause for the initiation and persistence

of endodontic disease (1, 2). Microbial presence

and persistence following treatment is also likely

the reason for the differences in clinical outcomes

between cases with preoperative apical lesions and

cases without lesions (3, 4). It has become evident

from the examination of longitudinal outcome

studies that this distinction in outcomes between

vital cases and cases with preoperative lesions is

present despite the fact that many of the cases with

vital pulps in these studies are treated by trainees

who have less clinical experience (3, 5). Root canal

systems in cases with vital pulp are likely to have

residual debris in the root canal following the

completion of instrumentation, regardless of the

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

instrumentation technique; yet the long-term suc-
cess remains high. Likewise, retreatment cases
without preoperative apical lesions also have a
much better outcome compared to those with api-
cal lesions (3, 6), despite numerous studies showing
the persistence of debris following the instrumen-
tation of a previously treated case. Thus it is not the
debris that is associated with treatment outcome,
but rather whether or not there is evidence that
the cases involved may have had bacterial biofilms
preoperatively. Treatment procedures in these cases
may not have completely eliminated the bacterial
biofilm in a large number of cases, and despite
obturation that may be adequate, the lesions per-
sisted. In fact, a well-performed animal study has
documented this relationship between residual
bacteria and lesion persistence, by showing that
the quality of obturation was an important factor
only if bacteria persisted at the time of obturation
(2). Another animal study corroborated these find-
ings by showing that instrumented, obturated, and
sealed root canals in teeth with apical lesions had

57

www.ketabdownload.com



58 Background

similar histological evidence of healing at 6 months
to teeth that had instrumentation and coronal seal
but without obturation (7).

Clinical outcome studies have documented the
association between the presence of intracanal
bacteria and the presence and persistence of apical
disease. An association may or may not involve
a causal relationship. In this case, causation has
been demonstrated by several animal studies.
These studies have shown the causal relationship
between bacteria (8, 9) or bacterial cell wall compo-
nents (10–12), and the induction and magnitude of
apical disease. There have also been other animal
studies (2) and clinical studies (13–16) showing
improved apical healing in cases in which clinical
intervention has resulted in the elimination of
cultivable bacteria, although this has not been a
universal finding (17).

Given these findings, it could be concluded that
one of the main aims of root canal treatments is to
provide a bacteria-free space that can be effectively
obturated, which will likely improve the outcomes
of cases with preexisting apical lesion. However,
the root canal space is generally too complex
anatomically to allow the clinician to achieve this
aim using clinical techniques. In addition, there are
areas in the root canal environment, such as surface
irregularities, dentinal tubules, and lateral canals,
that may become infected, but have a hitherto
unknown effect on treatment outcome (18). Finally,
the clinician does not have a clinical metric that
allows him/her to determine whether root canal
disinfection has been adequately accomplished.

Detection of microbial pathogens

In order to adequately discuss the possibility of
microbial elimination, one has to have a good
understanding of the methods available for micro-
bial detection (Table 4.1). Microbial elimination
should be analyzed in the context of how the
microorganisms are detected. As different methods
of microbial detection have different specificities
and sensitivities, it follows that these different
methods provide differing thresholds for microbial
detection.

Endodontic infections are polymicrobial in
nature, and are a result of microbial biofilms
that populate the carious lesion causing pulpal

inflammation. Following pulpal necrosis, there is
microbial transformation and growth in the root
canal environment that result in apical disease.
These microbial biofilms are primarily bacterial
in nature. However, archeal (19–21) and fungal
species also have been identified in endodontic
infections (22, 23), and viral infections appear to
exacerbate apical disease (24–27). Other forms of
microbial disease, such as from eukaryotic par-
asites, have not been described in endodontic
infections. As the overwhelming evidence for the
causation and persistence of endodontic disease
is related to bacterial pathogens, this domain of
microorganisms remains the principal target of
microbial analyses as well as antimicrobial therapy.
Bacterial species in root canal infections appear to
be derived from those that populate deep carious
lesions, the gingival sulcus, and the rest of the oral
cavity (28).

Since 19th century (29), cultivation of bacterial
cells has been performed in the majority of studies
that have linked bacteria to the initiation of dis-
ease or to the healing following treatment. It has
been known ever since that what can be cultured
in the laboratory is a small fraction of what can
be seen in a smear from the root canal under the
microscope. Therefore, investigators have always
sought to improve bacterial cultivation techniques.
In the 1970s, newer cultivation methodologies that
involved the use of anaerobic environment have
shown that most root canal bacterial species are
facultative or strict anaerobes (30–32). Therefore,
many studies continue to employ anaerobic culti-
vation procedures, together with special enriched
culture media, in order to maximize the cultivation
of bacteria obtained from the root canal environ-
ment. However, the advent of molecular studies
in the past decade has provided technologies that
allow the efficient analyses of much more bacterial
species, at a lower amount in the sample (Table 4.1).

These molecular methods rely on the detection
of microbial DNA (33), RNA (34), or proteins (35).
The detection of microbial DNA depends primarily
on the identification of sequences in the 16S rRNA
gene (which is uniquely present in bacterial and
archeal species (19), other genes in bacteria (36),
or the 18S rRNA gene in fungi (37). The analysis
of these genes allows the investigators to search
public databases that contain tens of thousands of
the respective microbial species and thus perform
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Table 4.1 Common methods of detection of root canal microorganisms.

Detection method Description Limitations

Aerobic and anaerobic
culturing

Requires various generic and specific
media for specific microorganisms

Many bacteria are not cultivable, or
may be rendered viable but
uncultivable by temporary stressors in
the system

PCR with species-level primers Enables very specific identification of
a particular species

Limited to one species, may detect the
DNA of the dead organism

PCR with genus-level primers Allows identification of a genus, may
be followed by direct sequencing of
the product to determine the species

Multiple species in the same genus
may be present in the specimen,
rendering the distinction among them
difficult

PCR with broad-range 16S
rDNA primers

Identifies the presence or absence of
any bacteria, may be followed by
cloning and sequencing to identify
species

Laborious and expensive; only a
limited number of clones could be
identified from each sample

DNA–DNA hybridization with
molecular probes

Allows identification of selected
species or all bacteria

Lacks amplification; only a limited
number of species is detectable using
this method

Fluorescent in situ
hybridization

Detects bacteria (or fungi)
histologically in their undisturbed sites

Can detect bacteria but not
differentiate a lot of individual species

Detection of messenger RNA Allows detection of live bacteria Technically difficult and only a limited
number of targets available for
detection

Proteomics Allows functional detection of
bacterial or fungal proteins, which
demonstrate their activities

Complex analysis and differentiation
of host and bacterial proteins

Monoclonal antibodies against
certain microorganisms

Detects specifically certain
microorganisms histologically in
tissues

Antibodies may cross-react with other
species

Scanning electron micrographs Shows biofilms and their relationship
to substrate

Usable only for hard tissues; industrial
SEM needed to avoid distortion of
tissues

Transmission electron
micrographs

Shows bacteria and fungi in situ at
very high resolution

Very laborious to perform, particularly
for larger specimens

Brown and Brenn histologic
bacterial staining

Stains bacteria in situ Cannot stain gram-negative bacteria,
and processing of specimens may
eliminate many bacteria

BacLight live/dead stains Stains vital and dead bacteria Limited to smears or histologic
sections

Bacterial luminescence Uses bacterial species with light
emitting characteristics that can be
measured in a gradient

Requires use of special dark chamber
for minimal light detection

Pyrosequencing Allows depth of coverage to identify
the most amount of taxa of any
technique

Does not have resolution to determine
individual species with great precision
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a more comprehensive analysis of microbial pres-
ence. DNA-based molecular procedures generally
involve either hybridization methods for identi-
fication of DNA signature sequences for specific
bacteria (38) or amplification methods that employ
the polymerase chain reaction (PCR) technology
(33, 39). Amplification, using PCR-based methods,
allows the detection of very small amounts of
target organisms, thereby remarkably increasing
the sensitivity of the test. Depending on the speci-
ficity of the primers used in PCR, the test may be
used for the detection of specific species, several
species in a genus, or for analyzing a large array of
microorganisms present in the sample (33, 36, 39).
The last method usually employs amplification of
a large segment of the 16S rRNA gene that includes
conserved regions of the gene thereby amplifying
the genes from many different bacterial taxa. This
is then followed by cloning the amplified genes
into a commercially available vector (such as the
ones made in Escherichia coli). Allowing the E. coli
cells to grow then provides colonies of the different
bacterial clones amplified. The 16 S rRNA gene
from each of these colonies can then be sequenced
to determine the identity of the bacteria in the
original sample from which it was cloned. This
process is referred to as cloning and sequencing with
broad-range primers (40–42).

Contemporary analyses of human microbiome
(all bacteria and fungi that populate the human
body) revealed that only about 10% of them can
be cultivated (43). Current procedures rely on
advanced in silico sequencing methodologies that
avoid the inefficient biological cloning methods,
and simultaneously analyze tens of thousands
of sequences. This is known as pyrosequencing
and has revealed a wide diversity of endodontic
bacterial taxa, which could not be appreciated
from cultivation or even earlier clonal analysis
studies (44, 45).

Analyses of functional genes other than the 16S
rRNA gene can also be performed, especially to
identify certain traits in the specimen, such as viru-
lence factors (46–48) or antibiotic resistance genes
(49, 50). However, given the enormity of bacterial
genomes and reduced cost of massive sequenc-
ing, contemporary studies employ the “shot gun”
sequencing approaches to perform the so-called
metagenomic analyses of a polymicrobial speci-
men. This could provide a wealth of information

about the virulence of the microorganisms present,
the presence of antibiotic resistance genes as well
as the host response (51). However, metagenomic
analyses have not been extensively performed
in endodontic infections. DNA analysis in gen-
eral, whether for identification or metagenomic
analyses, has some limitations despite enabling
an extensive examination of microbial presence.
These include the fact that DNA may survive after
bacterial cells die (52, 53), and that many of the
genes present in a specimen may not actually be
expressed into RNA and translated into proteins.

Analysis of RNA provides information on genes
that have become expressed in the environment
and thus can be considered a functional analysis
of the specimen. Detection of messenger RNA also
provides evidence for the viability of cells, because
RNA degrades rapidly after the bacterial or fungal
cell from which it is detected dies. Only a limited
number of studies have been performed using this
method in the endodontic literature (34). Proteomic
analysis provides perhaps the most direct evidence
for specific microbial activities and virulence, and
how the proteins present compare to those of
the host. Proteomic analysis is also considered a
functional analysis of the specimen and has not
been sufficiently utilized in analyzing endodontic
infections (35).

With respect to the detection of viable bacterial
cells, another method that has been employed fre-
quently is by using the vital stains, most notably
the BacLight system (54). This method involves the
study of two stains of bacterial cells, of which Syto 9
stains both vital and dead bacteria whereas propid-
ium iodide stains dead cells only. The staining can
be performed of smears from the site to be studied,
or of histological sections, to observe the cells in situ.
The imaging is usually performed with a confocal
laser scanning microscope, which can visualize the
fluorescence of the stains at the appropriate wave-
length for each of them. This allows the visualiza-
tion of viable cells, which will be the ones that stain
with Syto 9 but not propidium iodide. In endodon-
tics, this method has been used to demonstrate that
calcium hydroxidemay render bacterial cells viable
but not cultivable (54, 55), and that the biofilm sta-
tus provides amechanism for bacterial cells to resist
stress from increased alkalinity (56).

Staining of bacteria in situ using histobacterio-
logical methods has long been a powerful method
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to demonstrate the presence and location of bacte-
rial cells. This has traditionally been accomplished
using the Brown and Brenn, modified gram stain-
ing, method (57–59), or transmission electron
microscopy (60, 61).

The observation of bacterial cells in situ has
also been performed using molecular probes that
hybridize with bacterial signatures in the bacterial
genome and are attached to fluorescent markers.
This method commonly referred to as fluorescent in
situ hybridization (FISH) has been used to provide
elegant staining of bacteria within persistent apical
lesions (62). This study demonstrated how this
method could identify bacteria within the center
of the surgical specimens of apical lesions, with-
out any concerns about the contamination from
gingival and oral sources on the periphery of the
enucleated lesions.

Histological processing of tissues involves
fixation with potent antimicrobials such as
formaldehyde or alcohol, followed by decalcifi-
cation of mineralized tissues in strong acids, or
extended soaking in ethylenediaminetetraacetic
acid (EDTA), and continued by paraffin embed-
ding, sectioning, and staining, and so on. All these
steps may lead to the killing and removal of any
bacteria present in the tissues. An ideal in situ
observation method is one that does not involve
the destruction and processing of tissues. An ideal
example of the use of bioluminescent bacterial
strains in intact teeth to demonstrate the efficacy
of root canal preparation and irrigation depth has
been presented in Figure 4.1 (63–65).

As noted before, several studies have been per-
formed on the association of cultivated bacteria at

the time of root canal obturation and long-term
outcomes of treatment. Most of these studies have
shown a direct correlation between microbial elim-
ination and healing of apical lesions; however,
this conclusion is not unequivocal. Therefore, at
the time of writing, it is not known whether the
lack of universal predictive nature of cultivation
results on treatment outcomes is due to the lack of
sensitivity of the technique, its inability to detect
many microbial taxa, inability to predict whether
the residualmicroflorawill survive and have access
to apical tissues, or due to changes that occur with
time to root canal microflora following obturation.
Very few studies have done these analyses using
molecular methods. One animal study referred to
earlier has shown that microbial presence at the
time of follow-up (which was 2–2.5 years after
treatment) showed a much higher association with
apical healing than microbial presence at the time
of obturation (2).

Sampling as a source of bias

In order to detect microbial presence in root canals,
a sample has to be obtained and analyzed, as stated
before. The tooth surface involved is typically
treated by 30% hydrogen peroxide and disinfected
by 5% tincture of iodine (66), with or without
5.25–6% sodium hypochlorite (67). The halides are
then inactivated with 5% sodium thiosulfate, so
as not to kill root canal bacteria. If the tooth has
caries or a defective restoration, this sequence of
solutions is repeated after the caries and restora-
tion are removed, but before the canal is entered.

(a) (b) (c) (d) (e)
1

2

3

4

5

×1
0

6

Figure 4.1 Images of representative tooth. (a) Background, no bacteria, (b) 1× 106 Pseudomonas fluorescens 5RL in root canal.
Bacterial cell count was determined by culturing the same volume of inoculum. (c–e) After 6ml irrigation delivered using 28
gauge Max-I-Probe needle positioned 1mm from WL after root canal instrumented to (c) size 36, (d) size 60, and (e) size 77.
Color bar on right gives bioluminescence image units (photons/s/cm2/sr). (Falk and Sedgley (63). Reproduced with permission of
Elsevier.)
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A microbiological sample is obtained at this stage

to assure the lack of microbial presence. Following

access preparation, paper points are used to sam-

ple any purulent drainage from the canal. If the

necrotic pulp is dry, saline may be delivered with-

out spilling over the margins, in order to enhance

sample collection. If the paper points are used at

this stage, they will primarily sample planktonic

bacteria. Therefore, in order to enhance the sam-

pling of biofilm bacteria, a file may be introduced

to the entire length, as determined by an apex loca-

tor, and agitated against the walls to disrupt the

biofilm. The file itself may be aseptically separated

into the sampling vial, together with two to three

subsequent paper points. This may be repeated in

each canal of a multicanaled tooth (49). If the tooth

is previously endodontically treated, the canal

contents must be removed by rotary instruments,

without the use of any solvents, before the sample

is obtained by this method (68). For analyses of

the effectiveness of endodontic instrumentation

and irrigation methods, hypochlorite or iodine

potassium iodide irrigants should first be inacti-

vated by 5% sodium thiosulfate before sampling

(49). If chlorhexidine was used for irrigation, it

can be inactivated by L-α-lecithin+Tween-80 may

be used to inactivate it (69). This inactivator may

also be placed in the sampling solution, to prevent

interfering with chlorhexidine’s substantivity in

the root canal, in clinical studies (49).

The microbiological sample obtained by the

method described above is typically very meager.

For molecular studies, the sample would have

much less DNA than that obtained from a peri-

odontal, mucosal, skin, or stool samples, used to

study the microbiomes in these sites. In addition,

the small file first introduced in an uninstrumented

root canal and the paper points have very little

contact with the irregular canal walls and do not

have access to biofilms in fins, isthmuses, dentinal

tubules, and lateral canals. A study that looked at

viable bacteria in dentinal tubules showed signifi-

cant number of bacteria in tubules throughout the

thickness of dentin (70). The significance of these

bacteria is still not fully understood, although it

is well recognized by clinicians that the healing

of apical lesions following tooth extraction is usu-

ally much more rapid than following endodontic

treatment.

These limitations may have significant effects
on the adequacy of the endodontic microbial sam-
ples, may have implications on the quantification
and/or abundance of different microbial taxa, and
may lead to false negative responses. They may
also lead to significant differences between the
endodontic microflora and that of the gingival
sulcus of the same tooth, which are not related to
true differences, but to sampling bias (71).
In-vitro studies attempt to overcome these limi-

tations by enhancing the sampling of the root canal
system. These studies may use more aggressive
rotary instruments such as Gates Glidden burs
to sample the dentinal wall, split the tooth, and
sample the canal surface, or stain and image it
directly. Occasionally, artificial models of biofilms
are constructed without the need for a tooth alto-
gether. These allow better standardization, and
quantification of the results, particularly for the
evaluation of standardized biofilms (72).

When it comes to sampling bias, one of the prob-
lems in endodontics is that root canal sampling
does not differentiate amongmicroflora in different
locations in the root canal. It is generally considered
that apical flora may not only be different from that
in the coronal aspect of the canal, but also may be
less accessible to endodontic disinfection proce-
dures, andmore likely to affect long-term outcomes
(73–75). Evidence for the latter point arises from
the fact that many endodontically treated teeth con-
tain bacteria, but show no demonstration of apical
lesions (68, 76, 77). Another sampling variation
that has been documented in some studies relates
to different geographical locations of patients from
whom the samples were taken (78, 79).

Therefore, future studies should consider the
advantages and disadvantages of in-vitro and
in-vivo sampling and endeavor to improve sam-
pling and reduce sampling bias. Clinical studies
are usually the highest level evidence than in-vitro
studies and better sampling for teeth that will not
be extracted as part of the study should be explored
in order to determine how this could predict the
outcomes of treatment. Potential strategies for
enhancing the sampling may be the use of passive
ultrasonic activation of a small file in the canal,
ultrasonic irrigation of saline or transport medium,
and/or the use of the self-adjusting file to sample
larger canals, in an attempt to sample as much of
the canal anatomy as possible.
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Methods for the determination of the
efficacy of root canal disinfection

As bacterial presence or persistence in the root

canal is causative of apical periodontitis, and

several studies have shown the close association

between bacterial elimination and long-term out-

comes, it follows that determination of the efficacy

of root canal disinfection is a reasonable surrogate

outcome (Table 4.2). Because of the difficulty of

running randomized clinical trials on many of the

available technologies, models are sought to screen

these technologies, such that only the most promis-

ing are tested clinically (80, 81). Scientific research

has sought to identify good models of disease, in

order to test the effectiveness of various strate-

gies for root canal disinfection. In-vitro models

allow the efficient testing of several technologies

simultaneously, control a number of variables,
and allow direct examination of results by micro-
scopic methods, thus minimizing sampling bias.
However, there are many variables in generating
these models that call into question their utility in
adequately defining the clinical problem and in
rendering clinically relevant results.

For example, it has long been recognized that
dentin, dentin matrix, and other intracanal pro-
teinaceous material may inhibit the activities of
antimicrobials used to disinfect the root canal
(82, 83). This shows that it is important to use
actual root canals or at least a dentin substrate
for conducting these in-vitro studies. Moreover,
among the important variables recognized recently
to play a critical role in the generation of intracanal
bacterial biofilms is the length of time the biofilm
is allowed to develop (84). So despite the remark-
able differences among the different irrigants

Table 4.2 Methods to demonstrate the efficacy of root canal disinfection.

Model system Description Limitations

In-vitro biofilms Standardized biofilms are generated
on plastic or other substrates

Loss of buffering effects of dentin and
the small volume of root canal
environment

Root blocks Standardized length of roots, with
mono- or polymicrobial inoculation

Ideal case scenario, but may not
mimic in-vivo usage closely

Whole extracted teeth Usage of the entire canal system is
more realistic of clinical situation.
May have mono- or polymicrobial
inoculation

Teeth have variability in anatomy,
canal and tubular dimensions, and
curvature. Sterilization techniques of
teeth may affect results. Biofilms
generated may not mimic natural
infections; no validation studies are
provided

Whole extracted teeth with
natural infections

Naturally occurring bacterial biofilms
provide realistic environment for
testing antimicrobial strategies

Diversity in microflora from different
patients and in tooth-related variables

In-vivo disinfection in
animal models of apical
lesions

Ideal circumstances of clinical testing,
optimal analysis of results including
histological analysis of outcomes

Animal teeth may have different
anatomy from human teeth (except for
primates), cannot measure
postoperative symptoms

Clinical disinfection
followed by extraction

Ideal circumstances of randomized
clinical testing and optimal analysis of
results

Does not allow the testing of
outcomes of treatment

Clinical disinfection,
sampling, and monitoring
of long-term outcomes

Ideal circumstances of randomized
clinical testing. Allows the
demonstration of effects of microbial
elimination on treatment outcomes

Subject to sampling limitations and
posttreatment infection
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(a1) (a2) (b1) (b2)50 μm

(c1) (c2)

(e1) (e2)

(d1) (d2)50 μm

Figure 4.2 Confocal laser scanning micrograph of 3-week-old E. faecalis-infected dentinal tubules after exposure to different
disinfecting solutions and viability staining. (a1) Sterile water for 1min; (a2) sterile water for 3min; (b1) 2% NaOCl for 1min; (b2)
2% NaOCl for 3min; (c1) 6% NaOCl for 1min; (c2) 6% NaOCl for 3min; (d1) 2% CHX for 1min; (d2) 2% CHX for 3min; (e1)
QMiX for 1min; (e2) QMiX for 3min. All sections stained with BacLight Live/dead bacterial stain. (Wang et al. (84). Reproduced
with permission of Elsevier.)

demonstrated in that study (Figure 4.2), it was

noted that the amount of bacterial killing by the

disinfecting agents was 7–21% lower in 3-week-old

Enterococcus faecalis dentin canal biofilm than in

1-day-old biofilm. Considering that naturally

occurring biofilms are polymicrobial, and are likely

to have developed over months or years in-vivo, it
follows that such in-vitro testing may not yield the

results expected clinically.

Given this difficulty in identifying good in-vitro
models, the gold standard for antimicrobial testing

remains the clinical experimentation (Table 4.2).

There are many examples of randomized clinical

trials showing the efficacy of various root canal

disinfection strategies (85–90). There remains to be
a great need for clinical validation of in-vitro mod-
els to allow testing of newer technologies under
a variety of clinically relevant parameters prior to
clinical testing (91).

Diversity of conditions requiring
disinfection

It is important to realize that the root canal system
presents a variety of different clinical conditions
and types that require different strategies for opti-
mal disinfection. One of the most notable variables
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is the size of the root canal, which varies from the
large canal with immature apex to the very calcifies
that are difficult to negotiate. Large canals in chil-
dren are also characterized by having larger tubules
that permit more bacterial penetration (92). Many
roots that have multiple roots are characterized by
having isthmuses between the canals, which cannot
be effectively negotiated by root canal preparation
instruments. Technologies that allow disinfection
of these isthmusesmay bemore effective than other
technologies in situations where these are present,
and not in other cases (93, 94). In many other situa-
tions, root canals present with unusual anatomical
variations such as C-shaped canals, dens invagina-
tus, prominent accessory or lateral canals, and/or
pathological changes such as internal resorptions.
These variations require the adaptation of specific
strategies in order to effectively address the clinical
problem.
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5 Impact of Root Canal Disinfection
on Treatment Outcome

James D. Johnson and Natasha M. Flake
Department of Endodontics, University of Washington, Seattle, WA, USA

Introduction

Disinfection of the root canal system and its general
effect on endodontic outcomes is a complex issue,
parts of which have been studied widely, but its
specific effect is not well documented in clinical
trials with high levels of clinical evidence. Many
steps are performed during endodontic therapy
and they involve methods that try to disinfect the
root canal system. Many of these methods have
been investigated, particularly in in-vitro testing,
but clinical outcome studies are difficult because of
the many steps involved. It is difficult to examine
which specific steps may improve outcomes. These
steps include irrigation, instrumentation, and
intracanal medication. Other factors are different
irrigating solutions and different concentrations
of irrigants; size and length of instrumentation;
method of delivery of irrigants; one visit versus
two visits; and initial therapy versus retreatment.

Difficulty in assessing clinical outcomes is
because of the lack of randomized clinical trials
where one specific step is evaluated in terms of
outcome and other steps used to disinfect are the

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

same; so there is only one variable. The levels of
clinical evidence are listed in Tables 5.1 and 5.2.
These high-level studies of clinical outcomes are
difficult to perform for a number of reasons, rang-
ing from adequate sample size, different criteria
for healing, lack of standardization, differences in
study designs, time of recall, adequate number or
recalls, and ethical concerns, to name a few. The
clinician is left to formulate evidence for treatment
techniques that are based on a combination of stud-
ies of lower clinical evidence to predict the outcome
of treatment for patients. This chapter addresses
some of the information that exists for the disinfec-
tion of root canal systems, using what evidence is
known in the literature to predict outcomes.

It is understood that if a canal system can be filled
after a negative culture is obtained, the outcome is
better (1). Which steps produce a canal systemwith
a low level of bacteria remaining are of some dis-
pute, and what level is critical to produce a signifi-
cantly higher outcome is not known.

What is needed is a series of randomized clini-
cal trials, systematic reviews, and meta-analysis of
these systematic reviews.

71
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Table 5.1 Levels of clinical evidence.

Levels of evidence Therapy/prevention, etiology/harm

1a Systematic review of randomized controlled trial (RCT)

1b RCT (with narrow confidence interval)

1c All or none

2a Systematic review of cohort studies

2b Individual cohort study (including low-quality RCT; i.e., <80%)

2c “Outcomes”research

3a Systematic review of case-controlled studies

3b Individual case-controlled study

4 Case series (and poor-quality cohort and case-control studies)

5 Expert opinion without explicit critical appraisal, or based on
physiology, bench research, or “proof of principle study”

Bench top studies

Journal of Evidence Based Dental Practice. Reproduced with permission of Elsevier.

Nair (2) lists the following causes for persis-
tent apical periodontitis: intraradicular infection
(intraradicular bacteria); extraradicular infection
found in apical tissues (Actinomyces, Enterococ-
cus, and Propionibacterium, among others); cystic
apical periodontitis (radicular cysts that do not heal
after nonsurgical endodontic treatment, and may
require surgical endodontic treatment, also known
as true cysts); the presence of cholesterol crystals
that may give rise to a foreign body reaction; the
presence of foreign bodies in apical tissues that
may include gutta-percha, root canal sealers, plant
materials, paper points, cotton fibers, amalgam, or
other materials; and, finally, the persistent apical
lesion may actually heal by scar tissue formation.
The presence of intracanal microorganisms is by far
the most common cause of persistent apical peri-
odontitis and is most relative to outcomes affected
by the disinfection of canals.

Friedman (3) has compared outcome studies and
the effects of numerous factors on the outcome
of endodontic treatment in terms of healed apical
periodontitis, healing of apical periodontitis, and
asymptomatic functional teeth.

Friedman reviewed preoperative factors such as
the patient’s age and gender, the patient’s systemic
health, tooth location, the presentation of clinical
signs and symptoms, the status of the pulp, the
presence or absence of apical periodontitis, the

size of the radiolucent lesion, and the status of

the periodontium, and in the case of endodontic

retreatment, the time elapsed from initial treatment

to retreatment, the existence of a previous perfo-

ration, and the quality of the previous root canal

filling.

The intraoperative factors that Friedman (3)

examined in outcome studies include the apical

extent of treatment, the amount of apical enlarge-

ment, negative bacterial cultures before root canal

filling, number of treatment sessions (one visit

vs. two visits), the occurrence of midtreatment

flare-ups, materials and techniques used for treat-

ment, and midtreatment complications.

Friedman also examined postoperative factors,

such as the type and presence of an adequate

restoration after endodontic treatment.

The findings in most outcome studies examined

by Freidman (3) are that the presence of apical

periodontitis seems to influence the prognosis to

the greatest degree, and that other factors are less

defined in terms of outcomes. Apical periodontitis

is caused by root canal infection, and the presence

of microorganisms within the canal can continue

and expand apical periodontitis. In addition, apical

periodontitis can be developed if bacteria are rein-

troduced into the root canal system after initially

eliminating them.
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Table 5.2 Chart 2: From Oxford Center for Evidenced based Medicine—Levels of Evidence (last edited 16 September 2013).
http://www.cebm.net/index.aspx?o=1025.

Level
Therapy/prevention,
etiology/harm Prognosis Diagnosis

Differential
diagnosis/symptom
prevalence study

Economic and
decision analyses

1a SR (with
homogeneity∗) of
RCTs

SR (with
homogeneity∗) of
inception cohort
studies; CDR†

validated in different
populations

SR (with
homogeneity∗) of
level 1 diagnostic
studies; CDR†with
1b studies from
different clinical
centers

SR (with
homogeneity∗) of
prospective cohort
studies

SR (with homogeneity∗)
of level 1 economic
studies

1b Individual RCT (with
narrow confidence
interval‡)

Individual inception
cohort study with
>80% follow-up;
CDR† validated in a
single population

Validating∗∗cohort
study with good†††

reference standards;
or CDR† tested
within one clinical
center

Prospective cohort
study with good
follow-up∗∗∗∗

Analysis based on
clinically sensible costs
or alternatives;
systematic review(s) of
the evidence; and
including multiway
sensitivity analyses

1c All or none§ All or none case
series

Absolute SpPins and
SnNouts††

All or none case
series

Absolute better-value or
worse-value analyses††††

2a SR (with
homogeneity∗) of
cohort studies

SR (with
homogeneity∗) of
either retrospective
cohort studies or
untreated control
groups in RCTs

SR (with
homogeneity∗) of
level >2 diagnostic
studies

SR (with
homogeneity∗) of 2b
and better studies

SR (with homogeneity∗)
of level >2 economic
studies

2b Individual cohort
study (including low
quality RCT; e.g.,
<80% follow-up)

Retrospective cohort
study or follow-up of
untreated control
patients in an RCT;
Derivation of CDR†
or validated on
split-sample§§§ only

Exploratory∗∗cohort
study with good†††

reference standards;
CDR† after
derivation, or
validated only on
split-sample§§§ or
databases

Retrospective cohort
study, or poor
follow-up

Analysis based on
clinically sensible costs
or alternatives; limited
review(s) of the
evidence, or single
studies; and including
multiway sensitivity
analyses

2c “Outcomes”
research; ecological
studies

“Outcomes”
research

Ecological studies Audit or outcomes
research

3a SR (with
homogeneity∗) of
case-control studies

SR (with
homogeneity∗) of 3b
and better studies

SR (with
homogeneity∗) of 3b
and better studies

SR (with homogeneity∗)
of 3b and better studies

3b Individual
case-control study

Nonconsecutive
study; or without
consistently applied
reference standards

Nonconsecutive
cohort study; or very
limited population

Analysis based on
limited alternatives or
costs, poor quality
estimates of data, but
including sensitivity
analyses incorporating
clinically sensible
variations

4 Case series (and
poor quality cohort
and case-control
studies§§ )

Case series (and
poor quality
prognostic cohort
studies∗∗∗)

Case-control study,
poor or
nonindependent
reference standard

Case series or
superseded
reference standards

Analysis with no
sensitivity analysis

(continued)
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Table 5.2 (Continued)

Level
Therapy/prevention,
etiology/harm Prognosis Diagnosis

Differential
diagnosis/symptom
prevalence study

Economic and
decision analyses

5 Expert opinion
without explicit
critical appraisal, or
based on physiology,
bench research, or
“first principles”

Expert opinion
without explicit
critical appraisal, or
based on physiology,
bench research, or
“first principles”

Expert opinion
without explicit
critical appraisal, or
based on physiology,
bench research, or
“first principles”

Expert opinion
without explicit
critical appraisal, or
based on physiology,
bench research, or
“first principles”

Expert opinion
without explicit
critical appraisal, or
based on economic
theory or “first
principles”

Oxford Center for Evidenced-based Medicine—Levels of Evidence (March 2009) http://www.cebm.net/index.aspx?o=1025.
Produced by Bob Phillips, Chris Ball, Dave Sackett, Doug Badenoch, Sharon Straus, Brian Haynes, Martin Dawes since November
1998. Updated by Jeremy Howick March 2009.
Notes
Users can add a minus sign “−”to denote the level that fails to provide a conclusive answer because of either a single result with
a wide confidence interval or a systematic review with troublesome heterogeneity.
Such evidence is inconclusive, and therefore can only generate Grade D recommendations.
∗By homogeneity we mean a systematic review that is free of worrisome variations (heterogeneity) in the directions and degrees
of results between individual studies. Not all systematic reviews with statistically significant heterogeneity need be worrisome,
and not all worrisome heterogeneity need be statistically significant. As noted above, studies displaying worrisome heterogeneity
should be tagged with a “−”at the end of their designated level.
†Clinical Decision Rule. (These are algorithms or scoring systems that lead to a prognostic estimation or a diagnostic category.)
‡See note above for advice on how to understand, rate, and use trials or other studies with wide confidence intervals.
§Met when all patients died before the Rx became available, but now some survive on it; or when some patients died before the
Rx became available, but now none die on it.
§§By poor quality cohort study we mean one that failed to clearly define comparison groups and/or failed to measure exposures
and outcomes in the same (preferably blinded), objective way in both exposed and nonexposed individuals and/or failed to identify
or appropriately control known confounders and/or failed to carry out a sufficiently long and complete follow-up of patients. By
poor quality case-control study we mean one that failed to clearly define comparison groups and/or failed to measure exposures
and outcomes in the same (preferably blinded), objective way in both cases and controls and/or failed to identify or appropriately
control known confounders.
§§§Split-sample validation is achieved by collecting all the information in a single tranche, then artificially dividing this into “deriva-
tion”and “validation”samples.
††An “Absolute SpPin”is a diagnostic finding whose specificity is so high that a positive result rules-in the diagnosis. An “Absolute
SnNout”is a diagnostic finding whose sensitivity is so high that a negative result rules out the diagnosis.
‡Good, better, bad, and worse refer to the comparisons between treatments in terms of their clinical risks and benefits.
†††Good reference standards are independent of the test, and applied blindly or objectively to all patients. Poor reference standards
are haphazardly applied, but still independent of the test. Use of a nonindependent reference standard (where the “test”is included
in the “reference,”or where the “testing”affects the “reference”) implies a level 4 study.
††††Better-value treatments are clearly as good but cheaper, or better at the same or reduced cost. Worse-value treatments are as
good and more expensive, or worse and equal or more expensive.
∗∗Validating studies test the quality of a specific diagnostic test, based on prior evidence. An exploratory study collects information
and trawls the data (e.g., using a regression analysis) to find which factors are “significant.”
∗∗∗By poor quality prognostic cohort study, we mean one in which sampling was biased in favor of patients who already had
the target outcome, or the measurement of outcomes was accomplished in less than 80% of study patients, or outcomes were
determined in an unblinded, nonobjective way, or there was no correction for confounding factors.
∗∗∗∗Good follow-up in a differential diagnosis study is greater than 80%, with adequate time for alternative diagnoses to emerge
(e.g., 1–6 months acute, 1–5 years chronic).

Grades of recommendation

A Consistent level 1 studies

B Consistent level 2 or 3 studies or extrapolations from level 1 studies

C Level 4 studies or extrapolations from level 2 or 3 studies

D Level 5 evidence or troublingly inconsistent or inconclusive studies of any level

“Extrapolations”are where data is used in a situation that has potentially clinically important differences than the original study
situation.
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Kakehashi et al. (4) demonstrated the direct
correlation between the presence of bacteria and
pulpal and apical infection and disease. Sjogren
et al. (1) showed that the bacteriological status of
the root canal at the time of root canal obturation
may be a critical factor in determining the outcome
of endodontic treatment. Other studies have shown
the importance of bacteria on the development of
apical periodontitis (5, 6).

Bacteria elimination from root canals, specifi-
cally, the effect of irrigation, intracanal interap-
pointment medication, and the effect of apical
enlargement during root canal preparation have
been investigated. In the subsequent sections, the
elimination of bacteria from root canal systems by
means of chemicals is discussed, along with the
effect of this elimination of bacteria on the out-
come of nonsurgical endodontic treatment. Using
real-time polymerase chain reaction, it was found
that root canals with primary infections contain
higher bacterial loads and that chemomechanical
root canal preparations can reduce bacterial counts
by at least 95% (7).

Irrigation

Irrigation is one of the most important steps in
endodontic therapy. It carries out many func-
tions including tissue dissolution, lavage, killing
of microorganisms, removal of debris, lubrica-
tion of the canal for instrumentation, and smear
layer removal (8). Disruption of biofilms is an
important factor in reducing endodontic infections
(9–11).

The best solution to be used for irrigation has
been extensively studied, but, in terms of strong
clinical evidence, there is no conclusive evidence.
Several solutions have been used ranging from
water, saline, sodium hypochlorite (NaOCl),
chlorhexidine (CHX), iodine potassium iodide,
ethylenediaminetetraacetic acid (EDTA), hydro-
gen peroxide (H2O2), urea peroxide, citric acid,
dequalinium acetate, and others (8). The most
widely used irrigating solutions are sodium
hypochlorite, chlorhexidine, and iodine potassium
iodide; and the solution most widely used as a
chelating agent for irrigation and for the removal
of the inorganic portion of the smear layer is
EDTA.

Sodium hypochlorite

NaOCl has a broad antimicrobial spectrum. It dis-
solves both necrotic and vital pulp tissue. It inacti-
vates endotoxin and dissolves the organic portion
of the smear layer (5).

The germicidal ability of NaOCl comes from the
formation of hypochlorous acid when it contacts
organic debris. Hypochlorous acid oxidizes the
sulfhydryl groups of bacterial enzymes, disrupt-
ing metabolism(12). Hand et al. (13) found that
5.25% NaOCl was significantly more effective as
a necrotic tissue solvent than 2.5% NaOCl, 1.0%
NaOCl, 0.05% NaOCl, distilled water, normal
saline solution, or 3% H2O2. Rosenfeld et al. (14)
discovered that 5.25% NaOCl can dissolve vital
pulp tissue, but the ability of NaOCl to dissolve
tissues is limited in confined spaces, such as a root
canal. Stojicic et al. (15) found that optimizing the
concentration, temperature, flow, and surface ten-
sion can improve the tissue-dissolving effectiveness
of NaOCl.

Chlorhexidine

Chlorhexidine (CHX) is a cationic bisbiguanide.
Chlorhexidine’s antibacterial action is possible
following the absorption onto the bacterial sur-
face and disruption of the cytoplasmic membrane
(16). CHX solutions have been used as an irrigant,
but are unable to dissolve necrotic tissue, and are
less effective against gram-negative bacteria than
gram-positive bacteria (5). CHX has good substan-
tivity in root canals when used as an irrigant or
medicament (17–20). CHX has good antimicro-
bial action both when used as an irrigant and as
a medicament used in conjunction with calcium
hydroxide (12, 21–24).

There is some controversy over whether
para-chloroaniline is formed when CHX is used
in combination with NaOCl (25–30).

Iodine potassium iodide

Themolecular iodine (I2) is the active portion of the
solution. The iodine has a similar action as chlorine
in sodium hypochlorite (31, 32). The iodine does
not dissolve necrotic tissue (33); however, it is
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bactericidal, fungicidal, virucidal, and sporicidal,
but to a lesser degree than sodium hypochlo-
rite (34, 35). It is less cytotoxic than sodium
hypochlorite (34, 36). Iodine potassium iodide does
have a high allergic potential and may also stain
dentin.

Clinical evidence to assess the effects of
irrigants used in the nonsurgical root canal
treatment of teeth

Although there are many studies on irrigants used
in endodontics, documentation of the effect of the
irrigants on clinical outcomes is lacking.

Fedorowicz et al. (37) performed a systematic
review in the Cochrane review and performed
a meta-analysis. They found that NaOCl and
chlorhexidine are the commonly used irrigating
solutions, but there is uncertainty as to which
solution is the most effective.

Ng et al. (38) in a prospective study found that
the addition of a rinse with 0.2% chlorhexidine
with NaOCl irrigation did not improve the odds of
success, but actually decreased the odds of success
by 53%.

EDTA and other chelators

EDTA is a chelating agent that removes the inor-
ganic portion of the smear layer, softens dentin,
and facilitates the removal of calcific obstruc-
tions (39–42). The effects of EDTA on dentin
may be self-limiting (43), but prolonged contact
of EDTA with dentin for 10min may cause the
erosion of dentin (44). Although EDTA may have
some antimicrobial activity, the ability of EDTA to
remove smear layer and expose bacteria in dentinal
tubules to other more potent antimicrobial agents
may be its best quality (45–51).

Ng et al. (38), in a prospective study of the fac-
tors affecting the outcomes of nonsurgical root
canal treatment, found that the use of an EDTA
rinse followed with a final rinse of NaOCl had
no significant improvement in the outcome of
primary endodontic treatment, but it significantly
increased the odds of healing by twofold for cases
of secondary endodontic treatment.

Effects of various concentrations of
solutions

The ultimate concentrations of these various irri-
gating solutions have also been investigated with
regard to their ability to dissolve vital and necrotic
tissue, kill microorganisms, remove debris, remove
the smear layer, and their biocompatibility with
host tissues.

One study compared three strengths of sodium
hypochlorite, 1%, 2.5%, and 5% (52). The higher
concentration reduced the number of canals with
positive cultures. After final irrigation, 10 of
39 (25.8%) samples irrigated with 1% sodium
hypochlorite still had positive cultures; 5 of 36
(13.7%) of samples irrigated with 2.5% sodium
hypochlorite still had positive cultures; and only
2 out of 36 (6.6%) of samples irrigated with 5%
sodium hypochlorite had positive cultures.

The volume of irrigating solution is thought by
some to be a very important factor in the successful
outcome of endodontically treated teeth, regardless
of the solution or concentration. Baker et al. (53)
found that the volume of irrigant used was more
important than the solution and recommended
using the most biologically acceptable irrigating
solution. They found that there was no differ-
ence in the effectiveness of any solution tested in
removing root canal debris. They examined dif-
ferent volumes of the following solutions: saline,
3% H2O2, 1% NaOCl, 15% EDTA, glyoxide, and
RC-Prep (Premier Dental Products, Morristown,
PA). It should be noted that the concentration of
1% NaOCl used was less compared to what many
clinicians use in the clinical practice of endodontics.
There is, however, general agreement that copious
volumes of irrigation during treatment are impor-
tant for many reasons, especially for the lavage of
the area.

Fedorowicz et al. (37) in their systematic review
could not find clinical evidence as to which concen-
tration or combination of irrigating solutionswould
lead to a better clinical outcome.

Effect and efficacy of the delivery of
irrigating solutions

Another factor to be considered is how the irrigat-
ing solution is delivered to the canal. This would
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include the depth of the irrigating needle penetra-
tion into the canal, size and design of the needle
used for irrigation, sonic or ultrasonic agitation of
the irrigating solution to produce acoustic stream-
ing, and the use of positive or negative pressure irri-
gation. Related to the depth of irrigation is the size
of canal preparation.

If the irrigating needle can reach the apical few
millimeters of the canal, irrigation is more effective
in debris removal (54, 55). The ability of the irrigat-
ing needle to reach the apical portion of the canal
is dependent on the size of the preparation of the
canal (55–58). Syringe irrigation has been found
to be effective in canals with apical preparations
0.3mm or greater, and ultrasonic irrigation with
NaOCl was more effective than syringe irrigation
(59). The 27-gauge notch-tip needle has been found
to be effective in canals instrumented to size 30
and 35 (60). A brush-covered irrigating needle
produced cleaner coronal thirds than conventional
irrigation, as found in one study (61).

Sonic and ultrasonic irrigation, especially pas-
sive ultrasonic irrigation, has been found to help
eliminate debris and bacteria from instrumented
root canals, and is effective in the removal of tis-
sue and debris from isthmus areas (62–67). One
clinical study looked at the influence of passive
sonic irrigation on the elimination of bacteria from
root canal systems and found that there was no
significant difference between sonic irrigation and
standard syringe irrigation in eliminating bacteria
from root canals, but multivisit treatment using
calcium hydroxide as an intervisit medication did
eliminate cultivable bacteria from canals more than
the single visit group (68). One study compared
passive ultrasonic irrigation to traditional irriga-
tion, passive sonic irrigation, and apical negative
pressure irrigation, and found that passive ultra-
sonic irrigation moved more irrigant into lateral
canals than did the other methods of irrigation,
but the apical negative pressure irrigation brought
more irrigant into the apical extent of the canal (69).

Perazzi et al. (70) in a systematic review of the
literature illustrates a “current lack of published
or ongoing randomized controlled trials and the
unavailability of high-level evidence, based on
clinically relevant outcomes, for the effectiveness
of ultrasonic instrumentation used alone or as an
adjunct to hand instrumentation for orthograde
root canal treatment.”

The effectiveness of negative pressure irriga-
tion has been studied and compared to other
methods of irrigation. Many investigations have
found negative pressure irrigation to be superior
in terms of both debris removal and elimination
of bacteria, particularly in the apical aspect of the
canal (71–75). Cohenca et al. (76), in a random-
ized controlled clinical trial, found that taper and
apical size failed to demonstrate a difference in
microbiological reduction of cultivable bacteria,
but did find that apical negative pressure irrigation
showed a significant difference in the reduction
of cultivable bacteria over traditional positive
pressure irrigation. Others, who have examined
debris removal and the removal of bacteria, have
found no differences between negative pressure
irrigation and other forms of irrigation (77, 78).
One study found that the apical negative pres-
sure irrigation allowed irrigant to reach the apical
portions of the canal better than other irrigation
regimens (69).

It is recognized that negative pressure irrigation
is safer than other forms of irrigation with respect
to decreasing or eliminating the possibility of apical
extrusion of irrigants (79–81).

As the depth of irrigating needle penetration
with traditional irrigation depends on the size
of the canal preparation, so does irrigation with
negative pressure irrigation (82). Preparation size
should be at least to an ISO size 40 with a taper of
0.04 (83). Another study found that with negative
pressure irrigation, an apical preparation size of 40
with a 0.06 taper significantly increased the volume
and exchange of irrigant at the working length,
regardless of canal curvature (84).

Gondim et al. (85) performed a randomized clin-
ical trial to evaluate postoperative pain after irri-
gation by either endodontic needle irrigation or by
negative apical pressure and found that the nega-
tive apical pressure device resulted in a significant
reduction of postoperative pain as compared to the
traditional needle irrigation.

Probably the most desirable quality of irrigating
solutions and delivery of irrigating solutions is
the elimination of bacteria from the root canal
system. This may be easier to link to outcomes,
because healing after obtaining a negative culture
can be documented. Although obtaining a nega-
tive culture is only one of many possible factors
determining outcomes, it is one that has been
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examined (1). Although there is little high-level

clinical evidence, there is evidence to point to the

fact that there are some clinical procedures thatmay

lead to a significant reduction of bacteria within the

root canal system. The use of an adequate volume of

irrigant (53), such as sodium hypochlorite, at a suf-

ficient concentration (52) to kill bacteria may lead

to negative bacterial cultures. In order to improve

the effectiveness of irrigation, it must reach the

apical portions of the root canal (54, 55). For this to

happen, mechanical preparation must be of suffi-

cient size to allow deeper penetration of irrigating

devices (55–58, 60), such as irrigating needles,

ultrasonic or sonic devices, or negative pressure

irrigation cannulas (76, 83, 84); and these devices

need to be small enough to reach the apical 1–3mm

of the canal (54, 60, 69, 83). The combined use of a

sodiumhypochloritewith EDTAhas been shown to

be efficient in removing the smear layer and reduc-

ing bacterial cultures (38, 45–49, 51). Despite the

lack of strong clinical evidence, the elimination of

bacteria, through chemical irrigation, will remove

the major etiological factor in apical periodontitis.

Although all of these aspects of irrigation have

been studied in-vitro, on bench tops, and even

in-vivo during animal and clinical studies, there

are many confounding factors that make the com-

parisons difficult. Robust and specific randomized

clinical trials are lacking, but very much needed.

Calcium hydroxide and other
interappointment medicaments

Calcium hydroxide is the most widely used

intracanal medicament. Other medications that

have been used in endodontics include phenolic

compounds, essential oils, aldehydes, halogens,

quaternary ammonium compounds, antibiotics,

and steroids.

Calcium hydroxide has a strong alkaline prop-

erty with a pH of 12.5. It acts by dissociating in

aqueous solution into calcium and hydroxyl ions.

Some of the properties of calciumhydroxide includ-

ing its antimicrobial activity, tissue-dissolving

ability, and high pH may aid in inducing hard tis-

sue repair and inhibiting resorption, although not

all of these have been proven. The hydroxyl ions

create free radicals that may destroy components

of the bacterial wall and may also inhibit DNA

replication and cell activity in the bacteria (86).

Sjogren et al. (87) found that a 7-day application

of calciumhydroxide in teeth undergoing endodon-

tic therapy effectively eliminated bacteria from the

root canal system. Safavi and Nichols (88) found

that calcium hydroxide hydrolyzes the lipidmoiety

of bacterial lipopolysaccharides in gram-negative

bacteria. Calcium hydroxide may also denature

proinflammatory cytokines and neuropeptides

(89). Calcium hydroxide has also been reported

to dissolve tissue, and the tissue-dissolving effect

of NaOCl is enhanced with pretreatment with

calcium hydroxide (90).

Calcium hydroxide has been shown to be effec-

tive in eliminating bacteria from root canals as

evaluated by the reduction in bacterial counts, and

an increase in negative cultures obtained (87, 91,

92). Another study reported the effects of instru-

mentation, NaOCl, EDTA, and calcium hydroxide

on the reduction of intracanal bacteria and found

calcium hydroxide in combination with other

factors reduced bacteria within the canal (93).

Other studies have found only a moderate

increase in the number of negative cultures, or an

actual decrease in the number of negative cultures

after interappointment medication with calcium

hydroxide (94–96). One systematic review and

meta-analysis of the use of calcium hydroxide

as an intracanal dressing concluded that calcium

hydroxide has limited effectiveness in eliminating

bacteria from human root canals when assessed by

culture techniques (97).

In a study examining the clinical efficacy of

chemomechanical preparation of root canals with

sodium hypochlorite and interappointment med-

ication with calcium hydroxide in the control of

root canal infection and healing of apical lesions in

1 year, it was found that only minor differences in

apical healing were observed between the single

visit group for which no calcium hydroxide was

used, and the two visit group for which calcium

hydroxide was used as a medicament between

visits (98). It was found that there is good clini-

cal efficacy of sodium hypochlorite irrigation in

the control of root canal infection, and calcium

hydroxide dressing between the appointments did

not show the expected effect in the disinfection

of the root canal system and treatment outcome,

www.ketabdownload.com



Impact of Root Canal Disinfection on Treatment Outcome 79

indicating the need to develop more efficient
interappointment dressings.

Although there is controversy over the effective-
ness of calcium hydroxide as an interappointment
medicament, it remains the primarymedicament to
reduce, or at least contain, the number of bacteria
between appointments. The usefulness of calcium
hydroxide in the future, or some other medicament
or combination of medicaments, still requires more
studies and more extensive research, including
more clinical trials conducted at a high level.

Apical preparation size

The optimal apical preparation size and its effect on
treatment outcome is an area of significant interest
and debate in endodontics. Two opposing view-
points exist, with the two camps promoting either
large or small apical preparation sizes (99, 100). The
rationale for instrumenting to a larger apical size is
to remove more bacteria, infected dentin, necrotic
tissue, and debris, thus decreasing the risk of post-
treatment apical inflammation and/or infection.
The rationale for instrumenting to a smaller apical
size is to conserve dentin and decrease the risk for
subsequent root fracture (101, 102). The majority of
research into the effect of apical preparation size on
treatment outcome measures surrogate outcomes
rather than clinical success. This limitation is likely
due to the difficulties in performing high-quality
randomized clinical trials with sufficient power
on endodontic outcomes, as described earlier in
this chapter. The results of these studies generally
support the concept that larger apical preparation
sizes result in fewer bacteria, bacterial by-products,
and debris remaining in the apical portion of the
canal. In addition, larger apical sizes result in a
greater ability of irrigants to reach the working
length of the canal.

Several studies have investigated the amount of
debris remaining in the apical portion of the canal
after instrumentation to different sizes (103–105).
Usman and colleagues (105) instrumentedmatched
pairs of teeth using GT rotary files to an apical size
of 20 or 40 and measured the debris remaining
after instrumentation using histological techniques
at 0.5, 1.5, and 2.5mm from working length. Teeth
instrumented to a size 20 had significantly more
debris remaining in the apical third than teeth

instrumented to a size 40 (105). Fornari et al.
(104) investigated the influence of apical size on
the cleaning of the apical third in curved canals.
Mesiobuccal canals of maxillary molars were
instrumented using 0.02 taper files to size 30, 35,
40, or 45, and the images were analyzed by histo-
logical techniques (104). Greater debris remained
when teeth were instrumented to size 30 or 35,
and there was a significant correlation between
the amount of remaining debris and the amount
of uninstrumented dentin in the apical third of the
root (104). Albrecht et al. (103) instrumented teeth
to a size 20 or 40 using GT files of varying tapers
(0.04, 0.06, 0.08, and 0.10) and measured debris
remaining after instrumentation using histological
techniques. Significantly greater debris remained
in teeth prepared to a size 20 compared to teeth
prepared to a size 40 at 1mm from the apex for all
tapers, except 0.10 (103).

Other studies have investigated the amount
of bacteria or bacterial by-products remaining
in canals after instrumentation to different sizes.
Marinho et al. (106) investigated the removal of
endotoxin after instrumentation ofmandibular pre-
molars to progressively larger apical sizes (25/0.06,
30/0.05, 35/0.04, and 40/0.04). Significantly more
endotoxin was removed after instrumenting to size
35/0.04 or 40/0.04 compared to size 25/0.06; how-
ever, the largest preparation size did not eliminate
all endotoxin (106). Mickel and colleagues (107)
investigated bacterial reduction in single-rooted
extracted teeth after instrumentation to various
sizes. The first file to reach working length in a
crown down sequence was noted, and then teeth
were instrumented to one, two, or three file sizes
greater than this file (107). The proportion of teeth
with negative bacterial cultures was significantly
less after instrumenting to a master apical file size
that was three file sizes larger than the first file to
reach working length compared to teeth instru-
mented to one file size larger than the first file to
reach working length (107). Rollison et al. (108)
investigated the removal of radioactive labeled
bacteria from canals of extracted teeth after instru-
mentation to an apical size of 35 or 50, and found
that significantly more bacteria were removed
when canals were instrumented to a size 50.

Despite multiples lines of evidence from pre-
clinical studies that suggest that larger apical sizes
result in more efficient root canal disinfection in
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the apical aspect of the canal, data do not exist
from clinical studies to support the idea that this
translates into more successful clinical outcomes.
Kerekes and Tronstad (109) investigated the clin-
ical success of over 400 roots treated by dental
students in 1971 and found no statistically sig-
nificant difference between roots treated to a size
20–40 reamer compared to a size 45–100 reamer.
Hoskinson et al. (110) performed a retrospective
evaluation of outcomes of 200 teeth treated by
an endodontist and found no significant effect of
master apical file size on treatment outcome 4–5
years after treatment. Orstavik and colleagues (111)
performed a multivariate analysis on variables
that may influence the outcome of endodontic
treatment on 498 teeth treated by dental students.
The size of reamer used did not have an effect on
the outcome; however, teeth with chronic apical
periodontitis were instrumented to significantly
larger sizes than teeth without apical periodontitis
(111). Negishi retrospectively evaluated the success
of 114 cases and found no significant effect of
master apical file size on treatment success (112).
In a prospective study of the factors affecting the
outcomes of nonsurgical root canal treatment, Ng
and colleagues (113, 38) did not detect a significant
effect of apical preparation size (categorized as ≤30
or >30) on either apical health or tooth survival
after treatment. As previously stated, a caveat to
interpreting the results of these clinical outcomes
studies is that they are not designed as prospective,
randomized clinical trial with sufficient power to
detect differences between groups.

Working length

As with apical preparation size, there is debate in
the endodontic community as to the ideal length
to which canals should be instrumented and
obturated. The rationale for instrumenting and
obturating to a longer length is to ensure that the
most apical extent of the canal has been cleaned and
sealed. The rationale for instrumenting and obtu-
rating to a shorter length is to preserve the integrity
of the apical tissues and avoid debris extrusion
or overfilling the canal. Clinicians’ preferences
tend to vary between treating to the radiographic
apex or the “foramen” reading on an electronic
apex locator, up to 0.5 to 1mm short of one of

these levels. In a review, Wu and colleagues (114)

recommended treatment be terminated 2–3mm

short of the radiographic apex in vital cases, and

0–2mm from the radiographic apex in cases of

pulpal necrosis. Several outcomes studies have

investigated the influence of the working length

on treatment success. However, it should be noted

that most of these studies actually measure the

level of obturation, not the intended working

length (which in most cases should be the same

length, unless an error occurred during obtura-

tion). Orstavik and colleagues (111) found that the

apex-to-filling distance had a significant effect on

treatment outcome, with the optimal distance being

defined as 0–2mm. Sjogren et al. (115) reported that

the level to which a canal could be instrumented

had a significant effect on prognosis in necrotic

cases; 90% of lesions healed when the canal could

be instrumented to the apical constriction, but only

69% of cases healed when the canal could not be

instrumented to the apical constriction. The level

of obturation also had a significant effect on the

outcome in necrotic cases with an apical lesion; 94%

of cases that were filled to within 2mm of the apex

healed, but only 76% of cases that were overfilled

and 68% of cases that were underfilled healed (115).

Peak and colleagues (116) found that root fillings

that were less than 2mm from the radiographic

apex had a greater success rate (88%) compared to

teeth where the filling was greater than 2mm from

the apex (77%), in a retrospective study of teeth that

had been filled for at least 12 months. However,

teeth that were overfilled also had a success rate

(88%) comparable to those filled less than 2mm

from the apex in this study (116). Ng and colleagues

(38) conducted a prospective study of the factors

affecting the outcomes of nonsurgical root canal

treatment, and they found that the extension of

canal cleaning as close as possible to the apical

terminus had a significant effect on apical healing.

In a systematic review, Ng et al. (117) found that

root filling extending to within 2mm of the radio-

graphic apex had a significant positive effect on

the outcome of root canal treatment. However, the

majority of these studies did not look at obturation

level in more detail than the range of 0–2mm from

the radiographic apex, and debate still exists as to

what is the ideal working length within that range.
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1 versus 2 visits

There is also great debate in the field of endodon-
tics about the number of visits in which root canal
treatment should be completed. Consensus exists
that a tooth with a vital pulp may have root canal
therapy completed in one visit (if time permits)
and if the canals are not infected. Consensus also
generally exists that teeth should not be obturated
when the patient has swelling or the canal cannot
be dried because of exudate seepage from the api-
cal tissues. In these cases, the clinician should wait
until the swelling has reduced and the canal can
be dried completely prior to obturation. However,
Southard and Rooney (118) described a one-visit
protocol for treating a tooth with an acute apical
abscess, which included an incision and drainage
prior to root canal therapy as well as prescribing
an antibiotic for these patients.

There is disagreement, however, on whether
necrotic teeth with asymptomatic apical periodon-
titis, symptomatic apical periodontitis, or a chronic
apical abscess should be treated with single- or
multiple-visit root canal therapy. At the core of this
debate are the principles of disinfection of the root
canal system. The rationale for completing treat-
ment in two visits is that the intracanal medicament
placed between visits facilitates disinfection of the
root canal system. Sjogren and colleagues (1) inves-
tigated the role of infection at the time of obturation
in teeth that were treated in one visit; teeth were
sampled for bacteria prior to obturation, and all
teeth were treated in one visit. Teeth were followed
for 5 years, and complete healing occurred in 94%
of cases with a negative culture prior to obturation
and in 68% of cases with a positive culture prior
to obturation. The authors emphasized the impor-
tance of completely eliminating bacteria from the
root canal system prior to obturation. In a prospec-
tive cohort study of a large number of endodontic
treatments performed by one operator and fol-
lowed for 5 years, it was found that when treating
teeth with necrotic pulps, teeth treated with a
calcium hydroxide intracanal medicament over
multiple visits had a significantly better outcome
than those treated in a single visit (119).

Despite the sound scientific rationale for com-
pleting root canal therapy of necrotic teeth in two
visits using an intracanal medicament between vis-
its, the available outcomes studies do not support

the idea that two-visit treatment results in a better
prognosis. Penesis et al. (120) conducted a ran-
domized clinical trial of treatment of necrotic teeth
with apical periodontitis. Sixty-three patients were
evaluated after treatment in one visit or two visits
with a calcium hydroxide/chlorhexidine intracanal
interappointment medicament, and no significant
difference was detected in the radiographic healing
of these teeth 1 year after treatment (120). In a
randomized clinical trial of asymptomatic necrotic
teeth with apical periodontitis treated in one or two
visits using a calcium hydroxide interappointment
medicament, there was no significant difference in
clinical and radiographic outcomes 2 years after
treatment in 89 teeth (121). Peters and Wesselink
(122) evaluated the apical healing of 39 teeth treated
in one visit or two visits with a calcium hydroxide
intracanal medicament; no significant difference in
healing rate was observed. Weiger et al. (123) con-
ducted a prospective study of teeth with a necrotic
pulp and apical radiolucency treated in one visit
or two visits with a calcium hydroxide intracanal
medicament. Of the 67 teeth followed, there was
no significant difference in healing rate between
groups (123). Trope and colleagues (124) evaluated
radiographic healing of teeth with apical peri-
odontitis treated in one visit or two visits with or
without a calcium hydroxide intracanal dressing.
There was no significant difference in the healing
rate between teeth treated in one visit or in two
visits with a calcium hydroxide intracanal dressing;
however, teeth treated in two visits and left empty
between visits had worse results than either of the
other two groups (124). In the Toronto Study, no sig-
nificant difference in the healing rate for 4–6 years
was observed after the treatment of teeth treated in
one visit compared to two or more visits (125).

Despite the many studies finding no difference
in outcomes between one- and two-visit treat-
ment, it should be recognized that these studies
are limited in power. In fact, a systematic review
and meta-analysis of single- versus multiple-visit
treatment of teeth with apical periodontitis found
only three randomized clinical trials that could
be included, totaling only 146 cases (126). In a
Cochrane systematic review, 12 randomized or
quasi-randomized clinical trials were included to
look at differences in single- versus multiple-visit
endodontic treatment, and no significant difference
in radiological success of treatment was observed
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(127). In another systematic review, Ng and col-
leagues (117) found no significant effect of the
number of treatment visits on radiographic success
of root canal therapy. Finally, Su and colleagues
(128) performed a systematic review of the heal-
ing rate of single- versus multiple-visit treatment
of infected root canals and found no significant
difference in the healing rate of single- versus
multiple-visit treatment.

Preoperative diagnosis

Of the many factors that have been investigated
as having potential effects on the prognosis of root
canal therapy, the preoperative diagnosis is one
that has repeatedly been shown to have a signif-
icant effect on outcome. Teeth with preoperative
apical radiolucencies have a poorer prognosis than
teeth without preoperative apical radiolucencies.
This has been demonstrated in several classic
studies as well as the contemporary literature and
a systematic review. The scientific rationale for
this well-documented impact on prognosis stems
from the fact that teeth with an apical radiolu-
cency are believed to be infected, whereas teeth
without an apical radiolucency may or may not be
infected. Thus, teeth with an apical radiolucency
would be more difficult to disinfect than teeth with
intact apical tissues. In a systematic review and
meta-analysis of the literature, Ng and colleagues
(117) found 49 studies published between 1922 and
2002 that investigated the effect of apical status
on outcome. They concluded that the preoperative
absence of an apical radiolucency significantly
improved the outcome of root canal treatment
(117). Additional studies published since 2002 have
corroborated these results. Marending et al. (129)
found that the initial periapical index (PAI) (23)
score had a significant effect on the treatment out-
come, with scores of 1 or 2 (“sound” teeth) being
predictive of treatment success, also assessed by
the PAI. In a prospective study of factors affecting
the outcomes of nonsurgical root canal treatment,
Ng and colleagues (38) found that factors that
significantly increased the probability of apical
healing were the absence of an apical lesion, and in
the presence of one, the smaller its size. In addition,
the results of the Toronto Study demonstrated that
teeth without a preoperative apical radiolucency

had a higher rate of healing than teeth with a
preoperative apical radiolucency (125).

Glossary of Evidence-Based Terms
Case-controlled studies: are studies in which

patients who already have a certain condition
are compared with people who do not have.
Case-controlled studies are less reliable than
either randomized controlled trials or cohort
studies. Just because there is a statistical relation-
ship between two conditions, it does not mean
that one condition actually caused the other.

Case series and case reports: consists either of col-
lection of reports on the treatment of individual
patients or of reports on a single patient. Because
they use no control groupwithwhich to compare
outcomes, case series and case reports have no
statistical validity.

Cochrane Collaboration: is an international
endeavor in which people from different coun-
tries systematically find, appraise, and review
available evidence from randomized controlled
trials (RCT). The Cochrane Collaboration’s
aims are to develop and maintain systematic,
up-to-date reviews of RCTs of all forms of
health care and to make this information read-
ily available to clinicians and other decision
makers at all levels of health care systems.
(http://www.cochrane.org).

Cochrane Database of Systematic Reviews: include
the full text of the regularly updated systematic
reviews of the effects of health care prepared
by the Cochrane Collaboration. The reviews
are presented in two types: Complete reviews,
and regularly updated Cochrane Reviews, pre-
pared and maintained by Collaborative Review
Groups, and Protocols, for reviews currently
being prepared (including the expected date of
completion). Protocols refer to the background,
objectives, andmethods of review in preparation.

Cohort Study: a study in which patients who cur-
rently have a certain condition, and/or receive
a particular treatment are followed up over
time and compared with another group who are
not affected by the condition under investiga-
tion. The disadvantage of cohort studies is that
they can take a very long time waiting for the
conditions of interest to develop.

Critical appraisal: the process of assessing and inter-
preting evidence, by systematically considering
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its validity, results, and relevance to your own

work.

Cross-sectional study: an observational study that

examines a characteristic (or set of characteris-

tics) and a health outcome in a sample of people

at one point in time.

Double-blind study: is one in which neither the

patient nor the provider knows whether the

patient is receiving the treatment of interest or

the control treatment. A double-blind study

is the most rigorous clinical research design

because, in addition to the randomization of

subject that reduces the risk of bias, it can elimi-

nate the placebo effect that is a further challenge

to the validity of a study.

Meta-analysis: a statistical process commonly used

with systematic reviews. Meta-analysis involves

combining the statistical analyses and summariz-

ing the results of several individual studies into

one analysis. When data from multiple studies

are pooled, the sample size and power usually

increase.

Publication bias: results from the fact that studies

with “positive” results are more likely to be pub-

lished than those showing no difference or a neg-

ative result.

Randomized controlled trial (RCT): a trial in which

subjects are randomly assigned to two groups:

one (the experimental group) receiving the

intervention that is being tested and the other

(the comparison group or controls) receiving an

alternative treatment. The two groups are then

followed to see if any differences between them

result.

Systematic reviews: considered the gold standard

for evidence, these reviews provide a summary

of individual research studies that have investi-

gated the same phenomenon or question. This

scientific technique uses explicit criteria for the

retrieval. Assessment and synthesis of evidence

from individual randomized controlled trials

and other well-controlled methods. System-

atic reviews provide a way of managing large

quantities of information.

Validity: refers to the soundness or rigor of a study.

A Study is valid when the way it is designed and

carried out gives results that are unbiased—that

is, it gives you a “true” estimate of clinical effec-

tiveness.

References

1. Sjogren, U., Figdor, D., Persson, S. & Sundqvist, G.

(1997) Influence of infection at the time of root fill-

ing on the outcomeof endodontic treatment of teeth

with apical periodontitis. International Endodontic
Journal, 30 (5), 297–306.

2. Nair, P.N. (2006) On the causes of persistent api-

cal periodontitis: a review. International Endodontic
Journal, 39, 249–281.

3. Friedman S. (2008) Expected outcomes in the pre-

vention and treatment of apical periodontitis IN:

Essential Endodontology. 2nd ed. Ames, Iowa: Black-

well Publishing Professional. 62 p.

4. Kakehashi, S., Stanley, H.R. & Fitzgerald, R.J. (1965)

The effects of surgical exposures of dental pulps

in germ-free and conventional laboratory rats.Oral
Surgery, 20, 340–348.

5. Siqueira, J.F. Jr., Rocas, I.N., Alves, F.R. & Silva,

M.G. (2009) Bacteria in the apical root canal of teeth

with primary apical periodontitis. Oral Surgery,
Oral Medicine, Oral Pathology, Oral Radiology, and
Endodontics, 107 (5), 721–726.

6. Sundqvist, G. (1992) Ecology of the root canal flora.

Journal of Endodontics, 18 (9), 427–430.
7. Blome, B., Braun, A., Sobarzo, V. & Jepsen, S. (2008)

Molecular identification and quantification of bac-

teria from endodontic infections using real-time

polymerase chain reaction. Oral Microbiology and
Immunology, 23, 384–390.

8. Zehnder, M. (2006) Root canal irrigants. Journal of
Endodontics, 32 (5), 389–398.

9. Svensater, G. & Bergenholtz, G. (2004) Biofilms in

endodontic infection. Endodontic Topics, 9, 27–36.
10. Chavez de Paz, L.E. (2007) Redefining the persis-

tent infection in root canals: possible role of biofilm

communities. Journal of Endodontics, 33, 652–662.
11. Ricucci, D. & Siqueira, J.F.J. (2010) Biofilms and

apical periodontitis: study of prevalence and asso-

ciation with clinical and histopathologic findings.

Journal of Endodontics, 36, 1277–1288.
12. Ohara, P., Torabinejad, M. & Kettering, J.D. (1993)

Antibacterial effects of various endodontic irrig-

ants on selected anaerobic bacteria. Endodontics and
Dental Traumatology, 9 (3), 95–100.

13. Hand, R.E., Smith, M.L. & Harrison, J.W. (1978)

Analysis of the effect of dilution on the necrotic tis-

sue dissolution property of sodium hypochlorite.

Journal of Endodontics, 4, 60–64.
14. Rosenfeld EF, James GA, Burch BS. (1978) Vital

pulp tissue response to sodium hypochlorite. Jour-
nal of Endodontics 4:140–146.

www.ketabdownload.com



84 Background

15. Stojicic, S., Zivkovic, S., Qian, W., Zhang, H. &

Haapasalo, M. (2010) Tissue dissolution by sodium

hypochlorite: effect of concentration, temperature,

agitation, and surfactant. Journal of Endodontics, 36,
1558–1562.

16. Johnson, B.T. (1995) Uses of chlorhexidine in den-

tistry. General Dentistry, 3, 126–140.
17. Weber, C.D., McClanahan, S.M., Miller, G.A.,

Diener-West, M. & Johnson, J.D. (2003) The effect

of passive ultrasonic activation of 2% chlorhexidine

or 5.25% sodium hypochlorite irrigant on resid-

ual antimicrobial activity in root canals. Journal of
Endodontics, 29, 562–564.

18. Rosenthal S, Spangberg L, Safavi K. Chlorhexi-

dine substantivity in root canal dentin. (2004) Oral
Surgery, Oral Medicine, Oral Pathology, Oral Radiol-
ogy, and Endodontics 96:488–492.

19. Souza, M., Cecchin, D., Farina, A.P. et al. (2012)
Evaluation of chlorhexidine substantivity on

human dentin: a chemical analysis. Journal of
Endodontics, 38, 1249–1252.

20. White, R.R., Hays, G.L. & Janer, L.R. (1997) Resid-

ual antimicrobial activity after canal irrigation with

chlorhexidine. Journal of Endodontics, 23, 229–231.
21. Jeansonne MJ, White RR. A comparison of 2.0%

chlorhexidine gluconate and 5.25% sodium

hypochlorite as antimicrobial endodontic irrigants.

(1994) Journal of Endodontics. 20(6):276–278.
22. Zamany A, Safavi K, Spangberg LS. The effect of

chlorhexidine as an endodontic disinfectant. Oral
Surgery, Oral Medicine, Oral Pathology, Oral Radiol-
ogy, and Endodontics 2003;96:578–581.

23. Siqueira JF Jr, Paiva SS, Rocas IN. Reduction in

the cultivable bacterial populations in infected root

canals by a chlorhexidine-based antimicrobial pro-

tocol. (2007) Journal of Endodontics. 33:541–547.
24. Oliveira, D.P., Barbizam, J.V., Trope, M. & Teix-

eira, F.B. (2007) In vitro antibacterial efficacy of

endodontic irrigants against Enterococcus faecalis.
Oral Surgery, Oral Medicine, Oral Pathology, Oral
Radiology, and Endodontics, 103, 702–706.

25. Basrani, B.R., Manek, S. & Fillery, E. (2009) Using

diazotization to characterize the effect of heat or

sodium hypochlorite on 2.0% chlorhexidine. Jour-
nal of Endodontics, 35, 1296–1299.

26. Basrani, B.R., Manek, S., Mathers, D., Fillery, E. &

Sodhi, R.N. (2010) Determination of 4-chloroaniline

and its derivatives formed in the interaction of

sodium hypochlorite and chlorhexidine by using

gas chromatography. Journal of Endodontics, 36,
312–314.

27. Bui, T.B., Baumgartner, J.C. & Mitchell, J.C. (2008)

Evaluation of sodium hypochlorite and chlorhexi-

dine gluconate and its effect on root dentin. Journal
of Endodontics, 34 (2), 181–185.

28. Thomas, J.E. & Sem, D.S. (2010) An in vitro
spectroscopic analysis to determine whether

para-chloroaniline is produced from mixing

sodium hypochlorite and chlorhexidine. Journal of
Endodontics, 36, 315–317.

29. Nowicki, J.B. & Sem, D.S. (2011) An in vitro spectro-
scopic analysis to determine the chemical compo-

sition of the precipitate formed by mixing sodium

hypochlorite and chlorhexidine. Journal of Endodon-
tics, 37, 983–988.

30. Mortenson, D., Sadilek, M., Flake, N.M. et al. (2012)
The effect of using an alternative irrigant between

sodium hypochlorite and chlorhexidine to prevent

the formation of para-chloroaniline within the root

canal system. International Endodontic Journal, 36,
312–314.

31. Waltimo, T. & Zehnder, M. (2009) Topical antimi-

crobials in endodontic therapy. In: Fouad, A.F. (ed),

Endodontic Microbiology. Wiley-Blackwell, Ames,

Iowa, pp. 242–260.

32. MacDonnell G, Russell AD. Antiseptics and disin-

fectants: activity, action, and resistance. (1999) Clin-
ical Microbiology Reviews. 12:147–179.

33. Naenni, N., Thomas, K. & Zehnder, M. (2004) Soft

tissue dissolution capacity of currently used and

potential endodontic irrigants. Journal of Endodon-
tics, 30, 785–787.

34. Engstrom, B. & Spangberg, L. (1969) Toxic and

antimicrobial effects of antiseptics in vitro. Svensk
Tandläkare Tidskrift, 62, 543–549.

35. Safavi, K., Dowden, W.E., Introcaso, J. & Langland,

K. (1985) A comparison of antimicrobial effects of

calcium hydroxide and iodine–potassium iodide.

Journal of Endodontics, 11, 454–456.
36. Engstrom, B. & Spangberg, L. (1967) Studies on

root canal medicaments. II. Cytotoxic effect of root

canal antiseptics.Acta Odontologica Scandinavica, 25,
77–84.

37. Fedorowicz, Z., Nasser, M., Sequeira-Byron, P.,

de Souza, R.F., Carter, B. & Heft, M. (2012)

Irrigants for non-surgical root canal treatment

in mature permanent teeth (Review). Cochrane
Database of Systematic Reviews, Cochrane Collabora-
tion, The Cochrane Library, Issue 9. http://www.

thecochranelibrary.com.

38. Ng, Y.L., Mann, V. & Gulabivala, K. (2011) A

prospective study of the factors affecting outcomes

of nonsurgical root canal treatment: part 1: periapi-

cal health. International Endodontic Journal, 44 (7),
583–609.

39. McComb, D. & Smith, D.C. (1975) A preliminary

scanning electron microscope study of root canals

after endodontic procedures. Journal of Endodontics,
1, 238–242.

www.ketabdownload.com



Impact of Root Canal Disinfection on Treatment Outcome 85

40. Yamada, R.S., Armas, A., Goldman, M. & Lim, P.S.

(1983) A scanning electron microscope comparison

of high volume flush with several irrigating solu-

tions: part 3. Journal of Endodontics, 9, 137–142.
41. Mader, C.L., Baumgartner, J.C. & Peters, D.D.

(1984) Scanning electron microscope investigation

of the smeared layer on root canal walls. Journal of
Endodontics, 10, 477–483.

42. Baumgartner, J.C. & Mader, C.L. (1987) A scan-

ning electron microscopic evaluation of four root

canal irrigation regimens. Journal of Endodontics, 13,
147–157.

43. Seidberg, B.H. & Schilder, H. (1974) An evaluation

of EDTA in endodontics.Oral Surgery, 37, 609–620.
44. Calt, S. & Serper, A. (2002) Time-dependent effects

of EDTA on dentin structures. Journal of Endodon-
tics, 28 (1), 17–19.

45. Heling, I., Irani, E., Karni, S. & Steinberg, D. (1999)

In vitro antimicrobial effect of RC-Prep within

dentin tubules. Journal of Endodontics, 25, 782–785.
46. Yoshida, T., Shibata, T., Shinohara, T., Gomyo, S. &

Sekine, I. (1995) Clinical evaluation of the efficacy of

EDTA solution as an endodontic irrigation. Journal
of Endodontics, 21, 592–593.

47. Patterson, S.S. (1963) In vivo and in vitro studies

of the effect of the disodium salt of ethylenedi-

amine tetra-acetic acetate on human dentin and

its endodontic implications. Oral Surgery, Oral
Medicine, and Oral Pathology, 16, 83–103.

48. Ruff, M.L., McClanahan, S.M. & Babel, B.S. (2006)

In vitro antifungal efficacy of four irrigants as a final
rinse. Journal of Endodontics, 32, 331–333.

49. Chandra, S.S., Miglani, R., Srinivasan, M.R. &

Indira, R. (2010) Antifungal efficacy of 5.25%

sodium hypochlorite, 2% chlorhexidine gluconate,

and 17% EDTA with and without an antifungal

agent. Journal of Endodontics, 36, 675–678.
50. Yang, S.E., Cha, J.H., Kim, E.S., Kum, K.Y., Lee,

C.Y. & Jung, I.Y. (2006) Effect of smear layer and

chlorhexidine treatment on the adhesion of Entero-
coccus faecalis to bovine dentin. Journal of Endodon-
tics, 31, 663–667.

51. Bystrom, A. & Sundqvist, G. (1985) The antibacte-

rial action of sodium hypochlorite and EDTA in 60

cases of endodontic therapy. International Endodon-
tic Journal, 18, 35–40.

52. Soares, J.A. & Pires Junior, D.R. (2006) Influence

of sodium hypochlorite-based irrigants on the sus-

ceptibility of intracanal microbiota to biomechan-

ical preparations. Brazilian Dental Journal, 17 (4),
310–316.

53. Baker, N.A., Eleazer, P.D., Averbach, R.E. & Seltzer,

S. (1975) Scanning electron microscopic study of

the efficacy of various irrigating solutions. Journal
of Endodontics, 1, 127–135.

54. Abou-Rass, M. & Piccinino, M.V. (1982) The effec-

tiveness of four clinical irrigation methods on the

removal of root canal debris. Oral Surgery, 54,
323–328.

55. Sedgley, C.M.,Nagel, A.C.,Hall, D.&Applegate, B.

(2005) Influence of irrigant needle depth in remov-

ing bioluminescent bacteria inoculated into instru-

mented root canals using real-time imaging in vitro.
International Endodontic Journal, 38 (2), 97–104.

56. Falk, K.W. & Sedgley, C.M. (2005) The influence of

preparation size on the mechanical efficacy of root

canal irrigation in vitro. Journal of Endodontics, 31,
742–745.

57. Khademi, A., Yazdizadeh, M. & Feizianfard, M.

(2006) Determination of the minimum instrumen-

tation size for penetration of irrigants to the apical

third of root canal systems. Journal of Endodontics,
32, 417–420.

58. Boutsioukis, C., Gogos, C., Verhaagen, B., Versluis,

M., Kastrinakis, E. & Van der Sluis, L.W. (2010) The

effect of apical preparation size on irrigant flow in

root canals evaluated using an unsteady computa-

tional fluid dynamics model. International Endodon-
tic Journal, 43 (10), 874–881.

59. Teplitsky, P.E., Chenail, B.L., Mack, B. & Machnee,

C.H. (1987) Endodontic irrigation – a comparison

of endosonic and syringe delivery systems. Inter-
national Endodontic Journal, 20, 233–241.

60. Kahn, F.H., Rosenberg, P.A. & Glicksberg, J. (1995)

An in vitro evaluation of the irrigating characteris-

tics of ultrasonic and subsonic handpieces and irri-

gating needles and probes. Journal of Endodontics, 21
(5), 277–280.

61. Al-Hadlaq SM, Al-Turaiki SA, Al-Sulami U, Saad

AY. (2006) Efficacy of a new brush-covered irriga-

tion needle in removing root canal debris: a scan-

ning electronmicroscopic study. Journal of Endodon-
tics. 32:1181–1184.

62. Archer R, Reader A, Nist R, Beck M, Meyers WJ.

An in vitro evaluation of the efficacy of ultrasound

after step-back preparation in mandibular molars.

Journal of Endodontics 1992;18:549–552.

63. Gutarts, R., Nusstein, J., Reader, A. & Beck, M.

(2005) In vivo debridement efficacy of ultrasonic

irrigation following hand-rotary instrumentation

in human mandibular molars. Journal of Endodon-
tics, 31, 166–170.

64. Burleson, A., Nusstein, J., Reader, A. & Beck, M.

(2007) The in vivo evaluation of hand/rotary/

ultrasound instrumentation in necrotic, human

mandibular molars. Journal of Endodontics, 33 (7),
782–787.

www.ketabdownload.com



86 Background

65. Jensen, S.A.,Walker, T.L., Hutter, J.W.&Nicoll, B.K.

(1999) Comparison of the cleaning efficacy of pas-

sive sonic activation and passive ultrasonic acti-

vation after hand instrumentation in molar root

canals. Journal of Endodontics, 25, 735–738.
66. Sabins, R.A., Johnson, J.D. & Hellstein, J.W. (2003)

A comparison of the cleaning efficacy of short-term

sonic and ultrasonic passive irrigation after hand

instrumentation in molar root canals. Journal of
Endodontics, 29, 674–678.

67. Spoleti, P., Siragusa, M. & Spoleti, M.J. (2003) Bac-

teriological evaluation of passive ultrasonic activa-

tion. Journal of Endodontics, 29, 12–14.
68. Huffaker, S.K., Safavi, K., Spangberg, L.S. & Kauf-

man, B. (2010) Influence of a passive sonic irriga-

tion system on the elimination of bacteria from root

canal systems: a clinical study. Journal of Endodon-
tics, 36 (8), 1315–1318.

69. de Gregorio C, Estevez R, Cisneros R, Paranjpe

A, Cohenca N. (2010) Efficacy of different irriga-

tion and activation systems on the penetration of

sodium hypochlorite into simulated lateral canals

and up to working length: an in vitro study. Journal
of Endodontics. 36:1216–1221.

70. Pedrazzi, V., Oliveira-Neto, J.M., Sequeira, P.,

Fedorowicz, Z. & Nasser, M. (2008) Hand and

ultrasonic instrumentation for orthograde root

canal treatment of permanent teeth (Review). The
Cochrane Database of Systematic Reviews, Journal of
applied oral science. 18(3):268–272

71. Nielsen, B.A. & Baumgartner, J.C. (2007) Compar-

ison of the endovac system to needle irrigation of

root canals. Journal of Endodontics, 33, 611–615.
72. Hockett, J.L., Dommisch, J.K., Johnson, J.D. &

Cohenca, N. (2008) Antimicrobial efficacy of two

irrigation techniques in tapered and nontapered

canal preparations: an in vitro study. Journal of
Endodontics, 34, 1374–1377.

73. Siu, C. & Baumgartner, J.C. (2010) Comparison

of the debridement efficacy of the endovac irri-

gation system and conventional needle root canal

irrigation in vivo. Journal of Endodontics, 36 (11),
1782–1785.

74. Fukumoto, Y., Kikuchi, I., Yoshioka, T., Kobayashi,

C. & Suda, H. (2006) An ex vivo evaluation of a new

root canal irrigation techniquewith intracanal aspi-

ration. International Endodontic Journal, 39, 93–99.
75. Brito PR, Souza LC, Machado de Oliveira JC, Alves

FR, De-Deus G, Lopes HP, et al. (2009) Comparison

of the effectiveness of three irrigation techniques

in reducing intracanal Enterococcus faecalis pop-

ulations: an in vitro study. Journal of Endodontics.
35:1422–1427.

76. Cohenca, N., Paranjpe, A., Heilborn, C. & Johnson,

J.D. (2013) Antimicrobial efficacy of two irrigation

techniques in tapered andnon-tapered canal prepa-

rations. A randomized controlled clinical trial.

Quintessence International, 44, 217–228.
77. Miller, T.A.&Baumgartner, J.C. (2010) Comparison

of the antimicrobial efficacy of irrigation using the

Endovac to endodontic needle delivery. Journal of
Endodontics, 36, 509–511.

78. Pawar R, Alqaied A, Safavi K, Boyko J, Kauf-

man B. (2012) Influence of an apical negative pres-

sure irrigation system on bacterial elimination dur-

ing endodontic therapy: a prospective randomized

clinical study. Journal of Endodontics. 38:1177–1181.
79. Mitchell RP, Yang SE, Baumgartner JC. (2010) Com-

parison of apical extrusion of NaOCl using the

Endovac or needle irrigation of root canals. Journal
of Endodontics. 36:338–341.

80. Desai, P. & Himel, V. (2009) Comparative safety

of various intracanal irrigation systems. Journal of
Endodontics, 35, 545–549.

81. Mitchell, R.P., Baumgartner, J.C. & Sedgley, C.M.

(2011) Apical extrusion of sodium hypochlorite

using different root canal irrigation systems. Journal
of Endodontics, 37, 1677–1681.

82. Shin SJ, Kim HK, Jung IY, Lee CY, Lee SJ, Kim

E. (2010) Comparison of the cleaning efficacy of

a new apical negative pressure irrigating system

with conventional irrigation needles in the root

canals. Oral Surgery, Oral Medicine, Oral Pathology,
Oral Radiology, and Endodontics. 109:479–484.

83. Brunson M, Heilborn C, Johnson JD, Cohenca

N. (2010) Effect of apical preparation size and

preparation taper on irrigant volume delivered by

using negative pressure irrigation system. Journal of
Endodontics. 36:721–724.

84. de Gregorio, C., Arias, A., Navarrete, N., Del Rio,

V., Oltra, E. & Cohenca, N. (2013) Effect of api-

cal size and taper on volume of irrigant delivered

at working length with apical negative pressure at

different root curvatures. Journal of Endodontics, 39,
119–124.

85. Gondim, E. Jr., Setzer, F.C., Dos Carmo, C.B. & Kim,

S. (2010) Postoperative pain after the application

of two different irrigation devices in a prospective

randomized clinical trial. Journal of Endodontics, 36
(8), 1295–1301.

86. Siqueira JF, Lopes HP. (1999) Mechanisms of

antimicrobial activity of calcium hydroxide: a crit-

ical review. International Endodontic Journal. 32:
361–369.

87. Sjogren U, Figdor D, Spangberg L, Sundqvist G.

(1991) The antimicrobial effect of calcium hydrox-

ide as a short-term intracanal dressing. International
Endodontic Journal. 24:119–125.

www.ketabdownload.com



Impact of Root Canal Disinfection on Treatment Outcome 87

88. Safavi, K.E. & Nichols, F.C. (1993) Effect of calcium

hydroxide on bacterial lipopolysaccharides. Journal
of Endodontics, 19 (2), 76–78.

89. Khan, A.A., Sun, X. & Hargreaves, K.M. (2008)

Effect of calcium hydroxide on proinflammatory

cytokines and neuropeptides. Journal of Endodon-
tics, 34, 1360–1363.

90. Hasselgren, G., Olsson, B. & Cvek,M. (1988) Effects

of calcium hydroxide and sodium hypochlorite on

the dissolution of necrotic porcine muscle tissue.

Journal of Endodontics, 14, 125–127.
91. Bystrom, A., Claesson, R. & Sundquist, G. (1985)

The antibacterial effect of camphorated para-

monochlorophenol, camphorated phenol and cal-

cium hydroxide in the treatment of infected root

canals. Endodontics and Dental Traumatology, 1,
170–175.

92. Bystrom, A., Happonen, R.P., Sjogren, U. &

Sundqvist, G. (1987) Healing of periapical lesions

of pulpless teeth after endodontic treatment

with controlled asepsis. Endodontics and Dental
Traumatology, 3, 58–63.

93. McGurkin-Smith, R., Trope, M., Caplan, D. & Sig-

urdsson, A. (2005) Reduction of intracanal bacte-

ria using GT rotary instrumentation, 5.25%NaOCl,

EDTA, and Ca(OH)2. Journal of Endodontics, 31,
359–363.

94. Molander A, Reit C, Dahlen G. (1999) The antimi-

crobial effect of calcium hydroxide in root canals

pretreated with 5% iodine potassium iodide.

Endodontics and Dental Traumatology. 15:205–209.
95. Orstavik, D., Kerekes, K. & Molven, O. (1991)

Effects of extensive apical reaming and calcium

hydroxide dressing on bacterial infection during

treatment of apical periodontitis: a pilot study.

International Endodontic Journal, 24, 1–7.
96. Kvist, T., Molander, A., Dahlen, G. & Reit, C. (2004)

Microbiological evaluation of one- and two-visit

endodontic treatment of teeth with apical peri-

odontitis: a randomized, clinical trial. Journal of
Endodontics, 30, 572–576.

97. Sathorn, C., Parashos, P. & Messer, H. (2007)

Antibacterial efficacy of calcium hydroxide

intracanal dressing: a systematic review and

meta-analysis. International Endodontic Journal, 40,
2–10.

98. Waltimo, T., Trope, M., Haapasalo, M. & Orstavik,

D. (2005) Clinical efficacy of treatment proce-

dures in endodontic infection control and one year

follow-up of periapical healing. Journal of Endodon-
tics, 31, 683–686.

99. Buchanan, L. & Senia, E. (2010) The 2010 AAE

debate continues. Endodontic Practice, 3 (4), 18–34.
100. Trope, M. (2010) The Buchanan-Senia debate: who

won? Endodontic Practice, 3 (4), 1.

101. Mireku, A.S., Romberg, E., Fouad, A.F. & Arola, D.

(2010) Vertical fracture of root filled teeth restored

with posts: the effects of patient age and dentin

thickness. International Endodontic Journal, 43 (3),
218–225, Epub 2010/02/18.

102. Wilcox, L.R., Roskelley, C. & Sutton, T. (1997)

The relationship of root canal enlargement to

finger-spreader induced vertical root fracture.

Journal of Endodontics, 23 (8), 533–534, Epub

1997/08/01.

103. Albrecht, L.J., Baumgartner, J.C. & Marshall, J.G.

(2004) Evaluation of apical debris removal using

various sizes and tapers of ProFile GT files. Journal
of Endodontics, 30 (6), 425–428, Epub 2004/05/29.

104. Fornari, V.J., Silva-Sousa, Y.T., Vanni, J.R., Pecora,

J.D., Versiani, M.A. & Sousa-Neto, M.D. (2010)

Histological evaluation of the effectiveness of

increased apical enlargement for cleaning the api-

cal third of curved canals. International Endodontic
Journal, 43 (11), 988–994, Epub 2010/08/21.

105. Usman, N., Baumgartner, J.C. & Marshall, J.G.

(2004) Influence of instrument size on root canal

debridement. Journal of Endodontics, 30 (2), 110–112,
Epub 2004/02/24.

106. Marinho, A.C., Martinho, F.C., Zaia, A.A., Ferraz,

C.C. & Gomes, B.P. (2012) Influence of the apical

enlargement size on the endotoxin level reduction

of dental root canals. Journal of Applied Oral Science,
20 (6), 661–666, Epub 2013/01/19.

107. Mickel, A.K., Chogle, S., Liddle, J., Huffaker, K. &

Jones, J.J. (2007) The role of apical size determina-

tion and enlargement in the reduction of intracanal

bacteria. Journal of Endodontics, 33 (1), 21–23, Epub
2006/12/23.

108. Rollison, S., Barnett, F. & Stevens, R.H. (2002) Effi-

cacy of bacterial removal from instrumented root

canals in vitro related to instrumentation technique

and size. Oral Surgery, Oral Medicine, Oral Pathol-
ogy, Oral Radiology, and Endodontics, 94 (3), 366–371,
Epub 2002/09/27.

109. Kerekes, K. & Tronstad, L. (1979) Long-term results

of endodontic treatment performed with a stan-

dardized technique. Journal of Endodontics, 5 (3),
83–90, Epub 1979/03/01.

110. Hoskinson, S.E., Ng, Y.L., Hoskinson, A.E., Moles,

D.R. & Gulabivala, K. (2002) A retrospective com-

parison of outcome of root canal treatment using

two different protocols.Oral Surgery, Oral Medicine,
Oral Pathology, Oral Radiology, and Endodontics, 93
(6), 705–715, Epub 2002/07/27.

111. Orstavik, D., Qvist, V. & Stoltze, K. (2004) A mul-

tivariate analysis of the outcome of endodontic

treatment. European Journal of Oral Sciences, 112 (3),
224–230, Epub 2004/05/25.

www.ketabdownload.com



88 Background

112. Negishi, J., Kawanami, M. & Ogami, E. (2005) Risk

analysis of failure of root canal treatment for teeth

with inaccessible apical constriction. Journal of Den-
tistry, 33 (5), 399–404, Epub 2005/04/19.

113. Ng, Y.L., Mann, V. & Gulabivala, K. (2011) A

prospective study of the factors affecting outcomes

of non-surgical root canal treatment: part 2: tooth

survival. International Endodontic Journal, 44 (7),
610–625, Epub 2011/03/04.

114. Wu, M.K., Wesselink, P.R. & Walton, R.E. (2000)

Apical terminus location of root canal treatment

procedures.Oral Surgery, OralMedicine, Oral Pathol-
ogy, Oral Radiology, and Endodontics, 89 (1), 99–103,
Epub 2000/01/12.

115. Sjogren, U., Hagglund, B., Sundqvist, G. & Wing,

K. (1990) Factors affecting the long-term results

of endodontic treatment. Journal of Endodontics, 16
(10), 498–504, Epub 1990/10/01.

116. Peak, J.D., Hayes, S.J., Bryant, S.T. & Dummer, P.M.

(2001) The outcome of root canal treatment. A retro-

spective study within the armed forces (Royal Air

Force). British Dental Journal, 190 (3), 140–144, Epub
2001/03/10.

117. Ng, Y.L., Mann, V., Rahbaran, S., Lewsey, J. &

Gulabivala, K. (2008) Outcome of primary root

canal treatment: systematic review of the litera-

ture – part 2. Influence of clinical factors. Interna-
tional Endodontic Journal, 41 (1), 6–31, Epub 2007/

10/13.

118. Southard, D.W. & Rooney, T.P. (1984) Effective

one-visit therapy for the acute periapical abscess.

Journal of Endodontics, 10 (12), 580–583, Epub

1984/12/01.

119. Ricucci, D., Russo, J., Rutberg, M., Burleson, J.A.

& Spangberg, L.S. (2011) A prospective cohort

study of endodontic treatments of 1,369 root canals:

results after 5 years. Oral Surgery, Oral Medicine,
Oral Pathology, Oral Radiology, and Endodontics, 112
(6), 825–842, Epub 2011/11/22.

120. Penesis, V.A., Fitzgerald, P.I., Fayad,M.I.,Wenckus,

C.S., BeGole, E.A. & Johnson, B.R. (2008) Out-

come of one-visit and two-visit endodontic treat-

ment of necrotic teeth with apical periodontitis: a

randomized controlled trial with one-year evalua-

tion. Journal of Endodontics, 34 (3), 251–257, Epub
2008/02/23.

121. Molander, A., Warfvinge, J., Reit, C. & Kvist,

T. (2007) Clinical and radiographic evaluation of

one- and two-visit endodontic treatment of asymp-

tomatic necrotic teeth with apical periodontitis: a

randomized clinical trial. Journal of Endodontics, 33
(10), 1145–1148, Epub 2007/09/25.

122. Peters, L.B. &Wesselink, P.R. (2002) Periapical heal-

ing of endodontically treated teeth in one and

two visits obturated in the presence or absence of

detectablemicroorganisms. International Endodontic
Journal, 35 (8), 660–667, Epub 2002/08/28.

123. Weiger, R., Rosendahl, R. & Lost, C. (2000) Influ-

ence of calcium hydroxide intracanal dressings on

the prognosis of teeth with endodontically induced

periapical lesions. International Endodontic Journal,
33 (3), 219–226, Epub 2001/04/20.

124. Trope M, Delano EO, Orstavik D. (1999) Endodon-

tic treatment of teeth with apical periodontitis: sin-

gle vs. multivisit treatment Journal of Endodontics.
25(5):345–350, Epub 1999/10/26.

125. de Chevigny, C., Dao, T.T., Basrani, B.R. et al.
(2008) Treatment outcome in endodontics: the

Toronto study – phase 4: initial treatment. Journal
of Endodontics, 34 (3), 258–263, Epub 2008/02/23.

126. Sathorn, C., Parashos, P. & Messer, H.H. (2005)

Effectiveness of single- versus multiple-visit

endodontic treatment of teeth with apical peri-

odontitis: a systematic review and meta-analysis.

International Endodontic Journal, 38 (6), 347–355,

Epub 2005/05/25.

127. Figini, L., Lodi, G., Gorni, F. & Gagliani, M. (2008)

Single versus multiple visits for endodontic treat-

ment of permanent teeth: a Cochrane systematic

review. Journal of Endodontics, 34 (9), 1041–1047,
Epub 2008/08/23.

128. Su, Y., Wang, C. & Ye, L. (2011) Healing rate

and post-obturation pain of single- versus

multiple-visit endodontic treatment for infected

root canals: a systematic review. Journal of Endodon-
tics, 37 (2), 125–132, Epub 2011/01/18.

129. Marending, M., Peters, O.A. & Zehnder, M. (2005)

Factors affecting the outcome of orthograde root

canal therapy in a general dentistry hospital prac-

tice.Oral Surgery, OralMedicine, Oral Pathology, Oral
Radiology, and Endodontics, 99 (1), 119–124, Epub
2004/12/16.

www.ketabdownload.com



Part 2
Nonsurgical Intracanal Disinfection

www.ketabdownload.com



www.ketabdownload.com



6 Shaping the Root Canal System to
Promote Effective Disinfection

Ove A. Peters
Department of Endodontics, University of the Pacific, San Francisco, CA, USA

Frank Paqué
Department of Preventive Dentistry, Periodontology, and Cariology, University
of Zurich, Zürich, Switzerland

Introduction

It has been well established over the past 50 years
that the endodontic disease, in other words, the
presence of apical periodontitis, has a microbial
pathogenesis (1, 2). Consequently, root canal treat-
ment is performed to treat endodontic disease by
eradicating bacteria from the root canal space.

Furthermore, it is currently accepted that disin-
fection and subsequent obturation of the root canal
space requires mechanical enlargement of the main
canals (3), and the vast majority of techniques and
instruments today are based on this objective.

Root canal shaping thus serves two main pur-
poses in canal disinfection: direct mechanistic
elimination of intracanal tissue and pathogens and
providing optimal space for irrigant and medica-
ment delivery (4–6). Clinical success appears to
be enhanced in the presence of better disinfec-
tion (7, 8) using antimicrobials delivered into the

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

shaped root canal. Consequently the process of
root canal preparation should be considered amain
driver of clinical success in endodontics.

Using conventional anaerobic culturing, widely
varying clinical preparation techniques have been
associated with a reduction of intracanal bacteria
to a level of 10–100 CFU/ml (9–14). However, it is
highly unlikely that under clinical conditions any
root canal will be rendered sterile.

This finding is not incompatible with clinical suc-
cess. In fact, abundant reports of clinically success-
ful as well as failure cases confirm the presence of
bacteria and immune cells inside root canal systems
in both healed cases and caseswith residual lesions.
(15–17). Figure 6.1 illustrates an isthmus area of a
mandibular first molar after single-visit endodon-
tic therapy, in which bacteria are present encased in
dentin shavings.

The fate of such bacteria remaining in inaccessi-
ble canal areas, regardless of clinical technique (18),
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Figure 6.1 Light microscopic view of a transverse section through the apical portion of the mesial root of a right mandibular first
molar (a) The surgical artifact (AT) into the root dentin did not reach or damage the instrumented mesiolingual and mesiobuccal
canals, which were incompletely obturated with gutta-percha cones. The isthmus (IS) connecting the canals is magnified in (b);
the area indicated with the black arrowhead is further magnified in stages in (c) and (d), respectively. Note the un-instrumented
isthmus with arcading profiles of Howship’s lacunae (HL) clogged with blue-stained bacterial mass (BA). Original magnifications:
(a) ×316; (b) ×344; (c) ×3240; (d) ×3400. (Nair et al. (17). Reproduced with permission of Mosby, Inc.)

has been a matter of speculation: do they die from
starvation (19), are they possibly killed by sealer
components (20), or can they persist and cause
posttreatment disease (21)?

It was demonstrated that well-filled and hence
arguably well-shaped canals may still be associ-
ated with failing root canal treatments, mainly
because of the fact that microorganisms remain in
inaccessible areas of the root canal system (18, 21).
Consequently, rather than sterilizing root canal sys-
tems, intracanal procedures are tailored to reduce
microbial burden so that it becomes compatible
with success by creating conditions that prohibit
regrowth and persistent infection. It has been held
that a threshold exists that may be reached with
different canal shaping paradigms depending on
numbers, virulence, and location of surviving
microorganisms. Therefore, the main objective of
root canal shaping is to provide an environment,

in which apical disease is prevented or the body’s
immune system can achieve the healing of apical
disease. At the same time shaping is limited by
the overall root anatomy and the deficiencies of
currently available instruments.

Effect of canal preparation on intracanal
bacteria

Using contemporary instruments, root canals can
be prepared to desired shapes without obvious
procedural errors as reviewed extensively earlier
(4, 5, 22). However, it is obvious that mechanical
canal preparation does not create contact with the
full radicular surface and therefore all mechani-
cal preparation is incomplete. The areas in red in
Figure 6.2 demonstrate the canal surface that was
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Figure 6.2 (a–c) Microcomputed tomography (MCT) images of the effect of root canal shaping of the mesial root canal system
of a mandibular molar, seen from three different angles. Un-instrumented canal areas (static voxels) are depicted in green and
instrumented canal areas in red. Note the isthmus area and other sections that were not altered during shaping. Final apical
shaping was done with ProTaper Universal F3. Inset shows a scanning electron micrograph (×500 magnification) of areas that
were in contact with an endodontic instrument (a) and a section of canal wall that shows the so-called calcospherites of the
mineralization front after the removal of the pulp tissue by NaOCl.

not mechanically shaped; more specifically, it did

not change by more than 20 μm, which was the res-

olution of the system. This observation is confirmed

by histological and scanning electron microscopic

observation that typically reveal mechanically

unshaped areas (see inset in Figure 6.2).

Nevertheless, it has been demonstrated that

mechanical instrumentation, alone or in combi-

nation with an inert flushing solution such as

saline, is effective in significantly reducing bac-

terial load. Several authors have investigated the

direct antimicrobial effect of canal instrumentation.

First, in 1958, Ingle and Zeldow (23), using aerobic

culturing methods, determined that the majority

(65/89) of the clinical cases they sampled harbored

bacteria prior to instrumentation. Only 13 of those

became bacteria-free (=culture negative) after the

first appointment. In their study turbidity of the

culture medium was used as the sole indicator for

bacterial presence and the authors cautioned that

various numbers of microorganisms were needed

to cause such turbidity.

Subsequently, Byström and Sundqvist (24)

expanded this observation under conditions

of anaerobic culturing in a clinical study of

15 single-rooted teeth diagnosed with apical

periodontitis. They found that after the first

appointment, in which canals were shaped with

Hedström files to an apical size 40 to 1 mm short

of the radiographic root length, intracanal bacterial

numbers were reduced by 102 –103 and even fur-

ther in subsequent appointments. However, in 8/15

cases, complete elimination of microorganisms was

not achieved even after five appointments (24).

Siqueira and colleagues (25) also used saline to

irrigate root canal prepared with nickel–titanium

(NiTi) hand and rotary instruments in-vitro. Uti-

lizing anaerobic culturing, these authors found
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that mechanical instrumentation was effective in
removing more than 90% of bacterial cells from the
root canal. This effect appeared to depend on apical
sizes since preparation with NiTi K-files to size 40
was significantly more effective in removing bac-
teria compared to GT hand files or ProFile rotaries
used to shape to sizes 20 (0.12 taper) and 28 (0.06
taper), respectively (25).

Falk and Sedgley (26) introduced yet another
experimental technique in the laboratory: genet-
ically modified bacteria. They inoculated 30
permanent canines with bioluminescent Pseu-
domonas fluorescens and determined bacterial
elimination by the reduction of luminescence,
thus waiving the need for culturing. Using saline
irrigation, enlarging canals to an apical size 60 was
more effective than to size 36 and similarly effective
than enlargement to size 77 (all 0.04 taper) (26).

In summary, these data demonstrate that
mechanical canal preparation alone is effective
in reducing, though not eliminating, bacterial load.
Regardless of the study design—benchtop, or in
situ—the presented evidence does not aid, how-
ever, in determining an apical preparation size.
There are several reasons for this; first, experi-
mental data that suggest larger preparation size
does not take structural weakening or preparation
errors into account. Second, the delivery of antimi-
crobials to remove bacteria more effectively follows
different parameters than the purely mechanical
removal of canal contents. To conclude, there are
other factors to be considered in a clinical setting.

Working length and patency

It has been held that both mechanical removal of
microorganisms and irrigation efficacy are depen-
dent on canal shape (27, 28); however, the latter
depends also on factors such as sodium hypochlo-
rite turnover, the amount of available chlorine,
contact time, and factors such as accessibility (for
a more detailed review of endodontic irrigants, see
Chapter 7 in this book).

Accessibility of the contaminated root canal
areas is key to disinfecting efficacy. Thus, overall
canal anatomy and in particular canal dimensions
play an integral role in radicular shaping. Two
basic concepts govern a numerical approach to root
canal shaping procedures: working length (WL)

and apical size, recently also described as working

width (WW) (29).

Clinical research has indicated that root canal fill-

ings that are extending beyond the root apex are

associated with less success. Therefore, procedures

confined to the root canal space (30) seem to be able

to address most of the cases of endodontic treat-

ment needs.

Varying concepts have been proposed regarding

specificWLs (31), partially depending on preopera-

tive diagnoses. Frequently, vital cases are clinically

successful despite apparent short fills. However,

with existing apical lesions and contaminated canal

systems, WL definitions closer to the apex have

been adopted. Classic and more recent studies

suggest that a WL between 0 and 2 mm from the

radiographic apex results more often in success

(healing of apical lesions) than shorter or longer

fills (7, 32, 33). However, apical anatomy and the

relation between bacterial biofilms and clinical

symptoms are complex (34) and can be addressed

only partially by mechanical root canal shaping.

Figure 6.3 illustrates that the bacterial coloniza-

tion in the apical canal portion ends a small distance

inside the root canal, probably related to the geom-

etry at that site and specifically the ability for the

host defense to interact with microoganisms where

blood supply occurs. In consequence WL for teeth

with necrotic pulps and apical periodontitis should

be set as close as possible the end of the confines

of the root canal using radiographs and electronic

devices.

Current strategies in this regard include the

use of a patency file, e.g. a size #10, K-file,

that is gently pushed slightly through an api-

cal foramen without actually enlarging it (35).

However, it is not firmly established if patency is

beneficial in terms of canal disinfection of even

counterproductive.

Indeed, one of the alleged reasons for not using

apical patency is possible mechanical injury of

apical tissues (36) or extrusion of infected debris

through the apical foramen (37), a condition classi-

cally related with postoperative pain and with the

delay in the healing process of apical pathology

(36, 38, 39). On the other hand, in-vitro research has

indicated that even if a patency file is contaminated,

it will be disinfected by the 5.25%NaOCl present in

the root canal during the shaping procedures (40).
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(a) (b)

(c) (d)

Figure 6.3 Grossly carious single-rooted mandibular second molar extracted with the apical periodontitis lesion attached. The
radiographic size of the lesion was less than 5 mm (inset). The tooth was symptomatic. (a) The section passing approximately at
the center of the foramen. The overview shows granulomatous tissue ingrowth at the very apical canal (Taylor’s modified Brown
and Brenn, original magnification ×16). (b) Details of the apical foramen region. A biofilm is present covering the root canal
walls, and a dense bacterial aggregate is evidenced more coronally. Empty spaces are shrinkage artifacts (original magnification
×100). (c) Higher magnification of the area demarcated by the rectangle in (b). Bacterial filamentous forms prevail, and the
extracellular component is abundant at this level (original magnification ×400). (d) Higher magnification of the bacterial
aggregate indicated by the arrow in (b). Different morphotypes are present. Note the concentration of polymorphonuclear
neutrophils in contact with the biofilm surface (original magnification ×400). (Ricucci and Siqueira (34). Reproduced with
permission of Elsevier, Inc.)
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The extrusion of debris appears to be more likely
if the apical foramen is patent (41, 42). Certainly,
mechanical cleaning of the foramen is unlikely,
because the foramen is not enlarged and debris is
not mechanically removed with a small file (43).

More recently, it was found that maintaining
apical patency did not increase the incidence of
postoperative pain (44) and that its benefits exceed
the possible injury it might cause. This is because
it is intended exclusively to prevent dentinal chips
being compacted into the apical region and form-
ing a plug that can interfere with maintaining WL
(43). Of note, microcomputed tomography studies
have demonstrated that dentin shavings are com-
pacted into canal spaces not directly in contact with
instruments (see below).

Other described advantages of this procedure
include the sense that it improves apex locator accu-
racy, helps to maintain WL, reduces preparation
errors such as ledges and blockages, and refines the
tactile sense of the clinician during apical shaping
(45). No apical transportation has been shown in
the majority of root canals when using a #8 or a
#10 file to maintain apical patency (46); however,
using large file diameters for the purpose of apical
patency may cause apical transportation (47).

Recently, in-vivo studies have suggested that
maintaining apical patency may not only help to
achieve the mechanical objectives of the shaping
procedure of root canal treatments avoiding the
accumulation of debris at the apex, but also that
the use of a patency file allows better delivery of
irrigants to the apical third. However, the mere
presence of NaOCl in the apical third does not
guarantee the proper cleaning of the root canal.

It should be stressed at this point that the use
of a patency file is distinct from “apical clearing,”
which is defined as a technique to remove loose
debris from the apical extent, and involved sequen-
tially rotating files two to four sizes larger than
the initial apical file at WL, and then rotating the
largest apical file again after a final irrigation and
drying (48); this techniquemay be useful after hand
instrumentation (49) but no such effect has been
shown after rotary instrumentation.

A major question when defining WL in an
attempt to enhance antimicrobial efficacy of canal
preparation is where the root canal ends and how
close to that point clinicians can estimate their WL.
Histological studies indicated the presence of the

transition of pulp to apical tissue as well as dentin

and cementum in the area of the constriction (50).

However, a constriction in the classic sense may be

absent (51). In fact, high-resolution tomographic

studies suggest more complicated apical canal

configurations than previously shown.

The termworking length is defined in the Glossary

of Endodontic Terms as “the distance froma coronal

reference point to the point, at which canal prepa-

ration and obturation should terminate” (35). The

anatomic apex is the tip or the end of the root deter-

mined morphologically, whereas the radiographic

apex is the tip or end of the root determined radio-

graphically (35).

It is well established that root morphology and

radiographic distortion may cause the location of

the radiographic apex to vary from the anatomic

apex. The apical foramen is the main apical open-

ing of the root canal. It is often eccentrically located

away from the anatomic or radiographic apex (50,

51). Kuttler’s classic investigation showed that this

deviation occurred in 68–80% of teeth (50). An

accessory foramen is an orifice on the surface of

the root communicating with a lateral or accessory

canal (35). They may be found as a single foramen

or as multiple foramina. The apical constriction

(minor apical diameter) is the apical portion of the

root canal with the narrowest diameter.

Probably owing to its importance as a clinical

entity, the apical root canal third and the foramen

have been the topic of numerous systematic inves-

tigations (50, 52) beginning in the middle of the

past century. Dummer and coworkers (51) reported

four basic variations in the apical canal area that

included about 50% of cases where a constriction

was present. They also reported 6% of their cases,

where the constriction was probably blocked by

cementum (51). The cementodentinal junction is

the region where the dentin and cementum are

united; this is the point at which the cemental

surface terminates or refers to the apex of a tooth

(35). Of course the cementodentinal junction is

a histological landmark that cannot be located

clinically or radiographically.

Langeland (53) reported that the cementodenti-

nal junction does not always coincide with the

apical constriction. The location of the cementin-

odentinal junction also ranges from 0.5 to 3.0 mm

short of the anatomic apex (50, 51).
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Therefore, it is generally accepted that the apical
constriction is most frequently located 0.5–1.0 mm
short of the radiographic apex. It has been pointed
out by Ricucci (30) that the presence of significant
anatomical variationmakes the direct clinical use of
these average values as end points of canal prepa-
ration difficult. Further problems exist in locating
apical landmarks and in interpreting their positions
on radiographs.

Apical size and taper

The second factor to be considered is the apical
width or the preparation size. It is an ongoing
matter of debate, which apical enlargement and
more specifically shape would lead to an optimal
reduction of intracanal microbial load (54).

Principles of a standardized root canal prepa-
ration were based on concepts of apical canal
geometry developed in the 1950s (50), which sug-
gested apical canal diameters of 0.27–0.33 mm.
However, a detailed anatomical assessment indi-
cates that the concept for such a standardized root
canal preparation (7) to an apical stop coronal to
the constriction may be problematic because the
“classical” singular constriction was not present in
over 50% of the canals evaluated (51) and because
of the possible sequelae of canal overenlargement,
in particular vertical root fracture.

To complicate matters, it had been established
by Shovelton (55) that intracanal bacteria colonize
predentin and penetrate into dentinal tubules,
to perhaps half the tubule length or in fact even
deeper (56). It was therefore suggested to select a
preparation size that removes this infected layer
mechanically to maximize chances of success.
Unfortunately, it appears that hand instruments
and first generation rotaries (e.g., Quantec) were
unable to completely remove predentin in-vitro
(57). Moreover, this goal is likely unattainable even
with modern root canal instruments such as the
self-adjusting file (SAF, Figure 6.4a,b). For this
file, microCT experiments suggested that even in
relatively round and straight canals in maxillary
anteriors under optimal conditions, about 9% canal
area remains un-instrumented (58). More detailed
analyses revealed that under these conditions, only
about 57% of the canal surface had a dentin layer
of 100 μm removed (Figure 6.4c).

This makes the role of irrigation solutions in
canal disinfection even more relevant. Generally,
irrigants are delivered using a syringe and needle
system. Historically, a study using radiopaque
liquids indicated that the apical penetration of
the irrigants is only 1 mm beyond the needle tip
(59). Furthermore, Usman and colleagues (28)
demonstrated that the amount of irrigant delivered
increased with the number of recapitulations. This
information and regularly available needle types
(27 and 30 gauge, equivalent to 0.42 and 0.31 mm,
respectively) suggest that shaped canal diameter
and curvature are relevant in irrigation efficacy.

It is common understanding that bacterial
biofilm establishes on root canal surfaces; what
is not settled is the best strategy to remove such
biofilm. It seems like mechanical forces, such as in
canal shaping, irrigant flow, and the selection of
suitable irrigation solutions may be required (60).

Whether or not a smaller apical preparation
allows sufficient antimicrobial action to take place
(12, 61, 62) is a matter of continuous debate.
Table 6.1 lists data in support of a variety of apical
preparation sizes.

Coldero and colleagues (61), using culturing
methods, could not show that larger prepara-
tion was any more successful in the reduction of
intracanal bacteria from artificially contaminated
root canals in-vitro. The other end of the spec-
trum of suggestions is represented by Card and
colleagues (12), which was based on in situ data
recommended sizes as large as #60 or even #80
when shaping molar root canals with LightSpeed
instruments.

The majority of findings is somewhere between
these extremes with several papers presenting
inconclusive results. This is possibly a reflec-
tion of very different study designs and research
strategies.

Baumgartner’s group has frequently attempted
to address the question of apical preparation size
in well-designed in-vitro experiments. They con-
cluded that an apical preparation size #20 would
be inferior to size #30 and #40 regarding canal
debridement but that a larger taper (e.g., 0.10) may
potentially compensate for smaller sizes (27, 28).

This notion is supported by an in-vitro study
on the efficacy of ultrasonically activated irriga-
tion that demonstrated better debridement with
0.10 taper preparation (85). Similarly, Mickel et al.

www.ketabdownload.com



98 Nonsurgical Intracanal Disinfection

0

1

2

3

4

5

6

2 min 3 min 4 min 5 min 6 min

2 min 3 min 4 min 5 min 6 min

D
e

n
ti
n

 r
e

m
o

v
a

l 
(m

m
3
)

SAF 1.5 mm

SAF 2.0 mm

SAF 1.5 mm

SAF 2.0 mm

U
n

tr
e

a
te

d
 a

re
a

 (
%

)

0

20

40

60

80

100

x
y

z

0.000

0.050

0.100

0.200

0.500
Variance (mm)

(a)

(b) (c)

0

5

10

15

20

V
o
lu

m
e
 (

m
m

3
)

Figure 6.4 Effect of progressive preparation of root canals with the self-adjusting file (SAF) 1.5 and 2.0 mm. Initial canal volumes
in both groups (n=10 each) were statistically similar (inset). Preparation was done with 1.5 mm SAF (blue symbols) or 2.0 mm
SAF (red symbols). (a) Canal volume increases with preparation over time. (b) Reduction in un-instrumented canal surface with
progressive preparation. Data approximated by a linear regression line (blue) and second-order polynomial curve (red; untreated
area). (c) Color-coded model for an anterior central incisor that was shaped with the 2 mm SAF for 4 min. Different amounts of
surface area changes are indicated. (a and b: Peters et al. (58). Reproduced with permission of Elsevier, Inc.)

(84), based on microbiological assays, as well

as Khademi et al. (66), using scanning electron

microscopy, found that apical preparation to size

#30 is required to effectively clean root canals.

Moreover, recent elegant analyses using a thermal

imaging system revealed detailed relationships

between master apical file size, needle diameter,

and insertion depth (86).

More recently, Cohenca and colleagues (87),

using an in situ design with randomization, failed

to demonstrate any difference in bacterial reduc-

tion with different tapers and apical sizes. These

parameters varied for cases in the study groups

with teeth prepared with LightSpeed or ProTaper

but seemed to have less impact than the use of

conventional needle irrigation versus negative

pressure irrigation (EndoVac) (87).

Earlier, even larger apical preparation sizes

were favored, as the results from Trope’s group

(11, 12, 14) show. Trope and colleagues used anaer-

obic culturing from teeth that were diagnosed with

pulpal necrosis and apical periodontitis to deter-

mine sequential reduction in bacterial counts in an

in situ design. Frequently and despite a significant

reduction of bacterial loads, viable bacteria were

still detected after several canal shaping appoint-

ments. The authors concluded that disinfecting

irrigants and intracanal medicaments should be

employed to reduce viable bacteria counts (12).

Interestingly, larger apical sizes (#40, taper 0.04

compared to #20, taper 0.10) facilitated the applica-

tion of calcium hydroxide medication in-vitro (6).
Taken together, these results suggest that suf-

ficient apical preparation size and the use of
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Table 6.1 Summary of evidence published in the past decade to suggest apical preparation geometry. Note that the vast majority
of these studies were performed in-vitro. Also, there appears to be a very wide variation for favored apical sizes and several
studies with inconclusive findings.

Favored size Article Conclusion Design

Small (63) Increased apical enlargement of curved canals did not result in a complete
apical preparation, whereas it did lead to the unnecessary removal of dentin.

In-vitro

Small (61) There was no significant difference in intracanal bacterial reduction when
Ni–Ti GT rotary preparation with NaOCl and EDTA irrigation was used with
or without apical enlargement preparation technique. It may not be neces-
sary therefore to remove dentin in the apical part of the root canal when a
suitable coronal taper is achieved to allow satisfactory irrigation of the root
canal system with antimicrobial agents.

In-vitro

>#20 (64) Apical canal geometry was affected differently by six preparation techniques;
preparations with GT instruments to an apical size #20 left more canal sur-
face untouched, which might affect the ability to disinfect root canals in
maxillary molars.

In-vitro

#25 (65) Apical foramen widening (up to a size #25 K-file) and calcium
hydroxide-containing sealer were more favorable to the healing of chronic
apical lesions.

Clinical

#30 (66) The minimum instrumentation size needed for the penetration of irrigants to
the apical third of the root canal is a #30 file.

In-vitro

>#25 (67) Root canal enlargement to sizes larger than #25 appeared to improve the
performance of syringe irrigation.

In-vitro

Low end of
range #30–55

(68) The larger the foraminal file size, the more difficult the apical foramen instru-
mentationmay be in laterally emerged cemental canals. Note: The diameters
compared were from K-files #30 to #55.

In-vitro

>#30 (69) Root canal preparation to apical size #30 and tapers 0.04, 0.06, or 0.08 did
not affect canal cleanliness.

In-vitro

#40 (70) Comparing NiTi LightSpeed and NiTi hand instruments both combined
with apical preparation size (APS—technique specified in an earlier paper
by the same group

For distal/palatal canals: APS=DSI+0.40 mm; for
mesiobuccal/mesiolingual/distobuccal canals: APS=DSI+0.30 mm); both
preparation techniques allowed a wide apical preparation with a rather
slight risk of procedural errors in molars.

In-vitro

#40 (27) Debris is more effectively removed using 0.04, 0.06, and 0.08 ProFile GT
when the apical preparation size is larger (size #40) compared with size #20.
When a taper of 0.10 can be produced at the apical extent of the canal, there
is no difference in debris removal between the two preparation sizes.

In-vitro

#40 (71) The degree of root canal curvature decreased the volume of irrigant at the
working length for a given apical size and taper. An apical preparation of
#40.06 significantly increased the volume and exchange of irrigant at the
working length regardless of curvature.

In-vitro

#40 (72) An increase in apical preparation size and taper resulted in a statistically
significant increase in the volume of irrigant. In addition, an apical enlarge-
ment to ISO #40 with a 0.04 taper will allow for tooth structure preservation
and maximum volume of irrigation at the apical third when using the apical
negative pressure irrigation system.

In-vitro

(continued)
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Table 6.1 (Continued)

Favored size Article Conclusion Design

#40 (28) No differences were found between each level within each apex size
group; however, the GT size #20 group left significantly more debris in
the apical third compared with the GT size 40 group.

In-vitro

#40 (73) Endotoxin levels of dental root canals could be predicted by increasing the
apical enlargement size. Note: The diameters compared were Mtwo sizes
#25/0.06, 30/0.05, 35/0.04, 40/0.04.

In-vitro

#40–50 (74) The APS in 2-canal upper premolars and mandibular premolars should be
at least 6 sizes larger than the first apically binding file, whereas in upper
premolars with a central canal, the APS should be enlarged to 8 sizes larger.
Normally, this implies shaping premolars with 1 canal to #60–70 and with
2 canals to #40–50.

In-vitro

#50 (62) The results suggested that instrumentation to an apical size of #50, as
performed with the Pow-R instruments, was more effective in debriding
infected root canals than instrumentation to an apical size of #35, as per-
formed with the GT and Profile instruments.

In-vitro

#60–80 (12) Typically, molars were instrumented to size #60 and cuspid/bicuspid
canals to size #80. It is concluded that simple root canal systems (with-
out multiple canal communications) may be rendered bacteria-free when
preparation of this type is utilized.

In situ

Large (75) The enlargement of the canal to 3 sizes larger than the FABF is adequate,
and further enlargement does not provide any additional benefit during
endodontic treatment.

Clinical

Large (76) Root canals should be shaped to larger sizes than normally recom-
mended. Note: Compared diameters of special instruments (SI) ranging
0.08–0.45 mm.

In-vitro

Large (54) Better microbial removal and more effective irrigation occurred when
canals were instrumented to larger apical sizes. Although bacteria may
remain viable in dentinal tubules, proper instrumentation and adequate
irrigation significantly reduces bacteria from the canal and the dentinal
tubules.

Review

Large (77) An increase in the root canal taper was found to improve irrigant replace-
ment and wall shear stress while reducing the risk for irrigant extru-
sion. Irrigant flow in a minimally tapered root canal with a large apical
preparation size appeared more advantageous than in the tapered root
canals with a smaller apical preparation size (size #30, 0.02 taper, 30,
0.04, 30, 0.06, ProTaper F3 or size #60, 0.02 taper root canals were
evaluated).

In-vitro

Large (78) An increase in file size was shown to be important in allowing the NaOCl
to be an effective antibacterial irrigant.

In situ

Large (79) It was concluded that greater apical enlargement using LS rotary instru-
ments is beneficial as an attempt to further debride the apical third region
in mesiobuccal canals of mandibular molars.

In-vitro

Inconclusive
or statistically
insignificant

(80) No apical enlargement size allowed the root canal walls to be prepared
completely. The diameters compared were Hero642 instruments sizes
#30/0.02, 35/0.04, 40/0.02, 45/0.02.

In-vitro
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Table 6.1 (Continued)

Favored size Article Conclusion Design

Inconclusive
or statistically
insignificant

(81) Neither the first K-file nor the first LightSpeed instrument that bound at
the working length reflected accurately the diameter of the apical canal
in curved mandibular premolars. It is uncertain whether dentine can be
removed from the entire circumference of the canal wall by filing the root
canal to three sizes larger than the file that binds first.

In-vitro

Inconclusive
or statistically
insignificant

(82) When comparing ProTaper size #30; taper 0.09–0.055 and Hero Shaper
size #30, taper 0.04, both to the full WL, the difference between changes
in bacterial numbers achieved with two instrumentation techniques was
statistically not significant.

In-vitro

Inconclusive
or statistically
insignificant

(83) Root canals with mild curvature prepared with the #45.02 instrument to
the full WL showed the highest values for extruded material to the apical
region (0.87± 0.22). It seems more reasonable to establish final instrument
diameters based on the anatomic diameter after cervical preparation.

In-vitro

Inconclusive
or statistically
insignificant

(84) An appropriate apical sizing method can help the operator avoid unneces-
sary enlargement of the apex while predictably reducing intracanal debris.
Method: During crown-down preparation, the first crown-down file to
reach the apex during instrumentation was noted (CDF). Teeth were then
divided into three master apical file size groups of CDF+1, CDF+2, and
CDF+3.

In-vitro

a small-caliber irrigation needle are desirable to

promote irrigation and hence antimicrobial efficacy.

It is a common theme that canal preparation needs

to adapt to specific irrigation devices (detailed in

Chapters 8–13 in this book). Placement of irrigation

needles, ultrasonic activation inserts, and negative

pressure devices all have specific requirements for

canal space, and canal shaping has to provide this

space.

BesidesWL and apical size, a third, as yet incom-

pletely understood aspect of canal shape is taper.

Some have expressed concerns that the importance

of root canal taper should be seen only in conjunc-

tionwith root canal filling techniques, most notably

vertical compaction (88). However, as stated before,

there is some experimental evidence that taper may

be connected to the ability to clean the root canal

system by improving the irrigant action (27, 28, 71,

77, 85).

Limited microbiological data deliver conflicting

information regarding the potential of smaller

apical preparations with larger taper to disinfect

the root canal system (14, 61). Using the amount

of instrumented canal area as surrogate outcome

for disinfecting capacity, no significant differences

were found overall comparing shapes with GT 20

0.10 taper to apical size #40 with smaller tapers
(89). However, there were significant differences
when the apical canal segment was evaluated for
instrumented canal surface area (64).

Potential negative effects of shaping
on disinfection

Obviously, a clinician has to carefully decide with
which instrument and how wide to shape a given
canal in order to achieve antimicrobial efficiency
without overly weakening the tooth structure.
Most NiTi instruments used according to current
guidelines allow wider shapes without major
preparation errors and without excessively reduc-
ing radicular walls (22, 45). Remaining dentin
thickness was in the range of 0.6 mm with var-
ious rotary instruments (90, 91). It is currently
unknown if and possibly how remaining dentin
thickness is correlated to root fractures. However,
simulation studies using finite element models (92)
suggest that larger tapers may have the potential
to increase von Mises stresses during masticatory
load. Research is ongoing to identify possible canal
preparation strategies that may retain more bulk
dentin and hence structural strength.
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Another possible negative effect of canal prepa-
ration is the production of the so-called smear layer
that is typically generated in contact between
dentin and mechanical instrumentation (see
Figure 6.2). This smear layer depends on the type of
instrument and irrigation solutions used.Most clin-
icians remove it in order to promote access of irrig-
ants to dentinal tubules and small accessory canals.

Finally, interest has recently been focused on
hard tissue debris that is compacted into canal
spaces not directly shaped by root canal instru-
ments, such as isthmuses, apical ramifications,
and larger accessory canals. As demonstrated in
Figure 6.1 dentin shavings have the potential to
encase microorganisms, which may, on contact
with the host defense in the periodontal ligament,
impede tissue healing and bone fill.

Paqué and colleagues (93) have developed a
microCT-based model to assess the amount and
distribution of such hard tissue debris. They
demonstrated that up to 30% of the volume of
regions with accessory anatomy was initially filled
with dentin shavings. Figure 6.5 demonstrates that
subsequent irrigation fails to completely remove
compacted root dentin from these anatomical
spaces. Removal of such hard tissue debris is
facilitated by various irrigation parameters (94, 95).

Considering the need for sufficient canal shapes
that promote disinfection and the limitations of

current shaping instruments and procedures, it
seems prudent to suggest a compromise between
the needed size and avoiding negative conse-
quences of overenlargement. Clinically a variety of
different procedures will allow clinicians to achieve
their specific shaping objectives.

Clinical data to support specific shaping
paradigms

Unfortunately, clinical outcome data is lacking
that would support specific canal shaping strate-
gies. Those clinical outcome studies that include
the factor “apical preparation size” often present
insufficient statistical power and conflicting results
(96–98).

A review of the technical aspects of root canal
treatments (99) found that apical periodontitis
was more frequent with inadequate root canal
fillings; however, the author did not find evidence
that canal instrumentation methods, and in par-
ticular apical sizes, had any measurable effect on
outcomes.

Conversely, one result of the Toronto study on
endodontic outcomes seemed to favor smaller
preparations in conjunction with tapered shapes
and vertically compacted gutta-percha over
step-back preparation to larger apical shapes

1.0 mm

1.0 mm

(a)

(b)

Figure 6.5 Debris accumulation in
accessory anatomy following
instrumentation, illustrated using the
same specimen shown in Figure 6.2.
Individual MCT slices from the apical
third of a typical specimen before and
after root canal preparation and irrigation
with NaOCl, subsequent irrigation with
EDTA, and final passive ultrasonic
irrigation using NaOCl (a, from left to
right). The corresponding
three-dimensional reconstructions of the
whole canal system are depicted in (b).
(Paqué et al. (94). Reproduced with
permission of John Wiley & Sons, Inc.)
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(90% and 80% success, respectively) (100). Again,

in contrast, using PAI scores determined from

radiographs, Ørstavik and colleagues (101) did

not find any significant impact of the preparation

size on outcomes. Similarly Ng and colleagues (32)

could not find any effect on clinical outcomes by

final canal size (<#30 and >#30) as well as by taper.

However, achieving patency was associated with

significantly higher clinical success (32).

More recently, a randomized prospective clinical

study specifically addressing canal preparation

dimension (75) concluded that apical enlargement

at least 3 sizes larger than the first file to bind at the

apex was adequate for the clinical outcome investi-

gated (change in apical radiolucent areas reflected

in decreased PAI scores). They further noted that

additional enlargement did not provide additional

benefit for clinical outcomes. The authors used

the criterion “first file to bind” based on tactile

feedback when placing stainless steel hand files to

the estimated WL in preflared canal (75).

It is not possible to determine canal diameters

from radiographs (29); however, microCT scans

may be able to give more detailed information

regarding root canal anatomy (102). The resolution

of current clinically available small field-of-view

cone bean systems is in the range of 80 μm, cor-

responding to a size #08 F-file, and hence not

sufficient to determine canal diameters with preci-

sion. Therefore, currently, canals width will still be

determined by passing a series of K-files to WL to

gauge canal shapes.

This process may depend on file type and the

amount of preflaring (102, 79, 81). Clearly, the

first instrument that gives the clinician a sense of

binding does not correspond to any canal diameter.

Wu and colleagues (81) demonstrated that the

diameter of the “binding” instrument was smaller

than the canals’ diameter in 90% of the cases with

a difference of up to 0.19 mm. Unexpectedly, Light-

speed instruments that possess a fine noncutting

shaft did not perform better than K-files with .02

taper. Therefore, they concluded that it is uncertain

whether circumferential removal of dentin occurs

based on the criterion that one should prepare 3

sizes larger than the first binding file (81). This

fact does not appear to preclude clinical success

considering the available clinical outcome data (32,

97–99, 101).

Conclusions

The description of clinical techniques to shape root
canals is beyond the scope of this chapter and the
reader is referred to current endodontic textbooks
for that purpose. Nevertheless, it appears reason-
able to briefly state what can be summarized as rel-
evant steps in canal shaping in an attempt to rec-
oncile optimized antimicrobial effects and retained
structural strength.

It should be acknowledged that technology
and clinical skills must go hand in hand to reach
these goals. Experience suggests that success in
canal shaping can be promoted by using a system-
atic approach in shaping stages, regardless of the
instruments or technique selected.

Stage 1

1.1. Initial canal exploration with small hand
files to gauge canal size, shape, and con-
figuration. Irrigation with antimicrobials,
preferably sodium hypochlorite.

1.2. Coronal preflaring to facilitate placing sub-
sequent files to WL (either hand or rotary).
Maintaining antimicrobial efficiency by fre-
quent and copious irrigation.

Stage 2 (if there is only one major curve)

2.1. Negotiation to the apical foramen, estab-
lishing patency and WL.

2.2. Achieving a predictable glide path to WL.
2.3. Shaping to full canal length with rotary

instruments while under frequent irri-
gation turnover. Hand instrumentation if
needed should be done passively involving
the balance force technique.

2.4. Determining apical constriction size and
correction of final canal size accordingly.

Stage 3 (only needed when there is a major sec-
ondary curve, in which case Stage 2 would only
instruments to advance allow into the secondary
curve).

3.1–3.4. accordingly.

Taking all mentioned studies and clinical experi-
ence together, it is not possible to suggest definite
dimension or techniques in canal shaping that
would fit all anatomical variations. It seems likely
though that a clinical technique, including shaping
tools, irrigation devices, and obturation materials
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that overall enhances antimicrobial activity is desir-
able as long as structural integrity of the treated
radicular structure is retained.
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Introduction

Bacteria have long been recognized as the pri-
mary etiologic factors in the development of pulp
and apical lesions (1). Successful root canal ther-
apy depends on the thorough chemomechanical
debridement of pulpal tissue, dentin debris, and
infective microorganisms (2). For a treatment to
reach favorable outcomes in endodontic infection
management, the recognition of the problem and
the removal of the etiological factors is important.

Irrigation is defined as “to wash out a body
cavity or wound with water or a medicated fluid”
and aspiration as “the process of removing fluids
or gases from the body with a suction device.”
Disinfectant, on the other hand, is defined as
an agent that destroys or inhibits the activity of
microorganisms that cause a disease (3).

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

The objectives of irrigation in endodontics are
mechanical, chemical, and biological. The mechan-
ical and chemical objectives are as follows: (i) flush
out debris, (ii) lubricate the canal, (iii) dissolve
organic and inorganic tissue, and (iv) prevent the
formation of a smear layer during instrumentation
or dissolve it once it has formed. The biological
function of the irrigants is related to their antimi-
crobial effect, more specifically: (i) they have a high
efficacy against anaerobic and facultative microor-
ganisms in their planktonic state and in biofilms,
(ii) they have the ability to inactivate endotoxin,
and (iii) they are nontoxic when they come in con-
tact with vital tissues, are not caustic to periodontal
tissues, and have little potential to cause an ana-
phylactic reaction (4). The characteristics of an ideal
irrigant and the classification of current irrigants
are shown in Tables 7.1 and 7.2 respectively.
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Table 7.1 Characteristics of an ideal endodontic irrigant
(5–7).

(1) Be an effective germicide and fungicide.
(2) Be nonirritating to the apical tissues.
(3) Remain stable in solution.
(4) Have a prolonged antimicrobial effect and have a

sustained antibacterial effect after use.
(5) Be active in the presence of blood, serum, and protein

derivate of tissue.
(6) Be able to completely remove the smear layer.
(7) Have low surface tension.
(8) Be able to disinfect the dentin and its tubules.
(9) Do not interfere with repair of apical tissues.

(10) Do not stain tooth structure.
(11) Be capable of inactivation in a culture medium.
(12) Do not induce a cell mediated immune response. Be

nonantigenic, nontoxic, and noncarcinogenic to tissue
cells surrounding the tooth.

(13) Have no adverse effects on the physical properties of
exposed dentin.

(14) Have no adverse effect on the sealing ability of filling
materials.

(15) Have convenient application.
(16) Be relatively inexpensive.

Grossman andMeiman (1941) (5). Reproduced with permission
of Elsevier.

Table 7.2 Classification of current irrigants.

(A) Antibacterial agents: Sodium hypochlorite (NaOCl),
chlorhexidine (CHX).

(B) Decalcifying agents:

(a) Weak: Hydroxyethylidene bisphosphonate or
etidrona acid (HEBP).

(b) Strong: Ethylenediaminetetraacetic acid (EDTA).

(C) Combinations (antibacterial agents and/or chelating
agents+detergent):

(a) MTAD (Dentsply Tulsa Dental Specialties, Tulsa, OK)
and Tetraclean (Ogna Laboratori Farmaceutici,
Muggiò, Italy): tetracycline+ acid+detergent.

(b) QMiX (Dentsply Tulsa Dental, Tulsa, OK): CHX,
EDTA+detergent.

(c) Smear Clear (SybronEndo, Orange, CA):
EDTA+detergent.

(d) Chlor-Xtra (Vista Dental, Racine, WI):
NaOCl+detergent.

(e) CH plus (Vista Dental, Racine, WI):
CHX+detergent.

(D) Natural agents: Green tea, Triphala.

Irrigation solution in endodontics

Sodium hypochlorite (NaOCl)

Sodium hypochlorite is a chemical compound
with the formula NaOCl. Sodium hypochlorite
solution, commonly known as bleach, is frequently
used as a disinfectant or a bleaching agent. It is the
medicament of choice during root canal treatments
following its efficacy against pathogenic organisms
and pulp digestion. The main characteristics of
sodium hypochlorite are summarized in Table 7.3.

History

Hypochlorite was first produced in 1789 in Javelle,
France, by passing chlorine gas through a solution
of sodium carbonate. The resulting liquid, known
as Eau de Javelle or Javelle water, was a weak solution
of sodium hypochlorite. However, this process was
not very efficient and alternative production meth-
ods were sought. One such method involved the
extraction of chlorinated lime (known as bleaching
powder) with sodium carbonate to yield low levels
of available chlorine. This method was commonly
used to produce hypochlorite solutions for use
as a hospital antiseptic, which was sold under
the trade names “Eusol” and “Dakin’s solution.”
Sodium hypochlorite as a buffered 0.5% solution
was recommended for the irrigation of wounds
during World War I by Dakin.

Table 7.3 Summary of the characteristics of NaOCl.

Current irrigant of choice
Effective antimicrobial agent
Excellent organic tissue solvent
Lubricant
Fairly quick effective agent

Limitations:

Toxic
Not substantive
Discolors, corrodes, and exudes unpleasant odor
Is ineffective in smear layer removal
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Mode of action

When hypochlorite contacts tissue proteins,
within a short time, nitrogen, formaldehyde, and
acetaldehyde are formed. The peptide links are bro-
ken up to dissolve the proteins. During this process,
hydrogen in the imino groups (–NH–) is replaced
by chlorine (–N⋅Cl–), forming chloramines, which
plays an important role in antimicrobial effec-
tiveness. Thus, the necrotic tissue and pus are
dissolved and the antimicrobial agent can better
reach and clean the infected areas. In addition to
its application as a root canal irrigant, NaOCl is
commonly used to deproteinize hard tissues for
biomedical applications.

Estrela (8) reported that sodium hypochlorite
exhibits a dynamic balance. Sodium hypochlorite
acts as an organic and fat solvent that degrades
fatty acids and transforms them into fatty acid
salts (soap) and glycerol (alcohol), thus reduc-
ing the surface tension of the remaining solution
(saponification reaction) (Figure 7.1).

Sodium hypochlorite neutralizes amino acids,
forming water and salt (neutralization reaction).
With the exit of hydroxyl ions, there is a reduction
of pH.When chlorine dissolves in water and gets in

contact with organic matter, it forms hypochlorous

acid. It is a weak acid with the chemical formula

HClO. HClO is an oxidizer. This acid acts as a

solvent, releasing chlorine that combined with

the protein amino group forms chloramines (chlo-

ramination reaction). Hypochlorous acid (HOCl−)

and hypochlorite ions (OCl−) lead to amino acid

degradation and hydrolysis.

The chloramination reaction between chlorine

and the amino group (NH) forms chloramines that

interfere in cell metabolism. Chlorine, a strong

oxidant, presents antimicrobial action by inhibiting

bacterial enzymes, leading to the irreversible oxi-

dation of SH groups (sulfhydryl group) of essential

bacterial enzymes (8).

Sodium hypochlorite is a strong base (pH > 11).

The antimicrobial effectiveness of sodium hypo-

chlorite, based in its high pH (hydroxyl ions action),

is similar to the mechanism of action of calcium

hydroxide. The high pH of sodium hypochlorite

interferes in the cytoplasmic membrane integrity

with an irreversible enzymatic inhibition, biosyn-

thetic alterations in cellular metabolism, and

phospholipid degradation observed in lipidic

peroxidation (8).
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Figure 7.1 Mechanism of the action of
NaOCl. (Courtesy of Dr. Manzur.)
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Concentrations

As an endodontic irrigant, NaOCl is used in con-

centrations between 0.5% and 6%. There has been

controversy over the use of different concentra-

tions of sodium hypochlorite during root canal

treatment. Some in-vitro studies have shown that

NaOCl in higher concentrations is more effective

against Enterococcus faecalis and Candida albicans
(9–11). In contrast, clinical studies have indicated

both low and high concentrations to be equally

effective in reducing bacteria from the root canal

system (2, 12). NaOCl in higher concentrations

has a better tissue-dissolving ability (13); however,

even in lower concentrations when used in high

volumes it can equally be effective (14, 15). Higher

concentrations of NaOCl are more toxic than lower

concentrations (16); however, because of the con-

fined anatomy of the root canal system, higher

concentrations have successfully been used dur-

ing root canal treatment, with a low incidence of

mishaps. Altogether, if lower concentrations are to

be used for intracanal irrigation, it is recommended

that the solution be used in higher volume and

in more frequent intervals to compensate for the

limitations of low concentrations (15).

Instrumentation coupled with an antimicrobial

irrigant, such as NaOCl, has been shown to yield

more negative cultures than instrumentation alone

(17–19). However, even with the use of NaOCl,

removal of bacteria from the root canal systems

following instrumentation remains an elusive goal.

Grossman (20), observing pulp tissue dissolution

capacity, reported that 5% sodium hypochlorite

dissolves this tissue in between 20min and 2h.

The dissolution of bovine pulp tissue by sodium

hypochlorite (0.5%, 1.0%, 2.5%, and 5.0%) was

studied in-vitro under different conditions (8). It

was concluded that (i) the velocity of dissolu-

tion of the bovine pulp fragments was directly

proportional to the concentration of the sodium

hypochlorite solution and was greater without the

surfactant; (ii) the variation of surface tension, from

the beginning to the end of pulp dissolution, was

directly proportional to the concentration of the

sodium hypochlorite solution and was greater in

the solutions without surfactant. Solutions without

surfactant presented a decrease in surface tension

and those with surfactant an increase; (iii) with the

elevation of temperature of the sodium hypochlo-

rite solutions, dissolution of the bovine pulp tissue

was more rapid; (iv) the percent variation of the

sodium hypochlorite solutions, after dissolution,

was inversely proportional to the initial concentra-

tion of the solution, or, in other words, the greater

the initial concentration of the sodium hypochlo-

rite solutions, the smaller the reduction of its

pH (8).

Time of exposure for optimal effect

There is considerable variation in the literature

regarding the antibacterial effect of NaOCl (21).

In some articles, hypochlorite is reported to kill

the target microorganism in seconds, even at low

concentrations, although other articles published

report considerably longer times for the killing

of the same species (21). Such differences are a

result of the confounding factors in some of the

studies. In the experiments, it was found that the

presence of organic matter has a great effect on

the antibacterial activity of NaOCl. Haapasalo and

colleagues (21) showed that the presence of dentin

caused marked delays in the killing of E. faecalis by
1% NaOCl. Many of the earlier studies were per-

formed in the presence of an unknown amount of

organic matter. When the confounding factors are

eliminated, it has been shown that NaOCl kills the

target microorganisms rapidly even at low concen-

trations of less than 0.1% (22, 23). However, in vivo,
the presence of organic matter (inflammatory

exudate, tissue remnants, and microbial biomass)

consumes NaOCl and weakens its effect. There-

fore, continuous irrigation and time are important

factors for the effectiveness of NaOCl (21).

In summary, even fast-acting biocides such as

NaOCl require an adequate working time to reach

their potential. Chlorine, which is responsible for

the dissolving and antibacterial capacity of NaOCl,

is unstable and is consumed rapidly during the

first phase of tissue dissolution, probably within

2min (14); therefore, continuous replenishment is

essential. This should especially be considered in

view of the fact that rotary root canal preparation

techniques have expedited the shaping process.

The optimal time that a hypochlorite irrigant at a

given concentration needs to remain in the canal

system is an issue yet to be resolved (24).
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Storage and handling

The following points should be considered when
handling sodium hypochlorite:

(1) The stability of NaOCl solutions is reduced by
lower pH, presence of metallic ions, exposure
to light, open containers, and higher tempera-
tures.

(2) To ensure good shelf life, all solutions should
be stored in light-proof (opaque glass or poly-
thene), airtight containers, in a cool place.

(3) If diluted, it should be done as soon as possible
after purchase, because dilute solutions deteri-
orate less rapidly than concentrated solutions.

(4) Domestic bleach solutions produced and
stored in this manner will deteriorate more
rapidly than Milton, because they do not have
the added salt, which provides stability.

(5) If undiluted bleach is used, the bottle should
always be tightly sealed, and the bleach should
be discarded by the “use by” date. The same
goes forMilton aswell; as long as the container
and lid are intact, the product will be effective
until the expiry date.

(6) Frequent opening of a container or failure to
close it securely would have an effect similar
to leaving a container open, and the shelf life
would be reduced accordingly.

(7) Metallic containers should never be used for
sodium hypochlorite, as the hypochlorite will
react with the metal in the containers.

(8) The corrosive nature of sodium hypochlo-
rite must be considered before disposal. As
drainage pipes from sinks and dental units
may use stainless steel, copper, galvanized
steel, poly(vinyl chloride) (PVC), polythene,
and perhaps other materials, copious quan-
tities of water should be flushed down all
drains at the time of disposal to avoid risk
of perforation of drainage traps that have
undiluted sodium hypochlorite in them for
any period (25).

Safety

Sodium hypochlorite is a nonspecific oxidizing
agent. Products of the oxidation reactions are
corrosive. Solutions burn skin and cause eye
damage, particularly when used in concentrated

forms. However, as recognized by the National
Fire Protection Association (NFPA), only solutions
containing more than 40% sodium hypochlorite
by weight are considered hazardous oxidizers.
Solutions less than 40% are classified as a moder-
ate oxidizing hazard (NFPA 430, 2000). The toxic
effects of NaOCl on vital tissues include hemolysis,
epithelial ulceration, and necrosis (4).

Severalmishaps during root canal irrigation have
been described in the dental literature. These range
fromdamage to the patient’s clothing, splashing the
irrigant into the patient’s or operator’s eye, injec-
tion through the apical foramen, and allergic reac-
tions to the irrigant, to inadvertent use of an irrigant
as an anesthetic solution (4). Preventive measures
that should be taken to minimize potential compli-
cations with sodium hypochlorite are presented in
Table 7.4 (26) (Figure 7.2).

A literature review of inadvertent extrusion of
NaOCl beyond the apical foramen found simi-
lar symptoms, regardless of the concentration,
with tissue responses proportional to the volume
of NaOCl extruded (27) (Figure 7.3). Extrusion
of NaOCl into the apical tissues can result from
several pathways. A wide apical foramen, lack of

Table 7.4 Protective measures during NaOCl irrigation.

• Plastic bib to protect patient’s clothing
• Provision of protective eye-wear for both patient and

operator
• The use of a sealed rubber dam for isolation of the tooth

under treatment
• The use of side exit Luer-Lok needles for root canal

irrigation
• Irrigation needle a minimum of 2mm short of the working

length (Figure 7.2)
• Avoidance of binding the needle into the root canal
• Avoidance of excessive pressure during irrigation

Figure 7.2 Placement of rubber stopper on irrigation needle
to prevent NaOCl accident.
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(a) (b)

Figure 7.3 (a,b) NaOCl accident.

apical constriction, or extreme pressure might all
lead to the extrusion of NaOCl. Most complications
occur because of the incorrect working length,
widening of the apical foramen, lateral perforation,
or binding of the irrigating needle (28).

The main symptoms when injected into the
apical tissues are immediate severe pain, immedi-
ate edema of the neighboring soft tissues, possible
extension of edema over the injured side of the face,
upper lip and infraorbital region, profuse bleeding
from the root canal, profuse interstitial bleeding
with hemorrhage of the skin and mucosa (ecchy-
mosis), chlorine taste and irritation of the throat
after injection into the maxillary sinus, secondary
infection, reversible anesthesia, or paresthesia.

Current treatment protocols for NaOCl acci-
dents have been determined mainly from the
numerous case reports published, rather than
more evidence-based research efforts. Mehdipour
et al. (29) suggest early recognition of extrusion,
immediate canal irrigation with normal saline,
encouragement of bleeding, pain control with local
anesthetics and analgesics, and warm compresses
and frequent warm mouth rinses for the stimula-
tion of the local systemic circulation, reassurance
of the patient, and monitoring the improvement.
Cancellous bone is significantly affected by NaOCl,
whereas cortical bone is minimally affected. Can-
cellous bone after a NaOCl accident is less dense,
with broken and dissolved architecture. The deeper

penetration of the test needle is interpreted as the
result of a disrupture in the structural integrity of
the cancellous bone. The principal harm is to the
cells, because they are dependent on the specific
fluid environment in which they are found; NaOCl
changes that environment, causing cellular necro-
sis and apoptosis. The damaged matrix can then
become a nidus for infection. Trabecular bone is
damaged by the toxic effects of NaOCl. The less
cellular cortical bone is clearly less affected. The
results show that the loss of organic content of the
bone and demineralization are significant, and no
sign of living cellular content remains (30).

Effect of NaOCl on dentin

Dentin is composed of approximately 22% organic
material by weight. Most of this consists of type
I collagen, which contributes considerably to the
mechanical properties of dentin (31). Sodium
hypochlorite is known to fragment long peptide
chains and to chlorinate protein terminal groups;
the resulting N-chloramines are broken down into
other species (32). Consequently, hypochlorite solu-
tions may affect mechanical dentin properties via
the degradation of organic dentin components (33).

A study on bovine dentin suggested that
within the time frame of a root canal treat-
ment, concentrated hypochlorite solutions cause
untoward effects on dentin biomechanics (34).
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Figure 7.4 Dentin treated with NaOCl.

A 2h exposure of dentin to NaOCl solutions of
more than 3% (w/v) significantly decreases the
elastic modulus and flexural strength of human
dentin compared to physiological saline (35).
However, contrasting results have also been
published (36). A recent study showed a clear
concentration-dependent effect of NaOCl solutions
on the mechanical dentin properties resulting from
the disintegration of the organic dentin matrix (37)
(Figure 7.4).

There have been several reports of the adverse
effects of sodium hypochlorite on physical prop-
erties such as flexural strength, elastic modulus,
and microhardness of dentin. These changes in
the physical properties of dentin come not only
from changes in the inorganic phase but also from
the organic phase of dentin. Moreover, in their
eagerness to ensure “complete” disinfection, den-
tists vary not only the concentration but also the
volume, duration, flow rate, and temperature in
their attempts to eliminate all bacteria (37). It is
quite clear from the literature that the higher the
concentration of sodium hypochlorite, the greater
the deleterious effects on dentin. These effects
include the reduction of the elastic modulus and
the flexural strength.

Sodium hypochlorite penetration of dentinal
tubules

Not many studies have analyzed the penetration
of NaOCl inside the dentinal tubules. Zou et al.

(38) are the first to report hypochlorite penetration
into dentin measured with such accuracy (microm-
eters). Within their experimental setup, the depth
of hypochlorite penetration varied between 77 and
300 μm. The three parameters potentially affecting
hypochlorite penetration that were evaluated in
the present study were concentration, time, and
temperature. All of these did have an impact on the
penetration, but the effect was generally less than
anticipated. Perhaps the most surprising observa-
tion was that increasing the concentration from 1%
to 6% did not result in more than 30–50% increase
in penetration. Longer exposure time in the present
study resulted in deeper penetration of hypochlo-
rite, although the speed of penetration declined
sharply over time. For example, at 20 ∘C, penetra-
tion depth of 1% NaOCl in 2min was about 77 μm;
after another 18min at the same temperature, the
depth reached about 185 μm. Because the solubi-
lizing abilities of NaOCl solutions are reduced by
contact with organic material, it can be speculated
that most of its activity is lost after 2min, and
continuous replenishment of fresh solution will be
needed. The antibacterial effectiveness of NaOCl
is dependent on its concentration, temperature,
and volume and contact time in the root canal. The
results showed that the three variables all had an
effect on NaOCl penetration, but the effect was
not very pronounced for any of the factors alone.
The penetration depths of 1%, 2%, 4%, and 6%
solutions after 2min at room temperature were
77, 96, 105, and 123 μm, respectively. The highest
values, 291 and 300 μm, were found in the groups
treated by 6% NaOCl at 37 and 45 ∘C for 20min.
Within the limitations of this study, temperature,
time, and concentration all play a role in deter-
mining the depth of hypochlorite penetration into
dentinal tubules. Deepest penetrationwas obtained
when these factors were present simultaneously,
suggesting an additive effect (Figure 7.5) (38).

Allergic reactions to NaOCl

Although few reports on allergy-like reactions
to sodium hypochlorite have been published
(39, 40), real allergies to sodium hypochlorite are
unlikely to occur as both sodium and chlorine
are essential elements in the physiology of the
human body. Nevertheless, hypersensitivity and
contact dermatitis may occur in rare cases. In cases
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Figure 7.5 Sodium hypochlorite penetration of dentinal
tubules.

of hypersensitivity against sodium hypochlorite,
chlorhexidine (CHX) should not be used because
of the chlorine content. In such cases, the use of an
alternative irrigant with high antimicrobial efficacy
such as iodine–potassium iodide (IPI) should be
considered. Before use, any allergy against iodine
must be ruled out. Further irrigants such as alcohol
or tap water are less effective against microorgan-
isms and do not dissolve vital or necrotic tissue.
Calcium hydroxide could be used as a temporary
medicament as it dissolves both vital and necrotic
tissues (41, 42).

Effect on biofilm

Biofilm growth over root surfaces has been demon-
strated on teeth with chronic apical periodontitis
and teeth refractory to root canal treatment. Bac-
teria organized as biofilms have been found in
inaccessible areas of necrotic pulp space and on
root surfaces and cemental lacunae. Growing
within a competitive environment, the organisms
within biofilm generally have a low metabolic
rate and tend to be very resistant to antimicro-
bial substances. The negatively charged polymers
within the matrix may neutralize strong oxidizing
agents, making it difficult for them to penetrate
and kill microorganisms. Because of the close prox-
imity of bacterial cells within the biofilm, DNA
exchange readily takes place and can rapidly trans-
fer antibiotic resistance. Therefore, antimicrobial
substances that easily kill free-floating organisms
have not shown the same effectiveness on the same

organisms originating from a biofilm. In addition,
the structure of biofilm offers protection to resident
bacteria from immune defenses. These properties
of biofilm help to explain the chronic nature and
resistance of some endodontic infections (43).

Clegg et al. (44), in their classic paper on the effect
of NaOCl on biofilms, reported that 6%NaOCl was
the only agent capable of both physically removing
artificial biofilm and killing bacteria. There was a
dose-dependent effect of NaOCl against bacteria,
as higher concentrations were more antibacterial.
This confirms the results of previous studies that
also demonstrated the concentration-dependant
antibacterial nature of NaOCl. One percent and
3% NaOCl showed some disruption and physical
removal of bacteria when viewedwith the scanning
electron microscopy (SEM); however, both gave
positive cultures when their dentinal shavings
were cultured, indicating that bacteria had escaped
the effects of the irrigant probably by invading the
dentinal tubules. The lower the concentration of
NaOCl, the better the chances for more bacteria
survival. However, the lower NaOCl concentra-
tions may have beenmore effective against bacteria
if they were replenished or given additional time to
exert their antimicrobial properties. The antibiofilm
effects of NaOCl may be a result of the removal of
organic tissue, eliminating the bacterial attachment
to dentin and other organisms (44).

A recent study evaluated the antibacterial effect
of a several irrigating solution on 3-week-old E. fae-
calis biofilms. The agents analyzed were QMiX (see
the details below in this chapter), 2% CHX, MTAD,
1%, and 2%NaOCl. QMiX and 2%NaOCl killed up
to 12 times more biofilm bacteria than 1% NaOCl
(P< 0.01), 2% CHX (P< 0.05; P< 0.001), and MTAD
(P< 0.05; P< 0.001) (Figure 7.6) (45).

Increasing the efficacy of NaOCl

Possible ways to improve the efficacy of hypochlo-
rite preparations in tissue dissolution are to increase
the pH and the temperature of the solutions, use
ultrasonic activation (7), and extend the work-
ing time.

Increasing the temperature of sodium
hypochlorite

Cunningham (46) and Joseph reported that
the collagen-dissolving ability of 2.6% sodium
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(a) (b)

Figure 7.6 The three-dimensional confocal laser scanning microscopy reconstruction of the in-vitro 7 days’ biofilm of
Enterococcus faecalis subjected to antimicrobial irrigants (inlet shows the sagittal section). These biofilms were stained using
Live/Dead BacLight stain (green: viable cell and red: dead cell) (a) the biofilm receiving no treatment, (b) the biofilm exposed to
sodium hypochlorite. The biofilm structure in the sodium hypochlorite treated specimen is disrupted. (Courtesy of Dr. Anil
Kishen.)

hypochlorite was comparable to that of 5.25% at

both 21 and 37 ∘C. The investigators also compared

the solutions’ ability to kill bacteria at different

temperatures. They tested the ability of 2.6% and

5.25% sodium hypochlorite in reducing a plank-

tonic culture of Escherichia coli to below culturable

level at 20 and 37 ∘C. They found that it took less

time to kill E. coli in both concentrations at 37 ∘C.
Interestingly, it was also reported that increasing

the temperature of sodium hypochlorite to 50 ∘C
did not help in making the root canal cleaner.

However, at the higher temperature (50 ∘C), Berutti
et al. (47) observed a thin, less organized, and

less adherent smear layer on the root canal wall.

This thinner layer was not evident on root canals

irrigated with sodium hypochlorite at 21 ∘C.
From the above studies, it is apparent that raising

the temperature may have some benefit in killing

bacteriamore quickly.However, raising the temper-

ature to 37 ∘C did not help dissolve tissues more

effectively. Thoughwemay think of raising the tem-

perature of irrigants to kill bacteriamore effectively,

we should not raise the temperature more than a

few degrees above body temperature as this may

have harmful effects on the cells of the periodontal

ligament (48).

Different devices for warming the NaOCl
syringes (Figure 7.7) have been released into
the market, but these devices are not capable of
maintaining any raise of temperature. The best way
of heating up the NaOCl is to do it in situ with an
ultrasonic device.

A recent study evaluated and compared
the effects of concentration, temperature, and
agitation on the tissue-dissolving ability of
sodium hypochlorite (48). The results showed that
weight loss (dissolution) of the tissue increased
almost linearly with the concentration of sodium
hypochlorite. Higher temperatures and agitation
considerably enhanced the efficacy of sodium
hypochlorite. The effect of agitation on tissue
dissolution was greater than that of temperature;
continuous agitation resulted in the fastest tissue
dissolution.

Agitation

Moorer and Wesselink (14) found that the impact
of mechanical agitation of hypochlorite solutions
on tissue dissolution was very important and they
emphasized the great impact of violent fluid flow
and shearing forces caused by ultrasound on the
ability of hypochlorite to dissolve tissue. Stojicic
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Figure 7.7 Heating devices for NaOCl.
(Courtesy of Vista Dental Products.)

et al. (45) found that refreshing the hypochlorite
solution at the site of dissolution by agitation,
preferably continuous, also resulted in a marked
increase of hypochlorite effect. Fabiani (49) also
demonstrated that the use of ultrasonic agitation
increased the effectiveness of 5% NaOCl in the
apical third of the canal wall. Finally, passive
ultrasonic irrigation with a nickel–titanium tip
produced superior tissue-dissolving effects as
compared to sonic irrigant activation (50).

Influence of NaOCl on bond strength

NaOCl irrigation leads to decreased bond strength
between dentin and resin cements and may require
a reversal agent because of its ability to affect the
polymerization of the resin sealer (51).

Chlorhexidine (CHX)

History

CHX (Figure 7.8)was developedmore than 50 years
ago at Imperial Chemical Industries in England,
and was first marketed in the United Kingdom in
1953 as an antiseptic cream (52). Since 1957, it has
been used for general disinfection purposes and
for the treatment of skin, eye, and throat infections
in both humans and animals (52, 53).

Molecular structure

CHX belongs to the polybiguanide antibacterial
family, consisting of two symmetric 4-chlorophenyl

rings and two biguanide groups connected by a
central hexamethylene chain. CHX is a strong basic
molecule and is stable as a salt. CHX digluconate
salt is easily soluble in water (Figure 7.9) (54).

Mode of action

CHX is awide-spectrum antimicrobial agent, active
against gram-positive and gram-negative bacteria,
and yeasts (55). Owing to its cationic nature, CHX
is capable of electrostatically binding to the nega-
tively charged surfaces of bacteria (56), damaging
the outer layers of the cell wall and rendering it per-
meable (57–59).

Depending on its concentration, CHX can have
both bacteriostatic and bactericidal effects. At high
concentration, CHX acts as a detergent, and by
damaging the cell membrane it causes precipitation
of the cytoplasm and thereby exerts a bactericidal
effect. At low sublethal concentrations, CHX is
bacteriostatic, causing low molecular weight sub-
stances, that is, potassium and phosphorus, to leak
out without the cell being irreversibly damaged.
It also can affect bacterial metabolism in several
other ways such as abolishing the activity of the
phosphotransferase system (PTS) sugar transport
system and inhibiting acid production in some
bacteria (60).

Substantivity

Owing to the cationic nature of its molecule, CHX
can be absorbed by anionic substrates such as the
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Figure 7.8 CHX dark container for storage.
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Figure 7.9 CHX molecule.

oral mucosa (61, 62). CHX has the ability to bind
to proteins such as albumin, which is present in
serum or saliva, pellicle found on the tooth surface,
salivary glycoproteins, and mucous membranes
(63, 64). This reaction is reversible (65). CHX can
also be adsorbed onto hydroxyapatite and teeth.

Studies have shown that the uptake of CHX onto
teeth is also reversible. This reversible reaction of
uptake and release of CHX leads to substantive
antimicrobial activity and is referred to as substan-
tivity (66). This effect depends on the concentration
of CHX. At low concentrations of 0.005–0.01%, a
stable monolayer of CHX is adsorbed and formed
on the tooth surface, which might change the phys-
ical and chemical properties of the surface andmay
prevent or reduce bacterial colonization. At higher
concentrations (>0.02%), a multilayer of CHX is
formed on the surface providing a reservoir of
CHX, which can rapidly release the excess into the
environment as the concentration of the CHX in
the surrounding environment decreases (67).

The antibacterial substantivity of three concen-
trations of CHX solution (4%, 2%, and 0.2%) after
5min of application has been evaluated. Results
revealed a direct relationship between the concen-
tration of CHX and its substantivity (68). On the
contrary, Lin et al. (69) attributed the substantivity
of CHX to its ability to adsorb on to the dentin dur-
ing the first hour. They stated that it is only after
the saturation point is reached after the first hour
that the antimicrobial capability of CHX increases
with time. Furthermore, Komorowski et al. (70)
revealed that 5min application of CHX did not
induce substantivity and that the dentin should
be treated with CHX for 7 days. Taken together,
it seems that residual antimicrobial activity of
CHX in the root canal system remains for up to
12 weeks (68).

Cytotoxicity

In the medical field, CHX is normally used at con-
centrations between 0.12% and 2.0%. According to
Löe (71), at these concentrations, CHX has a low
level of tissue toxicity, both locally and systemically
(71). Another report stated that when 2% CHX was
used as a subgingival irrigant, no apparent toxicity
was noted on gingival tissues (71, 72). Moreover,
CHX rinse was reported to promote the healing
of periodontal wounds (73). On the basis of these
reports, Jeansonne and White (74) assumed that
the apical tissues would be as tolerant to CHX
as gingival tissues. In two studies it was found
that when CHX and NaOCl were injected into the
subcutaneous tissues of guinea pigs and rats, an
inflammatory reaction was developed; however,
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the toxic reaction to CHX was less than that to
NaOCl (75, 76). Furthermore, when CHX was
applied as a rinse in the extraction sites of the third
molars on the day of surgery and several days
after, it was reported to reduce the incidence of
alveolar osteitis (77). In addition, there are only a
few allergic and anaphylactic reactions reported to
CHX (78, 79).

Conversely, some studies have reported unfa-
vorable effects of CHX on the tissues. Hidalgo (80)
demonstrated that CHX is cytotoxic to some lines
of cultured human skin fibroblasts. Recently, the
behavior of osteoblastic human alveolar bone cells
in the presence of CHX and povidone–iodine (PI)
has been investigated. It has been reported that
CHX has a higher cytotoxicity profile than PI (81).
Faria et al. (82) also demonstrated that CHX injected
into the hind paws of mice could induce severe
toxic reactions. In addition, they reported that CHX
induced apoptosis at lower concentrations and
necrosis at higher concentrations when added to
cultured L929 fibroblast cells.

Another interesting observation has been
reported recently when CHX is in contact with
other agents such as NaOCl. The by-product
of the reaction of CHX with NaOCl is the for-
mation of toxic breakdown products such as
para-chloroaniline (PCA) that may have a negative
impact on tissues (83). The toxicity level of CHX
on apical tissues when applied in the root canals
needs to be investigated further.

Chlorhexidine application in dentistry

CHX has several applications in dentistry. It has
been used for the prevention of dental caries,
plaque formation, and gingivitis, especially in the
elderly and senile patients, as well as those with
conditions such as cerebral palsy and patients
with immune-compromising diseases. It has also
been recommended for the prevention of alveolar
osteitis after the extraction of third molars. Another
application of CHX is in the treatment and man-
agement of periodontal diseases, as well as in the
reduction of the incidence, severity, and duration
of aphthous ulceration. In addition, it has been
advocated as a denture disinfectant in patients sus-
ceptible to oral candidiasis. CHX can be prepared
in the form of mouth rinses, gels, varnishes, and
controlled-release devices (83).

Chlorhexidine application in endodontics

In endodontics, CHX has been studied as an irrig-
ant and intracanal medication, both in-vivo (84–87)
and in-vitro (88–91). In-vitro, CHX has at least as
good, or even better, antimicrobial efficacy than
Ca(OH)2 (92). Notably, 2% CHX is very effective
in eliminating a biofilm of E. faecalis (85). In-vivo,
it inhibits experimentally induced inflammatory
external root resorption when applied for 4 weeks
(84). In infected root canals, it reduces bacteria
as effectively as Ca(OH)2 when applied for 1
week (93). Unlike Ca(OH)2, CHX has substantive
antimicrobial activity that, if imparted onto the
root dentin, has the potential to prevent bacterial
colonization of root canal walls for prolonged
periods of time (70, 74). This effect depends on the
concentration of CHX, not on its mode of applica-
tion, which may be used either as liquid, gel, or a
controlled-release device (89).

Chlorhexidine as an endodontic irrigant

CHX in liquid and gel form has been recommended
as an irrigant solution, and its different properties
have been tested in several studies, both in-vitro (9)
and in-vivo (93–100).

Many investigations have been conducted to
study the antibacterial effectiveness of CHX in
different concentrations. It has been demonstrated
that 2% CHX as an irrigant has a better antibac-
terial efficacy than 0.12% CHX in-vitro. Thus, it is
concluded that the antibacterial efficacy of CHX
depends on its concentration level (90). Because
NaOCl is still themost commonly used irrigant, the
antibacterial efficacy of CHX is tested against that
of NaOCl. The results from these studies are not
conclusive, but in general no significant difference
between these two solutions has been reported.
It is possible, however, that culture methods are
not sensitive enough to detect differences in the
antibacterial effectiveness of various antibacterial
agents; that is, the methods may not be suitable
to quantitate the killing of biofilm bacteria. Unlike
NaOCl, CHX lacks the tissue-dissolving property.
Therefore, NaOCl is still considered to be the
primary irrigation solution used in endodontics.

The cleanliness of root canals using CHX in
gel and liquid forms was evaluated with SEM in
two separate experiments. In an in-vitro study, the
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canals treated with 2% CHX gel were cleaner than
those treated with 2% CHX liquid or 5.25% NaOCl,
and it was suggested that the mechanical action of
the gel might have facilitated the cleansing of the
canals. Another in-vitro study showed that the 2%
CHX liquid was inferior to 2.5% NaOCl in cleaning
the canals (101). However, in-vitro studies may not
properly reflect the actual in-vivo situations, which
are more clinically relevant.

The antibacterial effectiveness of CHX in the
reduction of bacteria in infected root canals in-vivo
has been investigated in several studies. Ringel
et al. (102) reported that 2.5% sodium hypochlorite
was significantly more effective than 0.2% CHX
when the infected root canals were irrigated for
30min by either of the solutions.

In a controlled and randomized clinical trial, the
efficacy of 2% CHX liquid was tested against saline
using a culture technique. All the teeth were ini-
tially instrumented and irrigated using 1% sodium
hypochlorite. Then, either 2% CHX liquid or saline
was applied as a final rinse. The authors reported
a further reduction in the proportion of positive
cultures in the CHX group. Their results showed a
better disinfection of the root canals using chlorhex-
idine compared to saline as a final rinse (96).

In a recent study, the efficacy of 2% CHX gel
was tested against 2.5% NaOCl in teeth with apical
periodontitis and the bacterial load was assessed
using real-time quantitative-polymerase chain
reaction (RTQ-PCR) and colony forming units
(CFU). The bacterial reduction in the NaOCl group
was significantly greater than the CHX-group
when measured by RTQ-PCR. On the basis of a
culture technique, bacterial growth was detected in
50% of the CHX-group cases compared to 25% in
the NaOCl group (103).

On the other hand, a more recent study also
based on a culture technique revealed no signifi-
cant difference between the antibacterial efficacy
of 2.5% NaOCl and 0.12% CHX liquid when used
as irrigants during the treatment of infected canals
(99). It is important to point out one more time
that culture techniques are not sensitive enough to
detect bacterial growth.

CHX and dentin bonding

During the past two decades, chemical and tech-
nical advances have contributed to increases in

resin–dentin bond strength. However, the prema-
ture loss of bond strength is one of the problems
that still affects adhesive restorations (104) and
markedly reduces their durability (105–108). Car-
rilho et al. (108) evaluated the effect of CHX on
the resin–dentin bond stability ex-vivo. Results
showed that with CHX, significantly better preser-
vation of bond strength was observed after 6
months and protease inhibitors in the storage
medium had no effect. Failure analysis showed
significantly less failure in the hybrid layer with
CHX, compared with controls after 6 months.
Furthermore, they evaluated the effect of CHX
on the preservation of the hybrid layer in-vivo.
Findings showed that bond strength remained
stable in the CHX-treated specimens, while bond
strength decreased significantly in control teeth.
Resin-infiltrated dentin in CHX-treated specimens
exhibited normal structural integrity of the collagen
network. Conversely, progressive disintegration
of the fibrillar network was identified in control
specimens. They concluded that autodegradation
of collagen matrices can occur in resin-infiltrated
dentin, but may be prevented by the application of
a synthetic protease inhibitor, such as CHX (108).
On thewhole, because of its broad-spectrummatrix
metalloproteinase (MMP)-inhibitory effect, CHX
can significantly improve the resin–dentin bond
stability.

Effect on biofilm

A dentin infection model was used to compare
the antibacterial effect of different disinfecting
solutions on young and old E. faecalis biofilms
(Figure 7.10). High-concentration NaOCl (6%)
showed the strongest antibacterial effect among
the solutions tested for both young and old E.
faecalis biofilms. QMiX, a product containing
ethylenediaminetetraacetic acid (EDTA), CHX, and
a detergent, was equally effective as 6% NaOCl
in killing 1-day-old E. faecalis but slightly less
effective against bacteria in 3-week-old biofilm.
It is worth noting that 2% CHX and 2% NaOCl
killed only 13–15% of the 3-week-old biofilm bac-
teria in dentin after 1min of exposure. This result
suggests that a quick final rinse with these two
agents at the given concentration is not effective
in reducing the number of viable bacteria in the
tubules (109).
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(a) (b)

Figure 7.10 (a,b) Effect of CHX on biofilm.

Allergic reactions to CHX

CHX, although reported to be a relatively safe
solution, may induce allergic reactions. The sensi-
tization rate has been reported in several studies to
be approximately 2% (110). One case of an anaphy-
lactic shock after application of 0.6% CHX to intact
skin, only showing signs of a rash following aminor
accident, has been presented in the dermatologi-
cal literature (111). Further allergic reactions such
as anaphylaxis, contact dermatitis, and urticaria
have been reported following direct contact with
mucosal tissue or open wounds (112–115). There
are no publications of allergic reactions follow-
ing root canal irrigation with CHX (4). The main
characteristics of CHX are summarized in Table 7.5.

Irrigant solutions with added detergent

Surface-active agents have been added to several
newer irrigants to reduce surface tension and
improve their wettability (5). Smear Clear (Sybro-
nEndo, Orange, CA), Chlor-Xtra (Vista Dental,
Racine, WI), and CH plus (Vista Dental, Racine,
WI), MTAD, and QMiX are examples of the EDTA,
NaOCl, and CHX based irrigants that contain
surface-active detergents (Figure 7.11) (116).

Several studies analyzed the antibacterial prop-
erties and wettability of these new irrigants with
contrasting results: Williamson et al. (117) cre-
ated a monoculture biofilm of a clinical isolate
of E. faecalis and determined the susceptibility

Table 7.5 Characteristics of chlorhexidine.

(1) CHX has a wide range of activity against both
gram-positive and gram-negative bacteria.

(2) CHX is an effective antifungal agent especially against
C. albicans.

(3) The effect of CHX on microbial biofilms is significantly
less than that of NaOCl.

(4) CHX has antibacterial substantivity in dentin for up to 12
weeks.

(5) Dentin, dentin components (hyaluronic acid (HA) and
collagen), microbial biomass, and inflammatory exudate
in the root canal system may reduce or inhibit the
antibacterial activity of CHX.

(6) CHX has little to no ability to dissolve organic tissues.
(7) Medication and/or irrigation with CHX may delay the

contamination of root filled teeth by bacteria entering
through the coronal restoration/tooth interface.

(8) Medication and/or irrigation with CHX will not
adversely affect the penetration of fluid through the root
filled apical foramen.

(9) Combination of NaOCl and CHX causes color changes
and the formation of a precipitate, which may interfere
with the seal of the root filling.

(10) CHX can significantly improve the integrity of the hybrid
layer andresin–dentin bond stability.

(11) The biocompatibility of CHX is acceptable.

Mohammadi and Abbott (68). Reproduced with permission of
John Wiley & Sons, Inc.

against four antimicrobial irrigants. Biofilms were
subjected to 1-, 3-, and 5-min exposures to one of
the following irrigants: 6% sodium hypochlorite
(NaOCl), 2% chlorhexidine gluconate (CHX) or one
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(a) (b) (c) (d) (e) (f)

Figure 7.11 (a–f) Detergent additions to irrigants.

of the two new products, less than 6% NaOCl with

surface modifiers (Chlor-XTRA) or 2% CHX with

surface modifiers (CHX-Plus) (Vista Dental Prod-

ucts, Racine, WI). It was hypothesized that NaOCl

and CHX would be equally effective and that the

addition of surface modifiers would improve the

bactericidal activity of the respective irrigants com-

pared to the original formulations. Results indicate

that 6% NaOCl and Chlor-EXTRA were superior

against E. faecalis biofilms compared to 2% CHX

and CHX-Plus at all-time points except 5min.

On a similar line, Palazzi et al. (118) studied

that the new 5.25% sodium hypochlorite solu-

tions modified with surfactants, Hypoclean A and

Hypoclean B, had surface tension values that were

significantly lower (P< 0.01) than Chlor-Xtra and

5.25% NaOCl. Because of their low surface tension

and increased contact with dentinal walls, these

new irrigants have the potential to penetrate more

readily into the uninstrumented areas of root canal

system as well as allow a more rapid exchange

with fresh solution, enabling greater antimicrobial

effectiveness and enhanced pulp tissue dissolution

ability.

In contrast, Jungbluth et al. (119) compared

physicochemical features of these products and

investigated their impact of 1% dilutions on

bovine pulp tissue dissolution. No differences

were detected between solutions with or without a

detergent. It is not known at present whether the

differences between the studies are at least partly

affected by differences in experimental design such

as different dilutions (e.g., 6% vs. 1%) and different
types of tissue tested.

Finally, Wang et al. (120) evaluated the effective-
ness of dentin disinfection by different antibacterial
solutions in the presence and absence of detergents
using a novel dentin infection model and confocal
laser scanning microscopy (CLSM). The addition
of detergents in the disinfecting solutions used
in the present study increased their antibacterial
effects against E. faecalis in the dentinal tubules.
When used alone as a single agent, cetrimide (CTR)
showed antibacterial effectiveness comparable to
2% NaOCl, 2% CHX, and 2%/4% IPI.

Interaction NaOCl and CHX

A suggested clinical protocol by Zehnder (24) for
treating the dentin before root canal filling consists
of irrigation with NaOCl to dissolve the organic
components, irrigation with EDTA to eliminate the
smear layer, and irrigation with CHX to increase
the antimicrobial spectrum of activity and impart
substantivity. Although such a combination of
irrigants may enhance the overall antimicrobial
effectiveness (93), the possible chemical interac-
tions among the irrigants have to be considered.
Some studies have reported the occurrence of color
change and precipitation when NaOCl and CHX
are combined (Figure 7.12) (83, 121). Furthermore,
concern has been raised that the color change may
have some clinical relevance because of staining
and that the precipitate might interfere with the
seal of the root filling (121). The formation of a
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Figure 7.12 Interaction NaOCl and CHX.

precipitate could be explained by the acid–base
reaction that occurs when NaOCl and CHX are
mixed together. CHX, a dicationic acid, has the
ability to donate protons while NaOCl is alkaline
and can accept protons from the dicationic acid
(122). This proton exchange results in the formation
of a neutral and insoluble substance referred to as
the precipitate (83). Basrani et al. (83) evaluated the
chemical nature of this precipitate and reported
that there was an immediate reaction when 2%
CHX was combined with NaOCl, even at the low
concentration (0.023%). Increasing the concentra-
tion of NaOCl to 0.19% (the sixth dilution in their
series) resulted in the formation of a precipitate,
which consisted mainly of PCA. This occurred
through a substitution of the guanidine group in
the CHX molecule. It was found that the amount
of PCA directly increased with the increasing con-
centration of NaOCl. PCA has been shown to be
toxic with short-term exposure of humans to PCA
resulting in cyanosis, which is a manifestation of
methemoglobin formation. In another study, Bui
et al. (123) evaluated the effect of irrigating root
canals with a combination of NaOCl and CHX on
root dentin and dentinal tubules by using an envi-
ronmental SEM and a computer program. Their
findings indicated that there were no significant
differences in the amount of debris remaining
between the negative control group and the exper-
imental groups although there were significantly

fewer patent tubules in the experimental groups
when compared with the negative control group.
They concluded that the NaOCl/CHX precipitate
tends to occlude the dentinal tubules and sug-
gested that until this precipitate is studied further,
caution should be exercised when irrigating with
both NaOCl and CHX.

Some studies have not corroborated this finding
but the gas chromatography method of identifica-
tion used in one of these studies may not have been
sensitive enough to detect its presence (124). In the
other study (125), the authors reported that only
native CHX, para-chlorophenylurea (PCU), and
para-chlorophenylguanidyl-1,6-diguanidyl-hexane
(PCGH) present in the precipitate formed when
CHX was mixed with NaOCl. However, it was
shown later that PCU could be metabolized to
form PCA and therefore still retained a risk (125).

A recent study aimed to determine if the forma-
tion of PCA can be avoided by using an alterna-
tive irrigant after sodium hypochlorite but before
using CHX; however, none of the tested solutions
used for intermittent irrigation prevented the for-
mation of PCA. The investigators concluded that
citric acid used as the intermediate irrigant resulted
in the least amount of PCA formation in the canal
system (122). When NaOCl and QMiX are mixed,
there is no formation of a precipitate, but there is
a change of color in the combination. This is the
reason why the manufacturer recommends rinsing
with saline solution before using QMiX.

Another study proposed that the precipitate
could be prevented by using absolute alcohol or
minimized by using saline and distilled water as
intermediate flushes (126).

Taken together, the combination of NaOCl and
CHX causes color changes and formation of a neu-
tral and insoluble precipitate, which may interfere
with the seal of the root filling. Alternatively, the
canal can be dried using paper points before the
final CHX rinse (24).

Decalcifying solutions

Until recently, decalcifying solutions in endodon-
tics comprised only of chelators and acids, most
commonly EDTA and citric acid. In the past few
years, however, several combination products have
appeared where the main function, decalcifying
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effect, has been combinedwith other characteristics
thought to be helpful for the treatment. The added
characteristics are reduced surface tension and
perhaps, more importantly, antibacterial activity.
The new combination products are based either
on EDTA or citric acid. They are discussed at
the end of this section after the “conventional”
products.

A smear layer is formed during the preparation
of the root canal. The smear layer consists of both an
organic and an inorganic component. Both NaOCl
and a decalcifying agent are required for the com-
plete removal of the smear layer. No clear scientif-
ically based understanding exists on whether this
layer must be removed or can be left. However, a
multitude of opinions have been offered on both
sides of this question. In addition to weak acids,
solutions for the removal of the smear layer include
carbamide peroxide, aminoquinaldinium diacetate
(i.e., Salvizol), and EDTA. In objective studies, car-
bamide peroxide and Salvizol appear to have little
effect on smear layer buildup (127, 128). A 25% citric
acid solution also failed to provide reliable smear
layer removal (129).

EDTA

EDTA (Figure 7.13) is often suggested as an irriga-
tion solution because it can chelate and remove the
mineralized portion of smear layers.

EDTA is a widely used acronym for the chemical
compound ethylenediaminetetraacetic acid. EDTA
is a polyamino carboxylic acid with the formula
[CH2N(CH2CO2H)2]2. This colorless, water-soluble
solid is produced on a large scale for many appli-
cations. Its prominence as a chelating agent arises
from its ability to “sequester” di- and tricationic
metal ions such as Ca2+ and Fe3+. After being
bound by EDTA, metal ions remain in solution but
exhibit diminished reactivity. Its compounds and
characteristics are shown in Table 7.6.

History

The compound was first described in 1935 by
Munz, who prepared the compound from ethylene-
diamine and chloroacetic acid. Today, EDTA
is mainly synthesized from ethylenediamine
(1,2-diaminoethane), formaldehyde (methanal),
and sodium cyanide.

Figure 7.13 EDTA.

Table 7.6 Characteristics of the decalcifying solutions.

• Affecting the inorganic part of the smear layer
• Removal of the smear layer after NaOCl irrigation
• Contributing to the elimination of bacteria in the root canal
• Antifungal activity
• Demineralizing dentin (20–50 μm)
• Low toxicity

Mode of action

With direct exposure for extended time, EDTA
extracts bacterial surface proteins by combining
with metal ions from the cell envelope, which can
eventually lead to bacterial death.

Applications in endodontics

EDTA alone normally cannot remove the smear
layer effectively (Figure 7.14); a proteolytic com-
ponent (e.g., NaOCl) must be added to remove
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Figure 7.14 Dentin treated with NaOCl+ EDTA.

the organic components of the smear layer (130).
Commercial products with such combinations are
available. EndoDilator N-Ø (Union Broach, York,
PA) is a combination of EDTA and a quaternary
ammonium compound. Such an irrigation fluid
has a slight detergent effect in addition to the
chelating effect. Several new irrigating solutions,
MTAD (DENTSPLY Tulsa), QMiX, and Smear Clear
(SybronEndo), have recently been studied. Smear
clear, which is commercially available, is a clear,
odorless, water-soluble solution containing water,
17% EDTA salts, a cationic surfactant (CTR), and
anionic surfactants.

EDTA is normally used in a concentration of
17%. It removes smear layers in less than 1min
(Figure 7.15) if the fluid is able to reach the surface
of the root canal wall. The decalcifying process is
self-limiting because the chelator is used up. For
root canal preparation, EDTA has limited value as
an irrigation fluid. It may open up a hair-fine canal
if given the time to soften the 50 μm it is capable of
decalcifying. This amount, at two opposite canal
walls, results in 100 μm. This is equivalent to the
tip of a #010 file.

Although citric acid appears to be slightly more
potent at similar concentration than EDTA, both
agents show high efficiency in removing the smear
layer. In addition to their cleaning ability, chelators
may detach biofilms adhering to root canal walls
(Gulabivala, K. personal communication). This
may explain why an EDTA irrigant proved to be

Figure 7.15 Interaction between CHX and EDTA.

highly superior to saline in reducing intracanal
microbiota, despite the fact that its antiseptic
capacity is relatively limited. Although never
shown in a randomized clinical trial, an alternating
irrigating regimen of NaOCl and EDTA may be
more efficient in reducing bacterial loads in root
canal systems than NaOCl alone. Antiseptics such
as quaternary ammonium compounds (EDTAC,
ethylenediaminetetraacetic acid plus Cetavlon) or
tetracycline antibiotics (MTAD) have been added
to EDTA and citric acid irrigants, respectively,
to increase their antimicrobial capacity. EDTAC
shows similar smear-removing efficacy as EDTA,
but it is more caustic.

Chelating agents can be applied in liquid or
paste-type form. The origin of paste-type prepa-
rations dates back to 1961, when Stewart devised
a combination of urea peroxide with glycerol.
Later, based on the results of that first preliminary
study and the successful introduction of EDTA to
endodontic practice, urea peroxide and EDTAwere
combined in a water-soluble carbowax (polyethy-
lene glycol) vehicle. This product has since been
commercially available. Similar paste-type chela-
tors containing EDTA and peroxide have later
been marketed by other manufacturers. However,
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none of these pastes should be used, as they are
inefficient in preventing the formation of a smear
layer. Furthermore, instead of lowering physi-
cal stress on rotary instruments as advocated,
carbowax-based lubricants, depending on instru-
ment geometry, have either no effect or are even
counterproductive (131).

Interactions between EDTA, NaOCl, and CHX

Grawehr (132) studied the interactions of EDTA
with sodium hypochlorite (NaOCl). Grawehr con-
cluded that EDTA retained its calcium-complexing
ability when mixed with NaOCl. However, EDTA
caused NaOCl to lose its tissue-dissolving capac-
ity, and virtually no free chlorine was detected
in the combinations. Clinically, this suggests that
EDTA and NaOCl should be used separately. In an
alternating irrigating regimen, copious amounts
of NaOCl should be administered to wash out
remnants of the EDTA.

The combination of CHX and EDTA produces a
white precipitate. Rasimick et al. (133) (Figure 7.15)
determined if the precipitate involves the chemical
degradation of CHX. The precipitate was produced
and re-dissolved in a known amount of dilute tri-
fluoroacetic acid. It was found that CHX forms a
salt with EDTA rather than undergoing a chemical
reaction.

Dentin erosion

Optimally, after irrigation, the root canal should
be free of all organic debris, microorganisms, and
smear layer (134). In addition, bacteria that have
penetrated into the dentinal tubules should have
been killed, while dentin characteristics (strength,
composition, etc.) should not be affected in any
negative manner. Recent studies showed that the
sequence of use of the common endodontic irri-
gants, hypochlorite and demineralizing agents
(EDTA), is a key factor in determining the level of
erosion in root canal wall dentin. Although erosion
occurred immediately after 1min of hypochlorite
exposure when done as the final rinse after the
demineralizing agent and increased with the num-
ber of times of exposure to the irrigants, it is not
known presently whether such erosion is harmful
for the root dentin and the tooth. It is well known
that the mineral component in hard connective

tissues contributes to strength and elastic modulus,
whereas collagen is responsible for toughness (37,
109, 135). Theoretically, the observed erosion could
be a contributing factor in vertical root fracture
depending on the depth of erosion, thickness of the
root, and the amount of sclerotic dentin in the root,
for example, on the other hand, erosion may also
help in achieving a maximally clean root canal wall
surface, free of debris and bacteria.

On the basis of the available research, the follow-
ing irrigation sequence is recommended during
root canal treatment:

Full strength (5.25–6%) of NaOCl should be used
during instrumentation. After instrumentation is
over, final rinsing can be done following one of
the following strategies: (i) 17% EDTA for 2min,
or (ii) EDTA followed by 2% CHX, or (iii) MTAD,
SmearClear™, or QMiX. Constant agitation dur-
ing irrigation is helpful to achieve a cleaner canal
(Figure 7.16).

HEBP

HEBP (1-hydroxyethylidene-1,1-bisphosphonate;
also called etidronic acid) is a chelator that can be
used in combination with sodium hypochlorite
(NaOCl) without affecting its proteolytic or antimi-
crobial properties (24). However, in contrast to
EDTA, HEBP is a weak decalcifying agent and
hence cannot be used as a mere final rinse. There-
fore, it is recommended that HEBP be mixed with

Figure 7.16 Strong erosion of root dentin surface after using
NaOCl after EDTA. (Courtesy of Dr. Markus Haapasalo.)
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NaOCl to be used as a more complete root canal
irrigant. This combination is advantageous in that
the solution keeps the hypochlorite–hypochlorous
acid equilibrium toward hypochlorite, which has
better tissue dissolution capacity than hypochlor-
ous acid (136) and is also less cytotoxic (137).
Furthermore, an irrigating protocol using the
NaOCl+HEBP combination has been shown to be
able to optimize the bonding by Resilon/Epiphany
root fillings (138). HEBP is applied in pool water
disinfection because of its compatibility with
calcium hypochlorite (hypochlorite tablets in
swimming pools). The HEBP prevents stain deriv-
ing from inorganic compounds at the water line. It
is also used in many personal care products such as
soaps. Systemically applied, it is known asDidronel
(Norwich Pharmaceuticals, Inc., North Norwich,
NY) and is used to treat Paget disease (139).

QMiX

QMiX was introduced in 2011. It is one of the new
combination products introduced for root canal
irrigation (Figure 7.17) (45, 140–142). It is recom-
mended to be used at the end of instrumentation
after NaOCl irrigation. QMiX contains EDTA,
CHX, and a detergent; it comes as a ready-to-use
clear solution.

Protocol

QMiX is suggested to be used as a final rinse. If
sodium hypochlorite was used throughout the
cleaning and shaping, saline should be used to
rinse out the NaOCl to prevent the formation of
PCA, although no precipitate has been described
when mixing QMiX and NaOCl (see interaction
between NaOCl and CHX).

Surface tension

According to Grossman (5), low surface tension is
one of the ideal characteristics of an irrigant. Lower
surface tensionmayhelp in better penetration of the
irrigating solutions into the dentinal tubules and
inaccessible areas of the root canal system (143). In
order to be more effective in debris removal and to
penetrate more readily into the root canal system,
irrigants must be in contact with the dentin walls.

Figure 7.17 QMiX.

The closeness of this contact is directly related to its
surface tension (144). Irrigants with a low surface
tension are more suitable as endodontic irrigants.
QMiX incorporated a detergent in its formula to
decrease the surface tension.

Smear layer removal

Stojicic et al. (45) investigated the effectiveness
of smear layer removal by QMiX using SEM.
QMiX removed smear layer equally well as EDTA
(P= 0.18). They concluded that the ability to remove
smear layer by QMiX was comparable to the ability
of EDTA. Dai et al. examined the ability of two ver-
sions of QMiX on the removal of canal wall smear
layers and debris using an open canal design.
Within the limitations of an open canal design, the
two experimental QMiX versions are as effective
as 17% EDTA in removing canal wall smear layers
after the use of 5.25% NaOCl as the initial rinse.
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Antibacterial efficacy and effect on biofilms

Stojicic et al. (45) assessed in a laboratory exper-
imental model the efficacy of QMiX, against
E. faecalis and mixed plaque bacteria in planktonic
phase and biofilms. QMiX and 1% NaOCl killed
all planktonic E. faecalis and plaque bacteria in 5 s.
QMiX and 2% NaOCl killed up to 12 times more
biofilm bacteria than 1% NaOCl (P< 0.01) or 2%
CHX (P< 0.05; P< 0.001). Wang et al. compared
the antibacterial effects of different disinfecting
solutions on young and old E. faecalis biofilms in
dentin canals using a novel dentin infection model
and CLSM. Six percent NaOCl and QMiX were
the most effective disinfecting solutions against
the young biofilm, whereas against the 3-week-old
biofilm, 6% NaOCl was the most effective followed
by QMiX. Both were more effective than 2%NaOCl
and 2% CHX.

In-vivo clinical trials

The efficacy and biocompatibility of QMiX was
demonstrated via nonclinical in-vitro and ex-vivo
studies. Further clinical research from independent
investigators is needed to corroborate the findings.

MTAD and Tetraclean

MTAD (6) and Tetraclean are two new irrigants
based on a mixture of antibiotics, citric acid, and
a detergent (Figure 7.18). MTAD (145) is the first
irrigating solution capable of removing the smear
layer and disinfecting the root canal system; also,
it is a mixture of 3% doxycycline hyclate, 4.25%
citric acid, and 0.5% polysorbate (Tween) 80 deter-
gent (145). It has been commercialized as BioPure
MTAD (BioPure, Dentsply, Tulsa Dental, Tulsa,
OK, USA) and is available as a two-part set, in
the form of a liquid in a syringe and powder in a
bottle, which should be mixed before application.
MTAD has been recommended in clinical practice
as a final rinse after completion of a conventional
chemomechanical preparation (145–149).

Tetraclean (Ogna Laboratori Farmaceutici, Mug-
gio, Italy) is another combination product similar
to MTAD. The two irrigants differ in the concen-
tration of antibiotics (doxycycline 150mg/5ml for
MTAD and 50mg/5ml for Tetraclean) and the kind

Figure 7.18 MTAD. (Courtesy of DENTSPLY Tulsa Dental
Specialties.)

of detergent (Tween 80 for MTAD, polypropylene
glycol for Tetraclean).

Mode of action

There is no detailed information on MTAD’s exact
mechanism of action in the removal of the smear
layer and the killing of bacteria. In most studies,
its effect on the smear layer is attributed to both
doxycycline and citric acid. These two components
ofMTADhave been separately reported as effective
smear layer removal solutions (150). Its antibacte-
rial effect is mostly attributed to the doxycycline,
which is an isomer of tetracycline. Tetracycline,
including tetracycline HCl, minocycline, and doxy-
cycline, are broad-spectrum antibiotics that are
effective against a wide range of microorganisms.
Tetracycline is a bacteriostatic antibiotic that exerts
its effect through the inhibition of protein synthesis.
According to Torabinejad et al. (145), this property
may be advantageous because in the absence of
bacterial cell lysis, antigenic by-products (i.e.,
endotoxin) are not released. In high concentra-
tions, tetracycline may also have a bactericidal
effect. The role of citric acid in killing bacteria
is not well known. Tween 80 seems to have lim-
ited antibacterial activity, yet it may increase the
antibacterial effect of some substances by directly
affecting the bacterial cell membrane. It may facil-
itate the penetration of MTAD into dentin. On
the other hand, Tween 80 may also be used as a
nutrient by some bacteria, and it may inactivate the
antibacterial properties of some disinfecting agents
such as CHX and PI. Doxycycline, citric acid, and
Tween 80 together might have a synergistic effect
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on the bacterial cell wall and on the cytoplasmic
membrane.

Cytotoxicity of MTAD

Using a MMT-tetrazolium method, Zhang et al.
(135) compared the cytotoxicity of MTAD to that of
eugenol, 3% hydrogen peroxide, REDTA Aqueous
Irrigant, Peridex (CHX 0.12%), Pulpdent Ca(OH)2
paste, and four concentrations of NaOCl (5.25%,
2.63%, 1.31%, and 0.66%). They concluded that
MTAD appeared to be less cytotoxic than eugenol,
3% H2O2, Ca(OH)2 paste, 5.25% NaOCl, Peridex,
and EDTA and more cytotoxic than 2.63%, 1.31%,
and 0.66% NaOCl solutions (135). The authors
suggested further investigation was needed to
determine if the results from their in-vitro study
could be applied to a clinical situation.

Surface tension

To decrease the surface tension, Tween 80 has
been added to the MTAD solution. It is reported
that MTAD has lower surface tension than 5.25%
NaOCl, 17% EDTA, and water. Although it seems
that lowering surface tension may help the pen-
etration of the irrigants deeper into the dentinal
tubules or other confined areas of the root canal
system, and consequently improve the antibacterial
effectiveness of the irrigants, there is no clinical
evidence to support this possibility.

Smear layer removal

SEM has been used to determine the effectiveness
of various irrigants to remove the smear layer. The
paper that introduced MTAD addressed its poten-
tial in the removal of the smear layer in extracted
human teeth (145). The authors reported that
MTAD performed better than EDTA in cleaning
dentinal tubules from debris and smear layer in the
apical third of the root canals; however, there was
no significant difference in the middle and coronal
portions of the root canals. In the same study, the
results also indicated that MTAD created less ero-
sion than EDTA in the coronal and middle thirds of
the root canals. The better efficacy of MTAD in the
removal of the smear layer was attributed to the

combination of citric acid, doxycycline, and Tween
80 in the MTAD solution. In two other studies, the
efficacy of MTAD or EDTA in the removal of the
smear layer was confirmed; however, no signifi-
cant difference between these two solutions was
reported (44, 151).

Antibacterial efficacy

Reported results regarding the antibacterial proper-
ties ofMTADare conflicting. The studiesmeasuring
zones of inhibition on agar plates have shown con-
sistently that MTAD was an effective antibacterial
agent against E. faecalis (145, 152, 153). Tay et al.
(151) also found larger zones of bacterial inhibition
using dentin cores irrigated with MTAD com-
pared to NaOCl-irrigated dentin cores; however,
when they applied MTAD to the dentin that was
already irrigated with 1.3% NaOCl, they had a
contradictory result. The diameters of zones of
inhibition were significantly smaller than those of
MTAD alone and comparable to those irrigated
with 1.3% NaOCl alone. They concluded that the
antimicrobial effect of MTAD was lost because of
the oxidation of the MTAD by NaOCl (151). How-
ever, agar diffusion tests are no longer regarded as
reliable, as there is no established link between the
zone of inhibition on the agar plate and the true
effectiveness of the endodontic disinfecting agents
in the root canal.

A study using extracted human teeth contam-
inated with saliva showed that MTAD was more
effective than 5.25% NaOCl in the disinfection of
the teeth (146). In contrast, Krause et al. (153) using
bovine tooth sections showed that 5.25% NaOCl
was more effective than MTAD in the disinfection
of the dentin discs inoculated with E. faecalis.

In another study performed on extracted human
teeth inoculated with E. faecalis, a protocol of 1.3%
NaOCl followed by 5min MTAD, was more effec-
tive in the disinfection of canals than a protocol of
5.25% NaOCl followed by 1min 17% EDTA and
then 5min 5.25% NaOCl as a final rinse (147).

Using a culture method and extracted human
teeth inoculated with E. faecalis, the opposite was
found, that is, the latter protocol was significantly
superior to the 1.3% NaOCl/5min MTAD pro-
tocol in the disinfection of the root canals (148).
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In another study, the same investigators using the
same model disinfected the canals with the same
two protocols and then resected and pulverized
the last 5mm of the root ends in liquid nitrogen.
After the inoculation of the samples on brain heart
infusion (BHI) agar culture plates, the investigators
found that there was no significant difference in
the antimicrobial efficacy of those two protocols in
the disinfection of the apical 5mm of the infected
canals (154).

In a series of studies, it was found that MTAD
had failed to show a superior antibacterial efficacy
against bacterial biofilms. Bacteria collected from
the teeth of patients diagnosed with apical peri-
odontitis were grown as a biofilm on hemisections
of root apices. MTAD was shown to be an effective
antibacterial agent in this model; however, it was
not able to completely disrupt the bacterial biofilm
compared to 6% NaOCl. NaOCl (5.25%) was the
most effective irrigant against a biofilm of E. faecalis
generated on cellulose nitrate membrane filters,
while the bacterial load reduction usingMTADwas
not significant (155). MTAD was the least effective
irrigant when compared to 6% and 1% NaOCl,
SmearClear, 2% CHX, and REDTA, when tested in
a flow cell generated biofilms of E. faecalis (156).

When the efficacy of four irrigants including
MTAD was tested in teeth inoculated with C. albi-
cans, it was demonstrated that 6% NaOCl and 2%
CHX were equally effective and superior to MTAD
and 17% EDTA. According to Portenier et al. (157),
although the antibacterial effect of MTAD is com-
parable to that of CHX, calcium hydroxide, iodine
potassium iodide, and sodium hypochlorite, the
presence of dentin or bovine serum albumin causes
a marked reduction in the antibacterial efficacy of
MTAD against E. faecalis.

The results of the tests of antibacterial efficacy
of medicaments, obtained from in-vitro studies,
should be analyzed with caution, as they may
be influenced by factors such as the test environ-
ment, bacterial susceptibility, and the different
methodologies used to evaluate the results (15).

Pappen et al. (158) investigated the antibacterial
effect of Tetraclean, MTAD, and five experimen-
tal irrigants using both direct exposure test with
planktonic cultures and mixed-species in-vitro
biofilm model. The results showed that Tetraclean

was more effective than MTAD against E. faecalis
in planktonic culture and in mixed-species in-vitro
biofilm. CTR improved the antimicrobial properties
of the solutions, whereas Tween 80 seemed to have
a neutral or negative impact on their antimicrobial
effectiveness.

In-vivo clinical trial

With the exception of the study (159) that evaluated
the effect of MTAD on postoperative discomfort,
there has been no other in-vivo study to address the
other characteristics of MTAD. The results show
that the removal of the smear layer and the disin-
fection of the root canal system using 1.3% NaOCl
and MTAD does not lead to an increased incidence
of postoperative pain compared to biomechani-
cal instrumentation using 5.25% NaOCl and 17%
EDTA. Malkhassian et al. (160) in a clinical con-
trolled trial of 30 patients reported that the final
rinse with MTAD did not reduce the bacterial
counts in infected canals beyond levels achieved
by chemomechanical preparation using NaOCl.

Protocol for use

The MTAD protocol was developed on the basis of
a pilot project (146).

The results of this project showed that the con-
sistent disinfection of the infected root canals could
occur after chemomechanical preparation using
1.3% NaOCl as a root canal irrigant and a 5min
exposure time to MTAD as a final rinse.

Resistance to antibiotic

Resistance to tetracycline is not uncommon in
bacteria isolated from root canals (146). The use of
antibiotics instead of biocides such as hypochlorite
or CHX appears unwarranted, as the former were
developed for systemic use rather than localwound
debridement, and have a far narrower spectrum
than the latter.

The antimicrobial effect of MTAD has been
largely attributed to the presence of doxycycline. In
a recent study, CHXwas added to or substituted for
doxycycline to compare these three formulations
in their ability to disinfect extracted human teeth
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infected with E. faecalis. Their results showed that
although the addition of CHX did not negatively
impact the efficacy ofMTAD, the substitution of this
antimicrobial agent for doxycycline significantly
reduces the efficacy of the solution (146).

Hydrogen peroxide

Hydrogen peroxide has been used as an endodon-
tic irrigant for a long period of time, mainly in
concentrations ranging between 3% and 5%. It
is active against bacteria, viruses, and yeasts.
Hydroxy-free radicals (•OH) destroy proteins and
DNA. The tissue-dissolving capacity of hydro-
gen peroxide is clearly lower than that of sodium
hypochlorite; also, its antibacterial effect is con-
sidered weak. When used in combination with
sodium hypochlorite, bubbling will occur as a
result of evaporating oxygen. Although no longer
recommended as a routine irrigant, its use is still
not uncommon in some countries.

Iodine–potassium-iodide

IPI (161, 162) has been proposed and used as an
endodontic disinfectant because of its excellent
antibacterial properties and low cytotoxicity.
It is used as a solution of 2% iodine in 4%
potassium-iodide (163). Allergic reaction to iodine
and staining of dentin are often mentioned as
potential risks with the use of IPI; however, reports
of such harmful side effects when IPI is used in
endodontics seem to be extremely rare (164).

Green tea, Triphala

Natural products, especially food extracts, have
been used in medicine and have been shown to
be good alternatives to synthetic chemicals. The
polyphenols of green tea (i.e., EGCg, epigallo-
catechin gallate) were found to be cost effective.
They have inhibitory activity against the MMPs
(−2, −9) found in saliva and dentin. Moreover,
EGCg is also a broad-spectrum antibacterial, and
studies have reported its effectiveness in inhibit-
ing acid production in dental plaque bacteria as
well as antimicrobial activity against Streptococcus

mutans. These findings open a new avenue for the
prevention of caries and debonding. Triphala (165,
166) (IMPCOPS Ltd., Chennai, India) is an Indian
ayurvedic herbal formulation consisting of dried
and powdered fruits of three medicinal plants
Terminalia bellerica, Terminalia chebula, and Emblica
officinalis (green tea polyphenols (GTPs), Essence
and Flavours (Mysore, India). Polyphenols found
in green tea, the traditional drink of Japan and
China, is prepared from the young shoots of the tea
plant Camellia sinensis.

Japanese green teas (167) were found not to have
an irritating potential and some results suggest that
extracts of Japanese green tea (168)may be useful as
a medicament for treatment of infected root canals.
Herbal alternatives showed promising antibacterial
efficacy on 3- and 6-week biofilm (163, 169–171).
Presently, there is not enough evidence to support
the use of antibacterial components of green tea or
other herbs as endodontic disinfecting agents.

Conclusions

Irrigation has a key role in successful endodontic
treatment. A suggested irrigation protocol is out-
lined in Figure 7.19. The main goal of root canal
treatment is to completely eliminate the different
components of pulpal tissue, bacteria, and biofilm
and produce a hermetic seal to prevent infection
or re-infection and promote the healing of the
surrounding tissues. The extra time we gain by
using rotary NiTi instruments should be used
for abundant irrigation to achieve better cleaning
of the root canal system, thereby contributing to
improved success of the treatment.

The most commonly used irrigating solution is
sodium hypochlorite. While sodium hypochlorite
has many desirable qualities and properties, by
itself it is not sufficient for the total cleaning of
the root canal system of organic and inorganic
debris and biofilm. For optimal irrigation, a com-
bination of different irrigating solutions must be
used. The dentist should be aware of the different
interactions between the various chemicals used
for irrigation, as they may weaken one another’s
activity and result in the development of reaction
products that are harmful to the host. Developing
a rational irrigation sequence, so that the chemicals
are administered in a proper manner to release
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2.5–5% NaOCl throughout instrumentation

Protocol for irrigation

Smear layer removal

17% EDTA
1 min

Saline MTAD Smear clear Tetraclean

Final rinse with

2.5% NaOCl
30 s

Saline CHX

Sonic or ultrasonic agitation
for 30 s with fresh NaOCl

Manual agitation
of MAF or GP cone

Apical negative
pressure

MAF selected

QMiX

Figure 7.19 Suggested irrigation protocol.
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their full potential, is imperative for successful
endodontic treatments (172).
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Introduction

The time-honored endodontic triad of debride-
ment, disinfection, and obturation has been
recognized for over a century (1). However, our
discovery of the strategies for achieving these objec-
tives has not followed a linear logic path, but has
been sidetracked for decades by misunderstood
scientific observations. Hunter’s focal infection
theory (2) was supported by the voluminous, yet
specious, work of Price (3), but was challenged
by clinicians like Grossman in the 1930s (4) who
cultured materials taken from the root canals in a
crude culturing incubator fabricated from nothing
more than a lunch box and a light bulb. The cultur-
ing era basically ended in 1964 when Bender and
Seltzer (5) published their seminal paper: “To cul-
ture or not to culture?” As it turned out, their work
also was based on misunderstood and inaccurate
scientific observations. Forty-two years later, Spån-
berg (6) criticized in an editorial that this paper
began a 10-year “walk in the desert” until Byström

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

and Sundqvist (7) reestablished the importance of
microorganisms in apical infections. Interestingly,
Spånberg’s editorial was written at about the
same time as the discovery of endodontic biofilms.
These biofilms were subsequently identified as the
causative agents for apical periodontitis (8).

A thorough review of the fluid mechanics of root
canal irrigation has already been performed by
Gulabivala et al. (9). Readers are encouraged to read
this excellentwork. It cannot be denied that the sub-
ject of endodontic fluid dynamics is also wrought
with myths, misunderstood observations, preju-
dices, biases, or often a simple lack of understand-
ing. Accordingly, it is necessary to identify and
explain these misconceptions, via evidence-based
studies, that have unwittingly been embedded into
this subject. These include (i) apical vapor lock
effect, (ii) hydrolysis of organic components of the
soft and hard pulp tissues and canal wall biofilms,
(iii) technique misunderstandings, and (iv) patency
safety issues. Following these demystifications,
evidence-based studies should be used to identify
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strategies for attaining safe and effective intra- and
extracanal irrigant fluid dynamics.

Misconceptions

Apical vapor lock (AVL)

The AVL is a physical phenomenon wherein CO2

and NH3 arising from the hydrolysis of organic
tissues mix and form a gas bubble in the apical
portion of the root canal. This bubble cannot escape
into the apical tissue if the apex is oriented in
the upward position. When the apex is orien-
tated downward, the gas bubble is trapped by
the weight of the irrigant and its surface tension
force resists the buoyancy force of the trapped gas
(Figure 8.1). Furthermore, any attempt to “pop” the
bubble in the latter orientation is counterproduc-
tive as explained in Figure 8.2. In 1983, Chow (10)
observed air bubbles or columns in-vitro that could
not be displaced or passed around except by plac-
ing a small needle very close to the apex without
binding, a practice that would later prove to be

potentially dangerous (11). Recent findings have
discovered that the interfacial force equilibrium
at the dentin, gas, fluid interface can be disrupted
only by the apical negative pressure or effective
microstreaming (12).

History of discovery

The history of the discovery of AVL is important,
because as recently as 2012, investigators were still
failing to consider the AVL effect (13) during a pro-
tocol design involving endodontic irrigation sys-
tems and techniques believed to dissolve organic
material in inaccessible areas. Although the use of
sodium hypochlorite (NaOCl) as a tissue solvent
had been documented as early as 1967 (14), it was
not recognizedwidely until 1974when Schilder (15)
reported the use of an average of 39ml of NaOCl
per visit, combined with patency filing, to debride
the instrumented root canal space. Schilder’s irri-
gation protocol became the benchmark of excellent
clinical treatment. Subjective radiographic inspec-
tion of his cases seemed to validate that intracanal
irregularities and accessory canals were in fact
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Simplified example of trapped gas pocket
using glass, air, water

Vertical component of surface tension force (water)
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Figure 8.1 To explain how a gas pocket can be trapped under a fluid column, a simplified glass tube shaped as a 4% tapering
cone with an apical diameter of 0.35mm is filled with water, leaving a gas pocket at the bottom. The gas buoyancy acts vertically
upward and will act only on the part of the pocket that is immersed in liquid, which is shown as a dotted line. The buoyancy
force (B) is determined by the size of the immersed part that is determined by the shape of the meniscus, which can be calculated
by the Young–Laplace equation. For simplicity, if the shape is considered to be spherical and of the diameter equal to that of the
cone at that point, then B will be about 300 times smaller than the vertical component of the surface tension force (Ty). This
means that the bubble is trapped. The surface tension force and the weight of the liquid are supported by the increase in pressure
of the air pocket.
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Effect of introducing a
“poping” device

0.95 mm 0.95 mm

15 mm 15 mm

0.35 mm 0.35 mm

B

T

T

Figure 8.2 Elimination of the vapor lock
via “popping”of the pocket is not an
option, as inserting any object, such as a
gutta-percha point, file, or needle into the
hypothetical root canal space will only
make the space smaller, with the effect of
increasing the surface tension. In fact,
when attempting to pop the bubble, the
diameter of bubble ring that is formed is
decreased and can be half of the initial
diameter of the glass tube. The resulting
surface tension to buoyancy ratio then can
be roughly an entire order of magnitude
higher, yielding a ratio of approximately
3000 to 1.

cleaned and obturated, an observation that was

proven inaccurate 43 years later (16).

In 1971, Senia et al. (17) authored a classic paper

in which he tested the efficacy of 5.25% NaOCl

to dissolve intracanal pulp tissue in the mesial

roots of lower molars. Briefly, the authors instru-

mented the mesial roots of lower molars to a size

30 instrument. Then, “the apex was sealed with

green stick compound in order to retain the irrigat-

ing solutions within the canals, and the root was

mounted upright on a glass slide.” Final irrigation

was accomplished by applying 5.25% NaOCl and

stirring with a size 10 file for either 15 or 30min. On

histological examination, significant residual pulp

tissue was found throughout the apical termination

and the study concluded that “the value of sodium

hypochlorite as an irrigating agent for dissolving

pulp tissue in the apical 3mm of narrow root canals

is questionable.”

Six years later, Salzgeber and Brilliant (18) con-

ducted a clinical study to determine the flow

characteristics of root canal irrigants in mandibu-

lar molars. The authors slightly altered the final

shaping of the canal as described by Senia et al.
(17), by enlarging the apical termination to a size

35 instrument. Also, they used a radiopaque dye

(Hypaque) instead of NaOCl. This study observed

that in spite of an extremely cautious irrigant deliv-

ery technique during treatment, Hypaque always

reached the apical termination of the root canal,

but also flowed into the apical tissue of infected

Figure 8.3 Apical radiograph of tooth 30 demonstrating
excessive apical extrusion of Hypaque, a radiopaque
contrasting medium, into the periapex, despite meticulous
care in needle placement and clinical delivery, to ensure the
delivery needle did not bind in the canal. Being biologically
inert, Hypaque neither hydrolyzes organic material nor
produces any gas. (Salzgeber and Brilliant (18). Reproduced
with permission of Elsevier.)

teeth (Figure 8.3). The authors concluded that
“the solution is not confined to the instrumented
space in cases with necrotic pulps and may occupy
random dimensions when extruded into the apical
lesion. Salzgeber summarized that “The study by
Senia et al. (17) showed that little or no sodium
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hypochlorite reached the apical 3mm when the
root canals were enlarged to a size 30 instrument.
The current study showed that the irrigant reaches
the apex when the canals are opened larger than
a size 30 file.” The flaw with the Salzgeber and
Brilliant study was the use of Hypaque instead
of NaOCl, because Hypaque is biologically inert
while NaOCl hydrolyzes organic materials, releas-
ing NH3 and CO2, and in a closed root canal system
forms the AVL.

It would be impractical to review the list of
irrigation-related articles that were published
between the publications of Salzgeber and Bril-
liant (18) and O’Connell et al. (19), as investigators
examined instrumentation/irrigation regimes, dif-
ferent irrigants and their concentrations, as well as
time and temperature of exposure. However, the
O’Connell article epitomized the furthest advance-
ment in canal system preparation and irrigation
techniques in that time period. Importantly, the
authors adopted the “Baumgartner protocol” (20)
of sealing the apical foramen during instrumenta-
tion and irrigation. They used NiTi rotary instru-
mentation to open the apical foramen to a size 40 at
a 4% taper, while irrigating with copious quantities
of 5.25% NaOCl and 15% ethylenediaminete-
traaceticacid (EDTA). Evenwith such canal enlarge-
ment and the use of dual irrigants to dissolve the
organic and inorganic components of the canal wall
smear layer, the authors reported that canal walls
along the apical 1/3 of the root canals were not
clean and the dentinal tubules were covered with
the smear layer. However, 3 years later, Torabinejad
et al. (21) reported extremely clean walls and open
dentinal tubules in the apical 1/3 of the canal space,
even though the apical foramen of the root canals
were instrumented to a size 30 instrument, the
same size as Senia et al. (17) had used 32 years ear-
lier. In the work by Torabinejad et al. (21), the most
favorable results were achieved when the authors
used a combination of MTAD (an antimicrobial
irrigant containing doxycycline, citric acid, and a
surfactant) and a low concentration of NaOCl.

When these findings were published, Schoeffel
was developing the EndoVac system of apical neg-
ative pressure for safety purposes. As the protocol
by Torabinejad et al. (21) called for lower and safer
concentration of NaOCl, Schoeffel tested the com-
mercially available BioPure

®
MTAD in early 2005

(Figure 8.4a,b), using the standard “Baumgartner

protocol” to seal the apical foramen. It was readily
apparent that clean dentinal tubules could not be
realized in the apical 1/3 of the canal space by
using BioPure MTAD. This was in stark contrast to
the results obtainedwhen a root canal with a sealed
apex was irrigated with apical negative pressure
(Figure 8.4c,d). Careful rereading of the Torabinejad
et al. (21) paper revealed the following: “Opening
the apical foramen of each tooth to a size 30 file and
free flow of irrigant through the apical end of the
root canal may have allowed more cleaning of the
apical portions of root canals in this experiment.”
Schoeffel immediately realized that Senia et al. (17)
had inadvertently created the conditions necessary
to form an AVL when the authors mounted the
roots in greenstick compound. Salzgeber and Bril-
liant (18) could never have formed an AVLwith the
use of a biologically inactive irrigant. Torabinejad
et al. (21) had a vague idea that a flaw existed in
their protocol, because the authors further elab-
orated: “Studies are in progress to determine the
efficacy of various other techniques to carry MTAD
into the apical portion of the root canal systems
with closed apexes.” Schoeffel’s theory was first
publicized in 2008 (22); was validated in-vitro in
2010 (23) and in-vivo in 2012 (24). The AVL is
apparent in-vivo (Figure 8.5) and can be broken
by either acoustic microstreaming, apical negative
pressure, or by placing the irrigation needle at or
extremely close to full working length (10). The
last method produces very high apical extrusion
pressures under normal clinical delivery rates (11),
which is addressed in the safety section.

The significance of the AVL is that several stud-
ies have erroneously assumed that an irrigant is
present throughout all phases of canal preparation
and irrigation, thus leading to inaccurate obser-
vations. For example, Zehnder (25) demonstrated
that two liquids (coronal and apical) can be mixed
once the canal is instrumented to size 40; however,
the apical liquid would be a gas and would not
mix. Boutsioukis et al. (26) assumed that a canal
was completely filled with irrigant, without giving
considerations to the existence of the AVL, when
the authors designed their computational fluid
dynamic model. Vera et al. (27) recognized the vex-
ing problem associated with the AVL in root canal
irrigation: “Factors such as complex root canal
anatomy and the vapor lock phenomenon have
been shown to limit the penetration of irrigating
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Figure 8.4 These two scanning electron microscopy (SEM) images were derived from noncarious teeth during the early stages of
research and development of the EndoVac apical negative pressure irrigation system. (a) A representative SEM image of the dentin
wall after treatment using BioPure MTAD according to manufacturer’s instructions. The area is taken from the coronal portion of
the apical 1/3 of the canal space where there is an abundance of dentinal tubules. The material in the tubules is undissolved
pulpal debris. (b) Energy-dispersive spectroscopy (EDS) spectrum of the area shown in (a) that displays a wealth of carbon. The
Ca, O, and P signals originate from hydroxyapatite. (c) A representative SEM image of the canal wall from the apical 1–3mm of
the canal space that was irrigated using apical negative pressure. A clean lateral canal (arrow), 0.3mm in diameter, can be seen
and is located at 2mm from working length (Inset: arrow indicates the position of the lateral canal). (d) EDS spectrum of the area
shown in (c) that reveals a very low carbon level, probably associated with collagen and noncollagenous proteins derived from
the mineralized radicular dentin.

solutions into the apical third in both in-vivo and
in-vitro studies involving small and wide canals.”
Jiang et al. (13) mixed dentin chips with 2% NaOCl
for 5min before placing the mixture in an api-
cal canal groove model, mistakenly assuming
that the groove was devoid of organic material
(Figure 8.6a).

Dead water space or stagnation plane

As a matter of historical importance, prior to the
in-vitro proof regarding the existence of the AVL

(23), a similar fluid dynamics problemwas referred

to as the Dead Water Zone (29), whereby irrigants

are effectively exchanged only a short distance in

front of the irrigation needle even though the entire

root canal is completely filled with the irrigant.

This phenomenon was first described by Chow

(10) in 1983, who found that irrigation was strictly

a function of the depth of the needle. In 2010,

Gulabivala et al. (9) referred to the “Dead Water

Zone” as the stagnation plane and devoted a com-

prehensive research paper attempting to identify a
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(a) (b) (c)

Figure 8.5 The radiopaque appearance in each radiograph is derived from a 1:1 mixture of omnipaque (Iohexol—an
angiocardiography contrasting medium) and NaOCl. Because the radiopaque omnipaque is mixed with NaOCl, the exact
location of the irrigant mixture can be determined. (a) A vapor lock (box) is present in the apical third of the canal space. (b) The
irrigant flowed successfully to the apical termination after ultrasonic activation. (c) The mesial and distal roots of a maxillary
molar after using the EndoVac microcannula to deliver the irrigant to full working length. The premolar was isolated with a rubber
dam, cyanoacrylate, and a blockout resin. (Radiographs courtesy of Dr. Jorge Vera, Puebla, Mexico.)

(a) (b)

200 μm

Figure 8.6 (a) Cross-section of a root canal at 5mm coronal to the working length showing inaccessible amorphous organic
mass with dentin shavings (red arrows) apparent at instrumentation interface. (De-Deus et al. (28). Reproduced with permission of
Elsevier.) (b) Complex canal anatomy demonstrates several areas where biofilm may flourish in inaccessible areas, including the
smallest fins, cul-de-sacs, and isthmus areas and the lateral canals that provide the portal to the apical area. Accordingly,
debridement and disinfection via complete hydrolysis throughout the root canal system is essential to prevent biofilm
recolonization, possibly from infected tubules. (Dr. G. John Schoeffel, Dana Point, California. Reproduced with permission of G.J.
Schoeffel.)

mechanism to move the stagnation plane apically

to be coincident with the canal terminus, without

extruding beyond it. After a thorough investiga-

tion of needle designs, flow rates, and passive

ultrasonic techniques, Gulabivala et al. concluded
that “despite the significant advances in root canal

treatment, there remains a lack of clarity about the

mechanisms of irrigant delivery, replenishment,

mixing, flushing, and wall erosion.” It is important

to realize that Gulabivala et al. (9) submitted their

paper on June 17, 2009, almost a year before the

work by Tay et al. (23) Regardless of AVL, dead

water space, or stagnation plane, the resulting

problem turned out to be the same always—

lack of adequate irrigant exchange in the apical

termination to effectively hydrolyze organic debris.
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Hydrolysis of pulpal soft tissues and
organic components of hard tissue debris

The subject of this chapter is fluid dynamics of irri-
gation within the root canal system. For effective
debridement, there must be an exchange of irrig-
ants throughout the root canal system including
canal fins, cul-de-sacs, and isthmus areas. Thus,
irrigants must be bioreactive chemicals in order to
effectively dissolve, via hydrolysis, the variety of
organic molecules encountered in the root canal
system. It is interesting to note that sterilization is
not part of the endodontic triad because that would
require total eradication of every microbe in every
tubule. In 1995, Peters et al. (30) reviewed the fate
of bacteria in the dentinal tubules and concluded
that “there is no evidence, however, that special
measures should be taken to kill the bacteria in
the dentinal tubules. Should time permit, a sound
obturation technique immediately following the
cleaning, shaping, and disinfection phases allows
the remaining bacteria in the tubules to be either
inactivated or prevented from repopulating the
(former) canal space. In the vast majority of cases,
those bacteria appear not to jeopardize the success-
ful outcome of root canal treatment.” Figure 8.6b
exemplifies the concept proposed by Peters et al.,

wherein the very complex root canal system is fully
obturated after successful chemical debridement
via hydrolysis. Three-dimensional obturation of
the root canal system deprives the space for biofilm
to form. It should be further noted that complete
obturation of the canal space is impossible if resid-
ual dead biofilm remains. This would leave behind
spaces for repopulation by other biofilm colonies.

Irrigant concentration and exchange

Issues of irrigant type, concentration, activa-
tion, and delivery time must be considered. If
one considers a biofilm simply as an organic
material (similarly to pulp tissues) that must be
hydrolyzed into gas, the disinfection problem
then becomes one of simple debridement via
hydrolysis (Figure 8.7). Hydrolysis via NaOCl
is a simple equilibrium reaction, as demon-
strated by the reaction of NaOCl with lysine:
18ClO− + C6H14N2O2 ⇒ 18Cl− + 8H2O + 2NH3 +
6CO2. As reported by Hand et al. (31), the speed
of the dissolution of the organic material is a
function of NaOCl concentration. These authors
demonstrated that 0.5% NaOCl dissolved approx-
imately 55,000% less necrotic tissues per unit time
than 5.25% NaOCl. Although chlorhexidine has

(a) (b)

(c) (d)

CHX NaOCI

Figure 8.7 A heterogeneous mixture of oral microbiota was grown on blood agar and cut into small sections (left panel). (a) The
agar and microbiota are placed in test tubes that will receive either 2% chlorhexidine (CHX) or 6% sodium hypochlorite (NaOCl).
(b) Immediately after the solutions are added, the agar specimen in the NaOCl rises to the top as hydrolysis begins, indicated by
the bubbles released on the bottom (red arrow). (c) A few minutes later, only a faint hint of the polysaccharide composing the
agar is apparent. (d) Finally, both the agar and microbiota are completely reduced to carbon dioxide and ammonia, while both
the agar and now dead microbiota in the CHX remain in their original state. In the root canal scenario, this debris would prevent
adequate obturation.
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Figure 8.8 Only 6% NaOCl was able to
completely remove biofilm and prevent
growth.

also been advocated as an antimicrobial irrig-
ant, its hydrolytic effect on oral biofilms is not as
pronounced as NaOCl (Figure 8.7). Clegg et al.
(32) examined several contemporary irrigants
against oral biofilms using both scanning elec-
tron microscopy (SEM) and culturing methods
(Figure 8.8). Their results are in agreement with
what is shown in Figure 8.7, in that chlorhexidine
has minimal effect in destroying biofilms. Like-
wise, Siqueira et al. (33) was unable to achieve
100% negative culture when chlorhexidine was
employed as an irrigant clinically. Ercan et al. com-
pared the antibacterial activity of chlorhexidine
versus NaOCl (34) and concluded that “although
it [NaOCl] is an effective antimicrobial agent
and has excellent solvent properties for vital,
necrotic, and fixed tissues, it is known to be highly
irritating for apical tissues, especially at high con-
centrations. Because of the adverse effects of this
irrigant, researchers have developed alternative
irrigants.”

The negative implication to NaOCl’s aforemen-
tioned positive attributes is safety. It can cause
severe tissue reaction (35), neurological compli-
cations (36), facial deformity (37), life-threatening
situations (38), as well as litigation considerations
(39). Accordingly, the dental profession has been
looking for methods to safely deliver NaOCl in
concentrations higher than 3% safely to full work-
ing length. As mentioned earlier, because of the
existence of an AVL, there are three proven meth-
ods to deliver NaOCl to full working length. The
safety consideration of using positive-pressure
delivery close to full working length is discussed
later. Munoz and Camacho-Cuadra (12) demon-
strated that irrigants can be delivered high up in
the canal and worked to the apical termination

with ultrasonic microstreaming. Alternatively,
those irrigants may be pulled to the apical termi-
nation via apical negative pressure. Recently, three
clinical studies tested both these methods. Cohenca
et al. (40), using apical negative pressure irriga-
tion (EndoVac), achieved 100% negative cultures
both after final irrigation and 1 week recall. Paiva
et al. (41), using passive ultrasonic instrumentation
(PUI), failed to observe a significant difference in
the bacteriologic status. The authors concluded
that “although supplementary disinfection with
either PUI or a final rinse with chlorhexidine can
reduce the number of cases with positive culture
and polymerase chain reaction results for bacteria,
many cases still remain with detectable bacteria
in the main root canal.” In contrast to the clinical
study by Cohenca et al. (40), Pawar and cowork-
ers (42) failed to identify a significant difference
when using the EndoVac. However, it must be
pointed out that their study used only 0.5% NaOCl
instead of the 5% concentration recommended by
the EndoVac technique—a difference of 1000%. It
must be recalled that Clegg et al. (32) demonstrated
that less than 3% NaOCl produced approximately
90% culture growth and did not remove biofilm.
Pawar et al. (42) stated that “the use of 0.5% NaOCl
in this study could be considered responsible for
the lack of significant differences in antimicrobial
efficacy between EndoVac irrigation and standard
irrigation.” The Pawar study affirms the necessity
to use NaOCl at concentrations higher than 3%
during endodontic irrigation.

Irrigant activation via agitation

Proper instrument agitation in the amplitude range
of 75 μm and driven at 30 kHz cavitation causes
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more effective intracanal debris removal than
lower frequency and higher amplitude devices
that are designed to operate in the range of 1.2mm
amplitude and 160Hz (43). Furthermore, during

ultrasonic activation, because the tip is small-
est in diameter, it has the largest displacement
thereby generating the largest shear stress. This
is an important consideration once the NaOCl
has been exhausted (9). However, microstreaming
is dependent on the freedom of the instrument
movement and, until recently, has not been evalu-
ated for efficacy when its movement is restricted

by a well-defined canal curvature. This point is
addressed in detail later.

Chemical limitations of passive ultrasonic
irrigation (PUI)
When the PUI technique is employed, the apical
portion of the root canal is initially devoid of the
irrigant (Figure 8.5a). Once PUI begins, acous-
tic microstreaming allows the irrigant to reach
full working length (Figure 8.5b). Assuming all

the irrigant delivered to the root canal system

is circulated through the apical termination via

microstreaming, the total volume would equal

≈0.0126ml (Figure 8.9), as opposed to the ability

of apical negative pressure (EndoVac) to circulate

1.8ml at full working length (44). Thus, a differ-

ence of ≈14,000% volumetric exchange is realized

between apical negative pressure irrigation and

acoustic microstreaming via PUI, with the for-

mer providing a constant supply of NaOCl (>5%)

that results in a consistent high-reaction velocity

without irrigant depletion. Although the physical

action of acoustic microstreaming is active during

PUI, the ability of NaOCl to hydrolyze existing

organic tissues is quickly exhausted, because less

than a quarter of a drop of irrigant can be circulated

to the apical termination per application. Accord-

ingly, the problems with PUI are fluid exchange

and concentration resulting from fluid dynamics

encountered in a closed root canal system.

In concert with his clinical study, Cohenca

and coworkers (45, 46) conducted two in-vitro

1.8/0.0126
≈

14,000%

0.35 mm

1.43 mm

Figure 8.9 The volume of space in a root canal may be roughly calculated using a frustum calculator. In this example, a 1.8 cm
long root canal instrumented to size 35, 0.06 taper would hold about 0.0126ml of fluid. Assuming an irrigant delivery needle is
not positioned closer than 4mm from the working length, the apical vapor lock in the terminal 3mm will not be filled until
microstreaming is initiated. At that point, the clinician has only about 0.0126ml of NaOCl to activate. The NaOCl will be quickly
exhausted. However, apical negative pressure can draw approximately 1.8ml of irrigant through the entire working length. That is
approximately a 14,000% volumetric differential and helps to maintain the hydrolysis reaction at its fullest potential throughout
the final irrigation phase.
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studies using teeth infected with Enterococcus
faecalis biofilms and examined the results of the
final irrigation via culturing technique as well as
SEM examination of the canal walls. Figure 8.10
demonstrates results from the Hockett study (45)
comparing different preparation techniques and
used a traditional irrigation technique or apical
negative pressure for the final irrigation. Regard-
less of the preparation technique, all specimens
treated with the EndoVac system tested negative,
while 66% of the teeth treated with the traditional
irrigation technique tested positive for microbial
culturing. Figure 8.10a shows a thick biofilm at
the apical termination. Figure 8.10b shows the
biofilm completely removed; the absence of denti-
nal tubules is indicative that this section has been
taken in the apical 2mm of the root canal, wherein
the tubules are obliterated by sclerotic mineral
casts. Figure 8.10c shows dentinal tubules devoid
of bacteria while the canal wall surface is devoid
of bacteria or smear layer. SEM examination con-
firmed complete eradication of the canal wall
biofilms. Figure 8.11 demonstrates results from the
Saldivar study (46) that tested the efficacy of PUI in
addition to apical negative pressure and traditional
irrigation techniques. In this study, the EndoVac
again produced 100% negative cultures, while
the PUI group produced 53% positive cultures.
The positive control (Figure 8.11a) demonstrates
thick biofilms in the last apical 2mm of the canal
space. The PUI group (Figure 8.11b) shows canal
walls covered by smear layers created during PUI
as well as some intact clusters of E. faecalis. The
EndoVac group (Figure 8.11c) demonstrates clean
open tubules and complete eradication of bacteria.
It is encouraging that the PUI technique had a
profound effect on reducing the extent of biofilm,
despite the fact that irrigant exchange at the api-
cal termination was minimal following the fluid
dynamics of irrigant exchange mentioned in the
previous paragraph.

Increased temperature
As of the writing of this chapter, research on the
efficacy of using warmed NaOCl for debridement
of the canal space has basically stopped. However,
after Abou-Rass and Oglesby (47) reported that
5.25% NaOCl heated to 140 ∘F could dissolve tissue
up to nine times faster than 5.25% NaOCl at ambi-
ent temperature, many commercial NaOCl heating
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Figure 8.10 (a) A series of four SEM images taken with
different magnifications from the positive control showing the
presence of a thick biofilm in the apical 2mm of the
instrumented canal space. (b) SEM image of the instrumented
canal wall at 1mm from the working length. The canal wall is
devoid of patent dentinal tubule orifices (sclerotic radicular
dentin) and is completely devoid of bacteria biofilms. (c) SEM
image of fractured radicular dentin at 3mm from the working
length. The surface of canal wall (arrow) is rendered
smear-layer-free by the use of apical negative pressure
irrigation and contains patent tubular orifices. No bacteria can
be identified within the subsurface dentinal tubules. (Hockett
et al. (45). Reproduced with permission of Elsevier.)
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Figure 8.11 (a) A series of SEM images taken at different magnifications from the positive control showing thick biofilm
formation in the apical 2mm of the canal wall. (b) A series of SEM images taken at 3mm coronal to the working length showing
the conditions of the canal wall following irrigation with passive ultrasonic irrigation (PUI). Clusters of bacteria could be
identified from the debrided canal wall (enclosed in ovals). (c) A series of SEM images taken at 3mm coronal to the working
length showing complete absence of smear layer, patent dentinal tubule orifices, and absence of bacteria after irrigation with
5.25% NaOCl and 17% EDTA with EndoVac negative apical pressure irrigation technique. (Images courtesy of Dr. Nestor
Cohenca and Ana Maria Gonzá lez Amaro, San Luis Potosi, Mexico.)
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Figure 8.11 (Continued).

devices became available (48). Interestingly, how-
ever, Berutti and Marini (49) reinvestigated the
in-vitro parameters adopted by Abou-Rass and
Oglesby using a wax-sealed, closed apex protocol.
The authors reported that “unlike what was found
in the middle third, no marked difference was seen
between the two specimens in the structure of the
smear layer in the apical third… this confirms that
it is difficult to achieve proper irrigation of the
apical third (of the canal wall).” In retrospect, this
study also confirms the AVL theory.

Technical misunderstanding

Scientific research requires control and repeatabil-
ity. This demands that investigators follow pre-
viously defined protocols unless otherwise stated
for valid reasons. The apical negative pressure
concept of root canal irrigation appeared suddenly
in 2007, almost without any history of evolution.
This has consequently created confusion, leading to
misunderstandings regarding its method of opera-
tion and procedures to ensure proper control and
repeatability.

Townsend study—an example

The study by Townsend and Maki (50) exemplifies
this lack of understanding. The authors compared
the ability of several irrigation systems to remove
biofilm in a curved plastic canal and concluded that
“in a plastic simulated canal, ultrasonic agitation
was significantly more effective than needle irriga-
tion and EndoVac.” The investigators violated the
repeatability standard by not using the essential
agent required for the EndoVac system—NaOCl
in concentrations higher than 5%. Instead, the
authors justified their use of water as an irrigant
by rationalizing that their study was designed
“to assess only the mechanical effects of agita-
tion and irrigation at removing E. faecalis from a
canal.” In addition, Townsend andMakimisquoted
Hockett et al. (45) by stating “Hockett et al. showed
that active or ‘positive-pressure’ irrigation has the
potential to achieve significantly better infection
control… ” What Hockett et al. actually wrote
was “the results of this in-vitro study showed that
apical negative-pressure irrigation has the poten-
tial to achieve better microbial control . . . .” This
cognitive dissonance contributed at large to the
general misconception regarding apical negative
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pressure. For example, Torabinejad (51) uninten-
tionally quoted Townsend study in a collegial
publication and stated that “based on the results
of this investigation, the authors conclude that
ultrasonic agitation is significantly more effective
than needle irrigation and EndoVac irrigations at
removing intracanal bacteria.”

Failure to follow established protocol

Jiang et al. (13) also compared canal irrigation with
apical negative pressure with other methods of
canal irrigation to examine the efficacy of debris
removal efficacy. The failure of that study to follow
the manufacturer’s instructions produced erro-
neous observations that compounded the mistakes
made by Townsend and Maki (50) and Pawar et al.
(42). For the negative apical pressure (EndoVac)
group, the authors inadvertently employed the
microcannula only, as opposed to the combined
use of the macro-/microcannulae. Not only is
the combined use clearly part of the manufac-
turer’s instructions, but it is a key element of the
EndoVac’s patented system (52). Irrigation with
the microcannula without first using the macro-
cannula would have most certainly resulted in
premature blockage of the filtration holes of the
microcannula, causing either slowing or complete
obstruction of irrigant flow. This created results
that were skewed against the performance of the
negative apical pressure irrigation system. Unlike
other studies (53, 54), the irrigant flow rate through
the EndoVac’s evacuation tube was not reported
by Jiang et al. (13).

Patient safety and intracanal fluid
dynamics

Patient safety is paramount when considering
intracanal fluid dynamics including irrigant deliv-
ery rate, agitation and exchange, needle design,
pressure gradient management, wall shear stress
and cleaning efficacy, and ultimately, treatment
outcome. The endodontic literature is replete with
case histories of NaOCl extrusion incidents (55),
specific and serious examples of which have been
previously mentioned (37–39). This axiom is best
stated by Boutsioukis et al. (26): “from a clinical
point of view, the prevention of extrusion should

precede the requirement for adequate irrigant
replacement and wall shear stress.” Three types
of NaOCl extrusion incidents have been reported:
careless iatrogenic injection (56), extrusion into the
maxillary sinus (57), and, finally, systemic extru-
sion or infusion via the root canal space. All three
situations are avoidable by controlling the pressure
gradient delivery differential.

Maxillary sinus

Extrusion of NaOCl into the maxillary sinus has
been reported with complications varying from
inconsequential (58) to severe facial pain requiring
hospitalization and operative intervention under
general anesthesia (38). Hauman et al. (59) describe
these accidents in a review article and state that “the
alveolar bone can become thinner with increasing
age, particularly in the areas surrounding the apices
of teeth, so that root tips projecting into the sinus
are covered only by an extremely thin (sometimes
absent) bony lamella and the sinus membrane.”
In such a case, there would be no resistance to the
flow of irrigants into the maxillary sinus. Recently,
Khan et al. (11) reported apically directed pressures
of 2.6mm of Hg using a nonbound side-vented
needle with a flow rate of 1ml/min positioned at
1mm from working length. However, in the study
by Jiang et al. (13) the authors used a flow rate of
6ml with needles in the same position, in which
case the apically direct pressure would have been
72mm Hg (11). In either case, sufficient pressure
would cause extrusion of NaOCl into the maxillary
sinus if the Schneiderian membrane was missing,
as described by Hauman et al. (59). Sleiman (60)
reported the following case: on examination of
a referred female patient for evaluation of her
upper right first molar, the patient reported having
experienced the sensation of chlorine in her throat
arising from her nose. A panoramic radiograph
(Figure 8.12) revealed a diffusion irregularity. After
taking the history and examining the panoramic
X-ray, cone beam computed tomography of the
maxilla was taken. Figure 8.13 shows the right
maxillary sinus filled with inflammatory tissues.
Figure 8.14a–c shows that the posterior wall of
the sinus was nonexistent in some places. It was
concluded that the position of the patient during
the root canal procedure could have resulted in the
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Figure 8.12 Panoramic radiograph showing irregular
appearance of the right maxillary sinus. (Courtesy of Dr.
Philippe Sleiman, Beirut, Lebanon.)

stagnation of NaOCl on the posterior wall of the
sinus and aggravated the damage.

Intravenous infusion

When Sabala and Powell (35) reported one of the
first remarkable NaOCl accidents in 1989, they
mentioned that only 0.5ml of NaOCl could have
been extruded; yet the tissue reaction was out of
proportion. The authors attributed the cause of the
accident to angioneurotic edema with histamine
release, without any further mention of any other
physiological mechanisms responsible for the dis-
proportionate event. They further recommended
the use of a side-delivery orifice needle to pre-
vent such accidents. These observations may have
created a very myopic view of the mechanism
causing a devastating NaOCl incident. Zairi and
Lambrianidis (61) reported NaOCl extrusion into
the maxillary sinus when a side port needle was
used and opined that the malfunction was proba-
bly caused by “forceful injection.” What is forceful
injection? A review of the literature indicates that
clinicians with a wide variety of clinical experience
deliver NaOCl from at rates that vary from 1.2 to
48ml/min via 30-gauge side-vented needles (62).
Zairi and Lambrianidis opined that “needles with
a side-delivery orifice and a rounded tip have been
manufactured to prevent perforating the apex and
allows safe irrigation of the entire length of the root
canal. In the present case, such needles were used,
and the fact that inadvertent extrusion of sodium
hypochlorite occurred verifies the observation
made by Bradford et al. (63) that no needle design

Figure 8.13 Cone beam computed tomography (CBCT)
image of the clinical case presented in Figure 8.12 showing
one-half of the right maxillary sinus filled with inflammatory
tissues. (Courtesy of Dr. Philippe Sleiman, Beirut, Lebanon.)

seems to prevent high pressures delivered beyond
the apex.”

The paper by Bradford et al. (63) quoted that at
least one case of human death has occurred because
air was injected into a cuspid tooth causing a fatal
intravenous air embolism (64). Further literature
review has verified three additional cases of death
attributed to intravenous air embolism fatalities
during dental implants (65). Still further review
outside the specific area of endodontic irrigation
had suggested and implicated direct intravenous
infusion of endodontic paste into the venous sys-
tem (66–69). After determining the physiological
possibility of infusing NaOCl into the venous sys-
tem, a literature search (70–78) as well as cases
reported by Hülsmann and Hahn (79) demonstrate
consistent patterns. One example is identified in
Figure 8.15a as reported by Witton and Brennan
(36), in which the patient’s upper right lateral
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(a) (b) (c)

Figure 8.14 (a–c) CBCT sectional
views of the posterior wall of the right
maxillary sinus with areas of nonexistent
osseous structure. (Courtesy of Dr.
Philippe Sleiman, Beirut, Lebanon.)

incisor was irrigated with NaOCl. It is impor-
tant to note that the area immediately above the
involved tooth was not bruised, yet the patient’s
eye lid and the angle of her mouth were clearly
affected.What causes this appearance? Figure 8.15b
demonstrates bruising of the superficial palpebral
(arrow)–angular–facial venous complex. How-
ever, a very short distance from this complex,
the facial vein runs deep (Figure 8.15c) under the
zygomatic muscles, and associated adipose tissue
thus bleeding in this area is masked until the vein
becomes superficial again at that angle of themouth
where it drains both the superior and inferior labial
veins. In some rare situations, the maxillary ante-
rior teeth drain directly into the tributaries of
the facial vein (Figure 8.15d) (80). Furthermore,
unlike peripheral veins, the intraosseous venous
sinusoids do not collapse in response to pressure
gradients (65) and they rapidly absorb infused
substances, transporting them to the central veins
(81). Thus, NaOCl infusion into and through the
associated venous sinusoids can occur, depending
on the intensity of the irrigation. A rare example
demonstrating the full course of the anterior facial
vein and its associated tributaries is illustrated in
Figure 8.16.

Apical pressures developed by nonbinding
irrigation needles at various irrigation
delivery rates

A search of the current literature identified two
studies that calculated apically directed pres-
sure (26, 82). These two studies were conducted
using similar needle placement (3mm from
working length), canal preparation size (size
45, 0.06 taper), canal length (19mm), and flow rate
(15ml/min). Both studies calculated an apically

directed pressure of ≈75mm Hg. Later, Jiang et al.
(13) examined six different irrigation techniques

using a model with slightly different parameters:

needle placement (1mm from working length);

canal preparation size (first prepared to size 30,

0.06 taper, followed by preparation to size 40,

0.02 taper); canal length (15mm); and flow rate

(6ml/min). It should be noted that in their study,

Jiang et al. moved the irrigation needle 2mm closer

to the apical termination and slowed the delivery

rate by more than half that was reported in the

two aforementioned studies (26, 82). Jiang et al. did
not report apically directed pressure. Realizing the

potential for an intravenous infusion when api-

cally directed pressures exceeding central venous

pressure (CVP; ≈6mm Hg), Khan et al. (11) mea-

sured apical pressures developed by nonbinding

irrigation needles at various irrigant delivery rates

using a polycarbonate model shaped according to

the parameters described by Jiang et al. (13). The
only difference between the two studies was that

the canal length in the Khan study was 17mm

long. The root canal in the Khan study was a closed

system, and the apex foramen was attached to a

manometer via 1/16 inch internal diameter vinyl

tubing. Flow rates varied from 0.5 to 8ml/min

and apical pressure was recorded (Figure 8.17).

Except for the VPro™ EndoSafe™ (Vista Dental

Products, Racne, WI; claimed by the manufacturer

to be a negative pressure, simultaneous irriga-

tion, and evacuation device), device delivery rates

at 1ml/min or less produced apically directed

pressures less than the CVP. At 6ml/min, both the

Max-i-Probe
®
(Dentsply-Rinn, Elgin, IL; a 30-gauge

side-venting needle) and the NaviTip (Ultradent

Products Inc., South Jordan, WI; a 30-gauge non-

beveled, open-ended needle) produced apically

directed pressures 1000% greater than the CVP.
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(a)

(b)

(c) (d)

Figure 8.15 (a) This case history exemplifies the pathognomonic appearance of a classical NaOCl accident. Interestingly, the
tooth treated was the patient’s upper right lateral incisor and the tissue immediately superficial to its apical termination is not
ecchymotic; yet the upper and lower eyelids and angle of the mouth clearly demonstrate bruising, with an unaffected area
between both. Why? (b) The superior palpebral vein—note the very well-defined ecchymotic appearance of this vein
(arrow)—connects to the angular vein near the margin of the eye. Then almost immediately, the angular vein merges with the
inferior palbebral venous complex and facial vein where the facial vein proceeds down the midface. (c) Shortly after this
confluence, the facial vein is covered by both zygomatic muscles, associated adipose tissue and the malar fat pad, and any
hemorrhage in this deep area is masked by these different tissue layers. The facial vein becomes very superficial again at the angle
of the mouth where it receives the superior and inferior labial veins, thus revealing the ecchymotic appearance at the angle of the
mouth and both lips. (d) Normally, the blood from the maxillary teeth drains to the pterygoid plexus; however, sometimes
drainage from the anterior teeth may be via tributaries of the anterior facial vein. If the apical foramen is patent and the apically
directed irrigation pressure gradient exceeds CVP and the tooth’s blood drains to the anterior facial vein, then irrigants can flow
along the interconnecting venous complex as demonstrated in this and similar case histories. The ecchymotic appearance would
vary depending on the amount and concentration of NaOCl entering the venous complex, as well as the specific location of the
venous elements and associated tissues. (Witton and Brennan, Figure 1 (36). Adapted with permission of Macmillan
Publishers Ltd.)

Debridement efficacy in inaccessible
areas of the root canal system

As previously mentioned, sterilization of the root

canal is not one of the tenets of root canal treatment.

Countless studies have failed or succeeded in pro-

ducing sterility results according to the culturing

method. Miller and Baumgartner (83) inoculated

sterilized roots with E. faecalis and debrided the

canals with a 30-gauge side-vented needle or the

EndoVac system. The authors then pulverized

the apical 5mm of the roots to test for vital bac-

teria within the tubules or other morphologic

irregularities. They found live bacteria in the pul-

verized powder obtained from roots irrigated

by both methods. Likewise, Brito et al. (84) and
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Figure 8.16 Patient experienced NaOCl extrusion through
the upper right cuspid. As the anterior facial vein is located
closer to the midline than usual and is not covered by the
zygomatic muscles, adipose tissue, or malar fat pad, its
complex tributaries, including the palpebral veins, the angular
vein, tributaries of the superior and inferior labial veins, and
the entire length of the anterior facial vein is apparent. Finally,
the path of the ecchymosis crosses under the mandible and
joins the common facial vein. (Hülsmann (2009), figure 13
(79). Reproduced with permission of John Wiley
& Sons, Inc.)

Miranda et al. (85) produced positive cultures after
final irrigation. Conversely, Hockett et al. (45) pro-
duced negative cultures using Trope’s standard
culturing technique (86, 87). Bacteria reduction is
also relative; if proper debridement, disinfection,
and obturation are inadequate, bacteria can survive
a period of starvation and eventually repopu-
late intracanal voids (88). Accordingly, complete
debridement and successful obturation of isthmus
between roots and mechanically inaccessible fins

and grooves have recently risen to paramount
importance.

Isthmus areas

In 1997, Siqueira et al. (89) used five different
contemporary instrumentation techniques and
determined that isthmus areas were virtually
impossible to clean. This finding led to the inven-
tion of several different endodontic irrigation
techniques after the turn of the 21st century to
address the problem of cleaning inaccessible isth-
mus areas. Figure 8.18a demonstrates the problem
previously described by Siqueira et al. where the
area in between both mesial roots still harbors soft
tissues that would interfere with any obturation
technique, and when degeneration and liquefac-
tion of those soft tissues would leave space to
support a biofilm. A different and recently devel-
oped technique (Figure 8.18b) not only effectively
cleaned the isthmus area at the apical termination,
but also its associated isthmus area and uninstru-
mented canal. Gutarts et al. (90) published the first
study that specifically addressed this problem by
using continuous flow of irrigants and ultrasonic
activation (i.e., active ultrasonic irrigation). This
study was succeeded by the study of Klyn et al.
(91), who tested the “F” file, EndoActivator, pas-
sive ultrasonics, and the Max-i-Probe, while Susin
et al. (92) reported on the EndoVac apical negative
pressure system and the manual dynamic agitation
technique. All three studies were similar in that
they used mandibular mesial roots and examined
the last millimeter of the instrumented canal space
for the efficacy of isthmus debridement. Unfor-
tunately, endodontic research often lags behind
current developments and none of the listed stud-
ies properly compared a control technique to the
other. In the case of the EndoVac, Susin et al. fol-
lowed the manufacturer’s directions exactly, while
Klyn et al. used an irrigation protocol similarly to
the products’ directions for use. Their results are
summarized in Figure 8.19.

Wall shear stress

According to Gulabivala et al. (9), once the chemical
effect of NaOCl is depleted, wall shear stress will be
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Figure 8.17 With the exception of the
VPro™EndoSafe™, all other tested
delivery systems created an apically
directed pressure gradient less than center
venous pressure (CVP) at a delivery rate of
1ml/min or less. It is noteworthy that the
side-vented Max-i-Probe® produced only
slightly less apically directed pressure
than the open-ended NaviTip, while the
EndoVac always created apical negative
pressure.

(a) (b)

Figure 8.18 Light microscopy images of Masson
trichrome-stained, demineralized root sections taken at 1mm
from the apical termination showing canal and isthmus
cleanliness after the use of different irrigation techniques. (a)
Typical results achieved with the manual dynamic agitation
(MDA) irrigation technique showing tissue debris remaining
within the canal isthmus. (b) Typical results achieved with the
EndoVac apical negative pressure irrigation technique
showing completely clean canals and isthmus. Note that
although one canal was instrumented, the adjacent
uninstrumented canal and the isthmus were completely clear
of intracanal debris because of the intracanal fluid dynamics.
(Courtesy of Dr. Lisiane Susin, Georgia, USA.)

solely responsible for the mechanical debridement
of the root canal space: “the streaming flow at the
end of the instrument can penetrate into the region
of spent resident irrigant located at the apical por-
tion of the root canal system, and it is this that is
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Figure 8.19 Bar chart summarizing the mean percentage
isthmus cleanliness values derived from three studies. EA,
EndoActivatorTM (K); PUI, passive ultrasonic irrigation (K); F,
“F”File (K); MDI, manual dynamic irrigation (S), MP,
Max-i-Probe® (K); CUI, continuous ultrasonic irrigation (K);
and EV, EndoVac (S). Investigators: K, Klyn et al. (91); G,
Gutarts et al. (90); S, Susin et al. (92).

likely to play an important role in debriding the
biofilm-infected apical anatomy.” Gulabivala et al.
further stated that “if the instrument is constrained
and confined in its oscillation, then it is unlikely
that this process would occur.” This is in keeping
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with the conclusion of van der Sluis et al. (93):

“… acoustic microstreaming depends inversely on

the surface area of the file touching the root canal

wall.” van der Sluis and coworkers have conducted

several studies since 2004 using a unique model

consisting of a split tooth and washed dentin

(STWD). This model consists of a single-rooted

tooth that can accurately be reassembled, with one

side containing an inaccessible artificial groove

extending 4mm in length, starting from 2mm

coronal of the apical termination and having a

width of 0.2 and 0.5mm in depth. This groove

is prefilled with dentin debris previously mixed

with 2% NaOCl for 5min to simulate a situation

in which dentin debris is accumulated in unin-

strumented canal extensions. The STWD model

has tested the cleaning efficacy of sonic device

versus ultrasonics (43), syringe versus ultrasonic

irrigation (94), instruments of various tapers (95),

volume, type of irrigant and flushing methods (96),

removal of calcium hydroxide (97), pulsed ultra-

sound (98), oscillation direction (99), and different

final irrigation techniques (13).

The STWD model contains several flaws. First,

the investigators incorrectly assumed that after

initial instrumentation, the NaOCl dissolves all

organic debris in the inaccessible groove leav-
ing only dentin shavings; hence the reason for
precleaning the dentin shavings with NaOCl.
Recently, Kirkpatrick’s group (91, 100), using a
closed apical termination model (Figure 8.20a,b),
visually affirmed earlier findings by De-Deus
et al. (28) using an open apical termination model
(Figure 8.20c), that in either situation, undissolved
pulp tissues remain in the inaccessible uninstru-
mented areas, and not just in the cleaned and
isolated dentin chips. Second, van der Sluis et al.
(93) has stated and proven with the STWD model
(95) that freedom of the instrument’s movement is
essential to efficient acoustic microstreaming. Yet,
no STWD test has been conducted in curved canals
for reasons that are addressed shortly. Finally,
needle position and the rate of irrigant deliv-
ery are important safety concerns as previously
determined by Khan et al. (11).

Wall shear stress effects of different endodontic
irrigation techniques and systems

Recently, the effect of wall shear stress was evalu-
ated in a multicurved canal by Goode et al. (101).
These authors employed most of the test groups
and the inaccessible groove design as reported by

(a)

(b)

(c)

200 μm

Figure 8.20 Two studies demonstrate partial pulp dissolution without existence of solitary dentin shavings at XS at 5mm from
WL. Left panel: Cleanliness of the canals and isthmus in the mesial roots of mandibular first molars. Irrigation was performed with
the root apex sealed. (a) After the use of a guide file and irrigation with saline only. (b) Effect of instrumentation using 0.5ml of
6% NaOCl in between instrument change. Right panel: (c) High contrast enhancement of Figure 8.6a showing dentin shavings
(red arrows) embedded in the pulp tissue along the instrumentation interface. The specimen was subsequently irrigated with an
unsealed root apex, using a total of 30ml of 5.25% NaOCl during instrumentation. (Klyn et al. (91). Reproduced with permission
of Elsevier.)
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Jiang et al. (13), with several exceptions. First, a rel-
atively safe flow rate of 1ml/min was used, based
on the results reported by Khan et al. (11). Second,
in order to simulate a multicurved canal system, a
model canal with primary, secondary, and tertiary
curvatures of 17∘, 24∘, and 68∘, respectively, and
with a groove on one side of the canal was milled
into mirroredmedical-grade titanium (Figure 8.21).
The milled groove replicated the groove in the
study by Jiang et al. (13) starting at 2mm from the
apical termination, extending 4mm coronally, and
measuring 0.2mmwide and 0.5mmdeep. Third, as
the concept that only dentin shavings exist in unin-
strumented areas is incorrect, calcium hydroxide
was used because of its clinical relevancy, chemical
inertness to NaOCl, and precedence of use in this
model (97). Fourth, Goode et al. expanded their

(a)

(b)

(c)

Figure 8.21 Representative high magnification images of the
curved simulated canal fin milled in a titanium root canal
mode, showing varying extents of calcium hydroxide paste
removal. (a) Complete removal showing empty groove
between red arrows; (b) completely filled groove between red
arrows; (c) partially cleaned groove indicated by green arrow.
(Goode et al. (101). Reproduced with permission of Elsevier.)

study to include the use of the EndoActivator and
the Max-i-Probe. The study by Jiang et al. did not
use classical passive ultrasonic irrigation (PUI) but
employed continuous ultrasonic irrigation (CUI),
which as shown by Castelo-Baz et al. (102) to be
better than PUI in increasing the penetration of
irrigating solutions into simulated lateral canals.
Fifth, the EndoVac macrocannula was used in
the study by Goode et al. in conjunction with the
EndoVac microcannula, because the former is an
integral part of the apical negative pressure irri-
gation technique. The irrigation needle in each
group was placed at 1mm coronal to the work-
ing length during irrigant delivery, except for the
EndoVac microcannula, which was inserted to full
working length. Each group received exactly 1ml
of irrigant over 1min; the mechanical activation
and EndoActivator groups each received an extra
30 s of activation time. After separating the tita-
nium split blocks, the remaining Ca(OH)2 was
digitally evaluated. Figure 8.22 shows the results
and statistical analysis. The EndoVac group con-
sistently removed more than 99% of the Ca(OH)2
from the lateral groove within the curved canal
model. This was followed by the CUI group,
which removed approximately 10% of the Ca(OH)2
from the lateral groove. The results reported by
Goode et al. demonstrated the immense wall
shear stress effects produced by apical negative
pressure.

Extracanal fluid dynamics and outcome
results

Goode et al. (101) reported an unpublished result
from the study by Khan et al. (11), that the EndoVac
macrocannula produced apical directed aspiration
(negative) pressure as high as −250mmHg. It indi-
cates not only does the safety of the macrocannula,
but also its ability to exert aspiration forces on api-
cal and/or intracanal components such as purulent
materials or foreign debris.

Apical aspiration

A typical example of this aspiration force is illus-
trated in Figure 8.23. The patient was suffering
from pain on percussion of tooth 29 and the tooth
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Figure 8.22 Boxplots showing the
percentage cleanliness achieved by the
nine groups within the curved simulated
canal fin shown in Figure 8.21 (N=10).
Abbreviations: MDA, manual dynamic
agitation; EdAc, EndoActivatorTM. For
each group, the boxplot graphically
depicts the sample minimum, lower
quartile, median upper quartile, and the
sample maximum. Groups labeled with
the same upper case letter are not
significantly different (P>0.05). (Goode
et al. (101). Reproduced with permission
of Elsevier.)

(a) (b) (c) (d) (e)

Figure 8.23 Emergency treatment combined with single-visit endodontics. (a) Preoperative radiograph of tooth 29. (b) (c) After
patency was established, the EndoVac macrocannula was used to aspirate purulent exudate until the aspirant became hyperemic.
(d) The canal was immediately obturated after canal instrumentation and debridement. (e) Apical radiograph taken at 6-month
recall showing complete healing of the apical periodontitis. (Courtesy of Dr. Wyatt D. Simons, San Clemente, CA, USA.)

tested nonvital. Diagnosis of tooth 29 was pulp

necrosis with acute apical abscess (Figure 8.23a).

After gaining access, establishment of a glide

path, and instrumentation of the canal space, the

EndoVac macrocannula was used according to

the manufacturer’s instructions. Aspiration of the

purulent exudate was noted immediately, being

evacuated via the microcannula (Figure 8.23b).

The clinician held the macrocannula in the apical

most possible position until the purulent aspi-

rant was replaced with a hemorrhagic exudate

(Figure 8.23c). The microcannula was subsequently

employed by insertion to full working length. The

debrided canal space was obturated in a single

visit without any incident (Figure 8.23d). Complete

resolution of the apical periodontitis was evident

at 6-month recall (Figure 8.23e). Several objectives,

supported by recent studies, were achieved in this

case. First, it is apparent that the inflammatory

mediators were aspirated successfully without

resorting to a trephination-type procedure. Sec-

ond, on the basis of the results reported by Goode

et al. (101), it is likely that most of the inaccessible

areas of the root canal system were successfully

cleaned via chemical and wall shear stress debride-

ment. From the recent in-vitro study by Hockett

et al. (45) and the clinical study by Cohenca et al.
(40), it is probable that the walls of the root canal

system were effectively devoid of living or dead

biofilms.
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Single-visit treatment with apical
periodontitis

In 2012, Paredes-Vieyra and Enriquez (103) pub-
lished a 2-year success rate study of single- versus
two-visit root canal treatment of teeth with apical
periodontitis using a randomized controlled trial
study design. The single-visit group consisted of
146 teeth. The reported successful result based on
complete resolution of apical periodontitis was
97%. In contrast, Su et al. (104) published a review
of similar studies a year earlier. In that study, the
criteria for success was less stringent, and was
based on relative radiographic size of the original
apical radiolucency to the recall density, combined
with signs and symptoms. The success outcome in
the review by Su et al. (104) for single-visit teeth
with apical periodontitis was 80%. Paredes-Vieyra
and Enriquez (103) reported one tooth that did not
heal in the single-visit group, while the progno-
sis of four additional teeth was uncertain. In the
discussion, the authors opined that “mechanical
instrumentation facilitates the removal of infected
dentin. However, the apical portion of the root
canal is especially difficult to clean with root canal
instruments because of its complicated anatomy of
apical deltas and narrow isthmuses. Disinfection
depends on chemicals and effective irrigation. The
ability of an irrigant to reach the most apical part of
a canal depends on canal anatomy, the size of canal
enlargement, the delivery system, and the depth of
needle penetration.”

Canal obstructions and serendipitous
results

Almost 30 years have elapsed before the signif-
icance of endodontic biofilms became apparent.
Chow (10) defined three simple parameters for
successful endodontic debridement: “for the solu-
tion to be mechanically effective in removing all
the particles, it has to (i) reach the apex; (ii) cre-
ate a current (force); and (iii) carry the particles
away. As demonstrated in isthmus cleaning (91)
and other inaccessible areas (101), apical nega-
tive pressure can achieve these three objectives
extremely effectively. This chapter has discussed
myths, pressures, and wall shear force relative to
natural intracanal materials such as pulp tissues,

(a) (b)

Macro-cannula

Figure 8.24 Serendipitous removable of separated
instrument; retreatment debris is shown with the EndoVac
macrocannula removed during retreatment. (a) The instrument
(black arrow) is bypassed during retreatment. The
macrocannula (inset) is shown capturing the fractured
instrument as well as extraneous debris during evacuation (red
arrow). (b) Radiograph taken after instrument removal.
(Courtesy of Dr. Richard A. Rubinstein, Farmington, MI, USA.)

biofilms, dentin shavings, or intentionally placed
intracanal medicaments. It has not discussed the
beneficial effect of creating up to −250mmHg close
to the apical termination for removing accidently
embedded materials, such as broken instruments
and treatment debris. Figure 8.24a illustrates a case
in which a patient was referred for endodontic
retreatment, with the canal space containing a
separated instrument. The inserted photo shows
aspiration of the separated instrument into the
EndoVac’s macrocannula. The arrows at the inter-
face of the cannula and the separated instrument
indicate old sealer that was being evacuated at the
moment the instrument was captured. Figure 8.24b
demonstrates successful instrument retrieval.

Conclusions

Endodontics has come a longway after Grossman’s
lunch box incubator. Intracanal fluid dynamics is a
critical multifaceted treatment procedure that must
be understood clearly. Biofilm has been proven
to be the causative agent for apical periodontitis.
This is both fortunate because it must have a place
to exist, and a problem because many endodontic
irrigation systems available today are incapable
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of completely eradicating organic and inorganic
materials from the root canal system. It is impor-
tant for manufacturers to design and improve their
irrigation systems to achieve maximum safety and
efficient cleanliness of the root canal system and
also validate their results in carefully designed
studies based on their directions for use. This will
enable the profession to make the best decision
regarding patient treatment.

The work of Pelka and Petschelt (39) cautions the
profession of its duty to warn patients before using
NaOCl. Rochelle (105), an American Board of Trial
Advocates attorney, discusses the importance of the
dentist’s duty to be knowledgeable when making
the best treatment decision for his/her patient and
used the EndoVac as an example: “… that doctor
has the affirmative duty to discuss that product with the
patient. Alternatively, has medical science progressed to
the degree of specialization that the doctor has the duty
to simply select the new, lesser risk device? An example
of such a newer medical device recently described in the
peer review literature is the EndoVac delivery system
for endodontic irrigation. Previously, the device utilized
for irrigation in the root canal was a simple syringe to
introduce sodium hypochlorite into the root canal for
irrigation and debridement, an important and standard
part of endodontic treatment. While the occurrence of
sodium hypochlorite extrusion is uncommon, under any
analysis of product liability law, the EndoVac would be
the preferred alternative device. It is superior in that, for
a minimal cost, it does not sacrifice treatment efficacy
and eliminates the risk of severe debilitating injury that
can occur from sodium hypochlorite extrusion from
positive pressure.”
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Introduction

The foundation of endodontic therapy is the
debridement and disinfection of the root canal sys-
tem. These procedures would allow the clinician to
achieve the ultimate endodontic goal: to preserve
the health of apical tissues or to eliminate the apical
inflammatory disease when it has already estab-
lished as a consequence of bacterial colonization of
the root canal system (1).

Our relentless pursuit to eliminate all irritants
within a root canal system remains a commit-
ted objective. Unfortunately, our ultimate goal to
completely disinfect every root canal system has
not yet been practical. Predictable elimination of
microorganisms remains our main challenge and

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

has not changed significantly since 1965 (2). The
terminology of disinfection as opposed to steriliza-
tion is appropriate as a result of the shortcoming
in our objective. Although “cleaning and shaping”
are done concurrently, disinfection actually begins
after the desired shape has been accomplished (3).
Traditional endodontic techniques are based on the
theory that files shape and irrigants clean (4). Said
differently, there is greater potential to completely
disinfect the root canal system after it has been
cleaned and shaped. This statement highlights the
knowledge that there are uninstrumentable areas of
pulpal anatomy. Studies confirm that better micro-
bial removal and more effective irrigation occur
when canals are instrumented to larger apical sizes
(5–7). However, even after cleaning and shaping,
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Figure 9.1 Irrigation of a complex anatomy. Presence of an
accessory canal in middle third. Irrigation was performed in a
cleared tooth using apical negative pressure.

microorganisms found in biofilm structures remain
in the root canal system and dentinal tubules.

The efficacy of intracanal irrigation has been
evaluated and reported extensively in the endodon-
tic literature (8–13). Sodium hypochlorite (NaOCl)
is considered to be the most effective irrigant
solution because of its antimicrobial and tis-
sue dissolution properties (10, 13–15). However,
sodium hypochlorite must be in direct contact
with the tissue to be disinfected in order to oxi-
dize, hydrolyze, and to some extent osmotically
draw fluids out of the tissues (16). This means
enabling the sodium hypochlorite to contact the
dentinal tubules throughout the complex root
canal anatomy at working length (WL), as well
as the anatomic variations like lateral canals and
isthmuses (Figure 9.1).

From the early days of endodontics, the objective
of achieving an aseptic root canal was pursued
using disinfectants applied to the coronal portion
of the canals. However, the persistence of apical
pathoses demonstrated that the entire length of the
root canal system required exposure and contact
with the chemical irrigant in order to provide for
adequate disinfection. The first delivery system
into the root canal was a needle connected to a
syringe, currently termed positive pressure (PP)
irrigation. The basic concept and clinical aim is to

deliver the irrigant solution into the entire root

canal, while generating a hydrodynamic flow to

facilitate the removal of debris through the canal

orifii. The latter is essentially aimed at avoiding

accumulation and packing of debris produced dur-

ing the instrumentation, particularly at the apical

third, causing mechanical blockage and facilitat-

ing the growth of microorganisms and biofilm

formation.

PP irrigation uses a syringe and a needle. The

technique involves inserting the needle into the

canal followed by the deposition of the irrigant

solution. It is the most traditional technique and

still considered the “gold standard” for endodontic

irrigation (17–19), despite the questionable results

reported in the current literature (15, 20–22).

Better understanding of fluid dynamics is

required in order to understand the chemophys-

ical properties directly correlated to the flow of

irrigants in a closed-end canal system. By learning

the physical limitations of fluid dynamics, we

will realize that the delivery system is perhaps

equal or even more important than the irrigant

solution itself. This statement is supported by a

number of in-vitro studies analyzing the efficacy

of irrigants on dentin disks in which the solutions

easily contacted the surface to be treated (23–25).

Sodium hypochlorite has extraordinary qualities

for disinfection and organic tissue dissolution. In

combination with chelating substances such as

ethylenediaminetetraacetic acid (EDTA), the dis-

infection should become more predictable, at least

from a direct microbiological standpoint. Unfor-

tunately, the clinical situation is very different

and complex because of physical, chemical, and

anatomical constraints. Therefore, it is unreason-

able to extrapolate the results of in-vitro studies,

when they do not replicate the clinical situation.

Recently, the importance of using a closed-canal

system was demonstrated by Parente et al. (26). We

must realize and accept the fact that we are facing

a challenging clinical situation ruled by physical

principles. This challenge is further complicated by

the chemical principles and limitations of irrigation

solutions. The surface tension and viscosity of the

irrigant produce a phenomenon known as dead zone
or stagnation zone at the apical level in which the

irrigant penetration is limited, making the renewal

of the solutions virtually nonexistent.
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(a)

(b)

Figure 9.2 Penetration of sodium hypochlorite and a dye
marker in a cleared tooth model where artificial lateral canals
were created. Image (a) shows an open system with
penetration into lateral canals and up to working length while
image (b) shows a closed system with limited penetration at
the tip of the needle.

The irrigant exchange achieved at the api-
cal third when using PP irrigation is critical
for the disinfection and removal of debris (11,
27, 28). Understanding fluid dynamics within a
closed-canal system surrounded by apical tissues
is extremely important when evaluating the goals
of irrigation (Figure 9.2).

Positive pressure: the technique

PP irrigation basically consists of syringes and
needles inserted into the canal while pressure is
applied to distribute the irrigant solution to the
entire canal system. The only difference between
this procedure and injection is that during root
canal irrigation, the solution should enter and
exit via the same orifii. This technique is quite a
different clinical reality than inserting an injection
where the objective is the insertion of liquid into
the body with a syringe.

The syringe comprises a piston and a cylinder

and is connected to a needle on one end using Luer

lock connection that twists onto the needle hub for

secure attachment and a leak-free connection. The

alternative is to use a simple friction connection that

may leak following elevated pressure generated by

the piston, resulting in the leakage of the irrigants

over the patient and operator.

Taking into consideration that the needle is the

most influential component in this delivery sys-

tem, few studies have analyzed the dimensions

and correlation with ISO standards. Although

instruments used in endodontics had been the

subject of several studies for decades (18–20), this

correlation was not analyzed until recently when

Boutsioukis et al. (29) concluded that units of the

widely used “gauge” system cannot be directly

extrapolated to clinical practice. Thus, knowledge

of the tip’s external diameter is crucial for the

selection of the appropriate size irrigation probe

during endodontic treatment.

The level of penetration of the needle is critical to

the efficacy of PP irrigation. Wedging of the needle

into the canal space should always be avoided

in order to prevent accidental extrusion of the

irrigants into the apical tissues (22, 23). A clinical

dilemma is determining the apical preparation

size required to match the needle’s gauge allowing

deeper and safer penetration.

Stainless steel needles ranging from 21 to 30 G

were analyzed and found in compliance with

that of ISO 9626:1991 and 9626:1991/Amd 1:2001

specifications (29). However, the only NiTi nee-

dle analyzed, the Stropko Flexi-Tip (Vista Dental

Products, Racine, WI, USA), exceeded the exter-

nal diameter limits. The researchers observed

deficiencies on the internal surface in all needles,

regardless of the material or the manufacturer.

This factor could directly affect the irrigant flow.

The main concern raised by the study was the

discrepancy between the needles’ gauge and

the ISO standardized sizes in any specific point,

probably because of the great variability of the

particular designs. The variability identifies a

lack of standardization in the manufacturing

process. We must consider that the displayed

gauge could be variable at different levels within

the needle but not specifically in its most apical

section.

www.ketabdownload.com



172 Nonsurgical Intracanal Disinfection

Factors affecting efficacy of positive
pressure irrigation

Closed systems: the physical challenge

In endodontics, a closed system means that the

portal of exit of the root canal system, including

lateral canals, apical foramen, and accessory foram-

ina, is surrounded by vital apical tissues, creating a

permeable but closed system. The clinical implica-

tion is that the irrigant solution must be delivered

through the canal orifice, flow and exit back via

the same orifice. The only way to overcome that

“virtual barrier” would be to elevate the flux ratio

and consequently the intracanal pressure (30).

This will result in the extrusion of toxic irrigants

to the apical tissues eliciting an inflammatory

response with necrosis of the affected area and

edema (31).

There are case reports in which the dissolution

power of NaOCl produced severe effects on the

medullar bone tissue (24), as well as permanent

sequelae such as asymmetries and paresthesia (25).

A recent publication (32) reports a clinical case

in which a “sodium hypochlorite accident” was

evaluated using 3D imaging (CBCT, cone beam

computed tomography) to assess the degree of

injury and possible anatomical reasons for the

extrusion. This case illustrates once again that the

risk of extrusion is real, even in cases in which

low pressure is applied during PP irrigation. In

this particular clinical case, the apex was fenes-

trated and not covered by buccal cortical bone.

This anatomical variation demonstrates that the

integrity of apical bone structures plays a decisive

role on the containment of endodontic irrigants.

Bone resorption is always expected, to a certain

degree, in apical periodontitis and should be a con-

cern for the clinician. This finding was highlighted

by Salzgeber in 1977 (33), who demonstrated that

the probability of irrigant extrusion was higher in

cases with necrotic pulp and apical periodontitis.

The loss of integrity of apical tissues and the fact

that necrotic pulp tissue is less intact than a vital

pulp, or even nonexistent in some cases, facilitates

a free flow of irrigants to the apical end of the root

canal. Recent studies by Vera et al. (34–36) using
a similar methodology analyzed the dynamics of

irrigants using the needle of smaller gauge. Their

result concluded that irrigant penetration is very
limited during root canal treatment and it is also
conditioned by the formation of gas bubbles that
get trapped at the apical or even middle third.
This gas bubbles, produced primarily by ammonia
and carbon dioxide liberation during pulp tissue
dissolution, are termed vapor lock.

Patency

In a series of studies, Vera et al. (34–36) analyzed
the effect of patency files on NaOCl penetration
using a radiopaque contrast media. The studies
concluded that maintaining apical patency did not
have a significant effect on irrigant penetration at
the apical third, even when canals were prepared
to a size 30/09. Passive ultrasonic irrigation (PUI)
had a positive result with more irrigant flow at the
apical third. This data is in accordance with the
results obtained with cleared teeth (37), where PUI
demonstrated significant better results than PP on
irrigant penetration to WL. Figure 9.3 shows pen-
etration of NaOCl mixed with a dye marker using
PP followed by activation with PUI in cleared
teeth (Figure 9.3). Conversely, there are studies
demonstrating satisfactory action in teeth with
very similar preparations (12). This could be the
result of different methodologies.

The maintenance of patency in teeth with apical
diameters greater than 30 was analyzed by Vera

(a) (b)

Figure 9.3 Penetration of sodium hypochlorite in cleared
teeth: irrigant delivered using positive pressure (a) and
activation of the solution with PUI (b).
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et al. (34), and the results demonstrated that patency
maintenance with an #10 ISO file improved apical
penetration of irrigants but only with great apical
preparations. Thus, further apical enlargement
could play an effective role in irrigant penetration,
but this comes at the expense of apical transporta-
tion in 56% of the cases, according to the results of
Goldberg et al. (38).

Apical diameter and taper of preparation

In a classic histological study, Senia (39) demon-
strated the limited efficacy of sodium hypochlorite
on the dissolution of organic matter at the apical
third and isthmus areas of mandibular molars. This
study confirmed that the size of apical preparation
is determinant and directly related with irrigant
penetration, getting more irrigant penetration in
large apical preparations. The main strength of
this study is that despite not being a current study,
the author performed the investigation using
a complete closed system design in an attempt
to reproduce the flow dynamics of the clinical
environment.

Vera et al. (34) observed that when apical prepa-
ration reached 40/06, the use of small diameter (#10
ISO) allowed for a significant improvement in irri-
gant penetration to WL. The #10 hand file did not
show any effect in smaller apical diameters.

Increasing apical size allows better apical pene-
tration of the irrigant and a greater renewal rate.
Chow (11) described the difficulties for PP to exert
a flushing action beyond the tip of the needle and
the lack of action at the apical third. In this study,
using glass tubes and a gel simulating pulpal and
dentinal debris produced during canal preparation,
a clear correlation was observed between the inser-
tion depth of the needle and the flushing action of
the irrigant.

Healing of apical lesions has also been demon-
strated to be significantly better when apical
preparation was enlarged to 3 ISO sizes over
anatomical apical diameter, determined by the first
file to bind at length (40). Although the research
was not aimed at analyzing possible correlation
between apical size, irrigation, and healing, we can
assume that removing more contaminated dentin
and allowing better apical irrigation contributed to
the positive outcome.

Taper also plays an important role when irrigat-
ing with PP (41), but not for apical negative pres-
sure (ANP) (discussed later in this chapter), which
depends more on the ability to place the micro can-
nula at WL (42).

The influence of patency on gas and air bubbles
is discussed in the following section.

“Vapor lock” phenomenon

The physical phenomenon of vapor lock is caused
by gas entrapment, especially at the apical third
of the root canal, impairing the access of irrigants
to the whole extent of the root canal system. It
is caused by one of the principal properties of
sodium hypochlorite, the dissolution capacity of
the organic component. This process leads to the
formation of carbon dioxide and ammonia in the
root canals, producing small bubbles that prevent
the penetration and renewal of irrigants at the most
apical levels.

Currently there are many studies analyzing
this phenomenon. The first group to study this
physic-chemical challenge was Tay et al. (43). Using
a closed system, they analyzed the penetration
of the irrigation solution (combined with cesium
chloride (CsCl) as contrast) using scanning elec-
tron microscopy (SEM). The study highlighted the
limitation of PP irrigation to remove debris from
the apical third, even when the irrigant was deliv-
ered at 1 mm from WL. The only delivery system
that was not affected by the vapor lock was ANP
(Figure 9.4) (26). Figure 9.5 shows the vapor lock
phenomenon (see arrow) affecting the PP irrigation
(Figure 9.5).

Recently, another study analyzed the presence
of vapor lock in correlation with the apical diam-
eter and needle design (44). The results were in
agreement with other studies reporting the pres-
ence of apical gas entrapment in 48% of the cases
while using PP irrigation. Increasing the apical
size, using an open-ended needle, positioning the
needle closer to WL, and delivering the irrigant
at higher flow rate appeared to result in smaller
vapor lock in-vitro. When this recommendation is
extrapolated to the patients, increasing the flow
rate at 1 mm from WL will elevate the apical pres-
sure and expose the patients to irrigant extrusion,
severe irritation of apical tissues, and consequently
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Figure 9.4 Apical negative pressure irrigation using
microcannula of EndoVac at working length while the irrigant
is delivered in the pulp chamber with the Master Delivery Tip.

(a) (b)

Figure 9.5 Vapor lock (white arrow) does not allow irrigant
penetration up to working length when positive pressure is
used (a) while apical negative pressure eliminates gas
entrapment (b).

pain. Safety, efficiency, and predictability must be
the main factors to consider when selecting PP or a
different irrigant delivery/activation system.

The degree of root canal curvatures directly
affects the penetration of the irrigation needle
and consequently restricts the irrigant flow at the
apical portion. The number of studies analyzing

the efficacy of irrigation in curved canals is limited
(45–47). The presence of slight curvatures, starting
from 25∘, represents a clinical challenge (48). Tak-
ing into consideration that the majority of clinical
cases present with mild or greater curvatures, it
is necessary to further study this major limitation
and possible techniques to overcome.

In a microbiological study, the decreased effec-
tiveness of PP in curved canals was demonstrated
using bioluminescent bacteria (46). This study pre-
sented very relevant data concerning the physical
limitations of the efficacy of needle irrigation. It was
observed that in 24–28∘ curvatures, the differences
obtained in the removal of the biological substrate
were significant and correlated with the prepara-
tion size. Larger preparation sizes resulted in better
apical irrigation.

When comparing PP with other activation sys-
tems or simultaneous combination of PP and
activation, it was demonstrated that PP irriga-
tion alone was not enough to obtain an adequate
cleaning of the apical third (43). Conversely, when
combined with activation systems like PUI, the
results were significantly better, regardless of the
curvature. A recent study confirmed that the action
of PUI allows for irrigation at least 3 mm ahead
of the ultrasonic file, even in curvatures greater
than 50∘ and with 5 mm radius (49). Munoz and
Camacho-Cuadra (50) evaluated irrigant penetra-
tion in-vivo, using a radiopaque contrast material.
Mesial roots of mandibular molars were instru-
mented to 35/05 and a 27 G needle was positioned
at 2 mm from WL. PP failed to irrigate at full WL
while PUI and ANP obtained significantly better
results.

Despite the available evidence regarding the
advantage of using hybrid techniques for root
canal irrigation (i.e., combining PP with PUI
or sonic activation), Dutner et al. (51) reported
that almost half of the clinicians do not use any
coadjutant system while irrigating with PP.

Methods used in the analysis of irrigant
penetration

Different methods have been employed for fluid
dynamics and apical irrigation research, including
the thermal image analysis proposed by Hsieh
et al. (41), which employs a technology never used
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before in endodontics. This method consists of a
temperature distribution analysis among oral tis-
sues and is commonly employed in oral pathology
research (52). The energy emitted by an irrigant
solution heated to 50 ∘C and placed into root canals
of teeth previously cooled up to 10 ∘C was ana-
lyzed. With this method, the level of the solution
extension is known with relative accuracy. It was
observed that a minimum apical preparation to
ISO size #30, along with the placement of a 27 G
needle up to 3 mm from WL, was needed to detect
temperature changes in the last millimeter of the
samples. Contrary to what we might deduce for
larger diameter preparations (over ISO #80), equiv-
alent to teeth with immature apices, the efficacy of
irrigation does not increase, but decreases because
of the turbulence generated in the root canal during
irrigation, which prevents the solution to reach the
complete preparation length.

Between 2009 and 2011, various papers have
been published (37, 53, 54) that reported analyses
in an in-vitromodel to evaluate irrigant penetration
in real time with different devices, including PP.
This model used cleared teeth with the external
surface sealed with wax, creating closed systems in
which contrast colored sodium hypochlorite was
visualized. This model allowed visualization of
the entire canal length and for standardization of
noninstrumented, artificially created lateral canals
of 60 μm in diameter.

The main conclusion from these studies is that
PP, compared with different delivery and activa-
tion systems, does not accomplish the objective
of delivery of the irrigant to WL and to difficult
access areas as lateral canals. In the three papers
published with this methodology, PP was not able

to reach the results obtained with ANP (EndoVac
®
)

for WL penetration, and the results obtained with
PUI for noninstrumented areas.

Computed fluid dynamics (CFD)

In 2009, a new method for irrigation analysis was
introduced. The computed fluid dynamics (CFD)
has been used in engineering for many years,
and more recently in medicine, to analyze blood
flow patterns in circulatory pathologies (55) or
breathing flow conditions (56). This technology
overcomes limitations of previous methods used

in the study of fluid dynamics (57–60), which
provided only macroscopic assessment and very
general information.

CFD allows one to obtain data about fluid
speed, something inconceivable in an experimental
model. Information about fluid speed, intracanal
pressures, and stress over canal walls can be easily
gathered with this technique. The first CFD anal-
ysis focused on the effect of irrigant fluid speed
during final irrigation using a 30 G side-vented
needle on the flow pattern produced in a root canal
instrumented to 45/06.

In this computational analysis, the irrigation
needles were measured to determine the inter-
nal and external diameter and the incidence and
degree of deviation from ISO 9626:1991 and ISO
9626:1991/Amd 1:2001 specifications (29). Root
canals were standardized to 19 mm length with
continuous 6% taper and apical diameter ISO #45
(0.45 mm), based on the results of a final 45/06 K3
file (Sybron Endo). At the apical level, an apical
constriction was tridimensional constructed as an
inverted cone, to better simulate the clinical situa-
tion of a natural root canal. This anatomy design
was based on a previous study by Ponce and Vilar
Fernandez (61) that described a maxillary central
incisor.

For the irrigation process, the irrigation needle
was placed 3 mm fromWL and centered in the root
canal. For fluid speeds, data from the 2007 study
were used (29). For the design of irrigant fluid,
density, viscosity, and specific gravity of 1%NaOCl
were applied, and the root canal was considered
impermeable, closed at the apical end and full of
fluid.

Fluid movements on delivery by the needle
depended on the speed applied and marked a 30∘
angle trajectory from the side port exit surround-
ing the needle tip and forming a vortex into the
apical zone. The current flowed laterally through
the side port at the maximum speed producing
reduced irrigant replacement at the apical zone of
the root canal. Even when greater flow speeds were
applied, the irrigant could not advance more than
1 mm ahead from the needle tip. Only with very
intense flow speed rarely used in clinical proce-
dures because of extrusion risk it was possible to
achieve 1.5 mm ahead from the needle tip. Besides
the intracanal irrigant speed data, relevant infor-
mation was obtained relative to the mechanical
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efficacy of close-ended and side-vented needles,
particularly related to the irrigant stress produced
over the dentinal wall at the exit site level. The
term stress is directly related to the “flushing”
phenomenon, responsible for the debris removal
effect. From this study, it was concluded that the
removal of debris attached to the canal wall would
be more efficient in the areas near the side port.

There are currently some disadvantages in this
method of studying irrigation using computa-
tional models, for example, the absence of dentinal
chips, pulp tissue. The friction between the fluid
and dentinal walls is also absent. The simulated
root canal is completely closed apically, without
extrusion risk. From this first study by Boutsioukis
et al. fluid dynamics acquires an important role
in the field of irrigation. For this reason, six more
studies were later published with similar method-
ology. We discuss two of these for methodology
validation.

In a study by Gao et al. (62), the aim was to iden-
tify the turbulence mode that best reproduces the
clinical situation, comparing the results obtained
by CFD with the observation of in-vitro simu-
lation. Instrumentation of a methacrylate resin
block was used to simulate a prepared root canal
in-vitro (Endo Training Block; Dentsply Maillefer,
Ballaigues, Switzerland). The blocks were instru-
mented to an apical size of 30/09, corresponding
to a ProTaper F3 file, and the foramen was sealed
with modeling wax in order to create a closed
system. The prepared root canal was reconstructed
by computer to perform the CFD analysis using
a micro-CT scanner in order to obtain an exact
reproduction. Comparing this model with the
one used by Boutsioukis et al., we find that the
main difference (besides root canal preparation)
is the presence of curvature. The needle used by
Gao et al. is also different, as the 28 G side-vented
Max-I-Probe had a wider caliber.

The identification of the efficacy of this model
was one of the objectives; considering that the flux
of distillated water used as irrigant is considered
laminar, it changes to turbulence following the
lateral exit and collision with the canal wall. The
second was to analyze if the model was able to
correctly identify the “dead water” or “stagnation
zone” area. After comparing CFD results with
those recorded by a macro mode video camera
during irrigation with water stained with a dye,

they concluded that from the different turbulence
models applied, only one, SST k-u, corresponded
with the in-vitro experiment.

One interesting finding in this study was the
pressure against the wall of the root canal exerted
by irrigationmeasured as 600 Pa, much higher than
the intravascular pressure found in blood vessels,
which could be in intimate relationship with the
root foramen. In the event of irrigant extrusion,
there would be no limitations for its penetration
into blood vessels once the vascular wall had been
damaged. This incident would permit the rapid
dissemination of the irrigant. In the case of sodium
hypochlorite this would provoke tissue destruction
in a much more extensive area. This analysis could
explain the exaggerated tissue reaction produced
even in the opposite arch with a very extensive
facial area (63). Because intracanal vessels are
noncollapsible and these have the main quality of
absorbing any fluid coming in contact with them,
an irrigant extruded apically would be quickly
transported to central veins (64).

Another study also compared the results
obtained with CFD with a curved canal of a
methacrylate cube (65). In this study, the irrigant
flow data was evaluated using three different
needles up to 3 and 5 mm from WL. The results
for side-vented needles were similar to previous
studies considering different apical preparations
(40/06 for Shen et al. and 30/09 for Gao et al.),
demonstrating a particularly marked apical stag-
nation zone when the needle was inserted at 5 mm
from WL. The most elevated intracanal pressures
were generated when needles were placed at 3 mm
from WL and the notched and beveled ended
needles generated more elevated pressures than
side-vented.

The possibilities for this technology to evaluate
irrigant extrusion are also important, something
that was confirmed in the study by Boutsioukis
et al. in which an in-vitromodel was probably more
precise than the one used by Gao et al.

Both studies employed polydimethylsiloxane
(PDMS) for the construction of the in-vitro root
canals, but the Greek group also used particle
image velocity (PIV) technology instead of a dye.
Besides the purpose of CFD results validation with
in-vitro data, they analyzed the influence of the
needle position in relation to the canal walls, from
a centered position into the root canal to more close
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relation to the walls. The un-centered effect of the
needle into the root canal demonstrated a limited
influence, generating a slight increase in the irrig-
ant speed. Another important change in relation to
the first study in 2009 was that the root canal was
created in all dimensions instead of using half of
the canal and posterior symmetrical construction.

Besides PIV, a better control was applied in
the reconstruction of the needle and the dimen-
sions of the needle lumen. This was possible
because the tridimensional reconstruction was
supported by the 2007 exhaustive study about the
standardization of irrigation needles (29).

Boutsioukis et al. (44) developed a new CFD
analysis simulating the vapor lock phenomenon.
This is the only attempt to create bubble gas entrap-
ment in a CFDmodel and it could be considered an
interesting way to create a physical situation closer
to clinical environment. Although this technology
has been used only to analyze PP irrigation, the
research design allows for further investigation
using other irrigation delivery systems.

CFD—influence of apical diameter and
taper

Although several articles have been published
that focus on the effect of apical preparation on
irrigation, the vast majority have evaluated debris
and bacteria elimination, or applied in-vitromodels
that permitted only a macroscopic analysis of fluid
dynamics.

The only study to apply CFD to the apical diam-
eter was published by Boutsioukis et al. (66) in
which four different ISO diameters were evaluated:
25, 35, 45, and 55. In this virtual model, irrigation
was applied with two different types of 30 G nee-
dles, flat and side-vented. The increase of apical
diameter permitted more apical penetration of the
irrigant, regardless of the type of needle used. For
side-vented needles, the differences were smaller
than for flat type. For ISO 25 apical preparation
size, the side-vented needle produced an effective
renewal of the irrigant up to 0.75 mm from the
needle tip, whereas at ISO 55 apical preparation,
the projection of the irrigant reached 1.5 mm.

When a flat needle was used with a larger 55/06
preparation, a complete renewal of irrigant was
achieved. The risk of irrigant extrusion through

wide apical preparations should be considered,
particularly when the needle tip is placed close to
WL. Although the stress area of the root canal wall
increased with the increase of apical preparation
size, the stress over that area decreased when irri-
gation was applied to bigger apical preparations.
This is because in wider preparation, the space
between the needle and the wall is increased, and
the reverse flux of irrigant escapes from the inside
of the canal with less resistance toward the coronal
access orifice.

The only study found in relation to taper prepa-
ration is again the one by Boutsioukis et al. (67)
in which the influence of tapered preparations
30/02, 30/04, 30/06, 30/09, and a great diameter
and minimum taper 60/02 were tested for irrigant
flux with 30 G flat and side-vented needles. The
apical exchange gradually increased as the canal
size increased from 30/04, 30/06, and 30/09. The
only preparation size that permitted exchange of
irrigants 2 mm ahead from the tip of the needle was
60/02. The bigger the taper, the more intracanal
pressure decreased and consequently the risk of
irrigant extrusion.

CFD—influence of needle insertion depth

Along with the aforementioned publication by
Shen et al. (65), in which different types of needles
were evaluated at 3 and 5 mm from WL, another
study reported data on the influence of irrigant
penetration with different needle insertion depths
(68). Although differences were reported for dif-
ferent insertion depths (side-vented and flat), the
most important factor was the needle design. Also,
the two factors that are modified when changing
insertion depth, distance from WL and distance
from canal walls, were also analyzed. These results
are in accordance with the one obtained by Shen
et al. at 3 and 6 mm. At 6 mm, the irrigant pen-
etration observed by the thermal analysis of the
image was very limited. This is explained by the
data generated by CFD and by the multiple vortex
generated in the flux when the distance with the
canal walls is increased.

Considering the limitations of a computational
simulation study, the authors concluded that the
side-vented design could be used at 1 mm from
WL and the flat design up to 3 mm from WL
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Figure 9.6 Close caption of a 30 G gauge notched needle.

using reasonable pressures. However, as there is
no exact limit for extrusion risk and as the refer-
ence is established only on comparisons of needle
design, particular clinical case considerations such
as tooth type, pulpal and apical status, and apical
diameter are critical for a safe irrigation procedure.
Numerical data representations contribute valu-
able information but should not replace clinical
information and judgment.

CFD—influence of needle design

Boutsioukis et al. (69) analyzed different needle
designs using CFD technology. Along with the
traditional side-vented and flat designs previously
evaluated, this new study included four additional
commercially available designs, all of them with
30 G gauge: side-vented, beveled, notched, and
multivented (Figures 9.6 and 9.7). The multivented

Side port and
rounded tip

Figure 9.7 Close caption of a 30 G gauge side-vented and
round (safe) tip needle.

needle, as opposed to the other needle designs

tested, is not manufactured for the purpose of

irrigant delivery by means of PP, but corresponds

to the EndoVac system microcannula, aimed to

suction the irrigant from WL through negative

pressure.
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Data obtained from needle designs with mul-
tiple ports or orifices are particularly valuable,
especially in the case of the double side-vented
needle design, in which 93.5% of the total irrigant
flux was delivered through the proximal port, the
most distant from the needle tip and WL. In the
multivented needle, 73% is delivered by the prox-
imal orifices, but this data is less relevant because
of those 100 μm orifices are very close to the needle
tip and WL (0.2–0.7 mm), which is not the case for
double side-vented needles.

Stress patterns over canal walls were similar
for all designs although intensity was greater for
beveled, notched, and double side-vented. Previ-
ous CFD demonstrated that stress on canal wall is
greater at the side port level. This stress is related
to the mechanical efficacy and dragging power as
well as the capacity of these devices in the biofilm
removal.

According to the results of this study, the nee-
dles that allowed greater penetration of irrigant
also generated greater pressures at apical fora-
men. Safety should prevail over the possibility of
high pressure generation that could easily remove
debris and biofilms. The use of open-ended needles
should be considered as a risk factor for extrusion
when delivering irrigants apically.

Irrigant extrusion

Once we have studied the characteristics of the sur-
gical field, it is necessary to understand the risks
of irrigant extrusion from the closed system of root
canals, which although hermetic in physiological
conditions, may cease to be if the pressure applied
during irrigation is elevated or favored by other
factors, such as the needle design or the delivery
system insertion depth.

The methods applied to this type of study have
evolved enormously. In the past, the technology
applied was limited to the use of radiopaque
contrast and radiographic control. Currently, the
use of computational technology seems to be the
standard.

The effects of irrigant extrusion to apical tissues
vary greatly depending on the irrigant solution
extruded. Sodium hypochlorite has demonstrated
themost harmful consequences because of its prop-
erties of organic matter dissolution. This property

of NaOCl is not selective, and when in contact with
apical tissues, consequences could be devastat-
ing: producing inflammatory reaction and tissue
necrosis.

A review case report (70–74) reveals that some
clinical features predispose to this type of acci-
dent, such as vertical root fractures, resorptions,
or immature apices. In other situations, this phe-
nomenon appears randomly, but recent research
offers some data that could alert the clinician. It is
necessary to remember that the use of activation
systems and negative pressure delivery systems
has demonstrated safety in extrusion research
models, and therefore seem an ideal complement
for PP, mainly in situations in which the elevated
extrusion risk precludes the penetration of the
needle tip at the apical third.

The maxilla is the area of greater risk following
its anatomical features: less density of medullar
bone and intimate relationship of roots with the
maxillary sinus. Even though the inflammatory
reaction and tissue destruction depends on sodium
hypochlorite concentration and on the amount of
the extruded irrigant (63, 75–77), the use of low con-
centrations does not completely eliminate this risk.

The incidence, as was previously mentioned, has
not been reliably determined, although a survey
published by Kleier et al. (78) reported that 42% of
endodontists that responded to the survey have
had at least one case of apical extrusion of NaOCl.

Methods employed for extrusion analysis

Considering the relevance of this issue,manymeth-
ods have been proposed for the analysis of irrigant
extrusion, based mainly on the model by Fair-
bourn et al. (79), and later modified by Myers and
Montgomery (80). This model consists of the quan-
tification of extruded irrigant through the foramen
by placing the tooth on an empty vial. The pressure
in the vial is equal to atmospheric pressure, so
the system is considered completely opened, and
therefore the volume of irrigant recorded should
be greater than if measured in clinical conditions
where apical tissues present resistance to the fluids.
Apical tissues play a fundamental role in in-vivo
studies, such as that published by Salzgeber (33).
This study was designed to evaluate the level of
irrigant penetration in cases where tissue integrity
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was not complete and demonstrated that extrusion
is relatively frequent. During clinical procedures,
particular interest should be taken to identify
the types of situations at higher risk in order to
guarantee safe irrigation of the root canal system.

Simulation of apical tissues

Several attempts have been made to reproduce the
anatomical and physiological situation in the most
accurate model, using liquids in contact with the
external root surface (81, 82) or gels that offer less
resistance to irrigants (83, 84). The problem with
this type ofmethod is that the control of the amount
of extrusion is severely compromised. In other situ-
ations, the sensitivity of the gels around the root to
the irrigant contact at WL is so elevated that many
false positives result, as in cases of ANP (85).

New analysis method

A recent study (86) proposed a new research
model for the quantitative analysis of the extruded
solution. The focus of this method is on real time
quantification during irrigation instead of an accu-
mulative result after the irrigation process is over.
In addition, the degree of tissue simulation impact
can be evaluated, along with the effects of nee-
dle design, apical preparation, and constriction
diameters.

The real time measurement system consists of a
device that analyzes the electrolyte concentration in
the vial. The influence of apical tissues is proved
using a completely closed system or one that sim-
ulates a bone lesion at the apical level, placing an
additional vial on the last radicular millimeters.

The absence of simulated apical tissues con-
firmed a 60-fold overestimation of the amount
of irrigant extrusion. Use of needles without a
side port resulted in more extrusion. Curiously,
greater preparation sizes did not correlate with
more extrusion; therefore, it can be concluded
that a determinant factor in irrigant extrusion is
the maintenance of the apical constriction. In the
present study, increasing the constriction diameter
from 15 to 35 produced a progressive increase
in the amount of the extruded irrigant, but this
difference was not statistically significant. These

results are in agreement with the outcome of the
previous studies (87).

The influence of the constriction diameter on
irrigant extrusion is more important than the
influence of the preparation diameter; therefore,
patency with files bigger than 10 should be avoided
to maximize anatomy preservation (82, 88). Using
a conductivity probe, Psimma et al. (31) showed
that open-ended needles were not safe compared
with side-vented needles and that when the tips
were placed more coronally, the extrusion also
decreased. The most innovative result of this study
was that canal curvature did not influence irrigant
extrusion, at least when curvatures between 0∘ and
30∘ were analyzed.

The determining factor: intracanal pressure

One of the decisive factors in the accidental extru-
sion of irrigants is the pressure generated into the
root canal system. As described in this chapter, one
of the desired effects of irrigation is the flushing
of debris after instrumentation, and that efficacy
is greater as the irrigant flow and the stress it pro-
duces over dentinal walls increases. The problem
is that as pressure level increases, the possibility of
apical extrusion of irrigants also increases.

A review of the literature shows the advantages
and disadvantages of different delivery systems, as
well as the capacity for apical delivery of irrigant
and the renewal rate and efficacy at apical level.
Also, it is not usual to find studies that analyze the
pressure generated for the irrigants into the root
canal space. In some cases, the pressure is mistaken
for flux rate, and although correlated, the effects
are different. If the small surface of the needle and
the force applied by the clinician are considered, on
many occasions, the pressure is elevated and out of
control. Therefore, the knowledge of the pressures
generated by different needle designs is essential
for a secure irrigation procedure. Even though
efficacy and flushing efficiency are pursued, safety
of the patient should be the priority over other
objectives.

These types of studies have been previously
performed in neurosurgery (89). In our field, one
of the studies analyzing this data and proposing
to establish clinically useful guidelines is the one
by Psimma et al. (86) in which this important
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information is registered using a differential pres-
sure transducer.

Although it is difficult to standardize the PP irri-
gation procedure operated by a clinician, it could
be concluded that male operators exerted higher
pressures whereas female operators registered
lower and longer sustained pressures. The type
of needle was also important. For this study, 25 G
side-vented, 27 G Monoject, and 30 G side-vented
were used, and it was recommended that 3–5 ml
syringes be used because the pressure applied by
the clinician was not as elevated as the pressure
recorded with 10 ml syringes.

In a literature review on irrigant extrusion (90),
it was confirmed that there is a lack of clinical
studies focusing on this accident. Published case
reports offered very limited information on the
factors affecting extrusion. Considering ex-vivo
studies, it was found they were not conclusive
because of important methodology limitations and
the variability between the protocols used.
In-vivo studies on the consequences of irrigant

extrusion and its effect on apical tissues have been
performed in animal models. One such study
by Pashley et al. attempted to reproduce a tissue
reaction subsequent to accidental extrusion by
injecting sodium hypochlorite into the subcuta-
neous tissue of rats. All specimens demonstrated
a reaction similar to those described on clinical
case reports. The outcome supports previous lit-
erature, demonstrating the discrepancy of the
relative pressures as an argument for extrusion
into the adjacent vessels and diffuses effect to more
extended areas. Considering intracanal pressures
generated during PP irrigation (600 Pa= 4.50 mm
Hg) and the reduced pressure existent in a blood
vessel (883.94 Pa= 5.88 mm Hg), this theory would
explain the random appearance of the accident.

Recently, two different groups have taken an
interesting approach to analyze the pressures gen-
erated during intracanal irrigation. One of these
developed an artificial canal using a polycarbon-
ate rod (91). Because the only way to prevent an
accidental injection of the irrigant into the apical
tissues has been the nonbinding position of the
needle (31), the results of this in-vitro study provide
us with pivotal information. Using a nanometer
placed in the apical foramen of the artificial canal
that was instrumented to 40/06, they observed that
all the needles tested, including side-vented 30 G,

exceeded the CVP (central venous pressure) at flow
rates higher than 1 ml/min.

The other group, Park et al. (30), analyzed in-vitro
the intracanal pressure generated in the apical third
of the root canals instrumented to a size 35/06. The
authors concluded that apical pressure at high irri-
gation flow rates was several times higher than at
low flow rates. When the 30 G needles (open-ended
and side-vented) were placed at the critical level
of 1 mm from WL, the design was also a signifi-
cant factor. The mesiobuccal canals of mandibular
molars were used but the canal curvature was not
measured in the study. This factor could influ-
ence the results obtained, specifically affecting
the side-vented needles because the side window
could be blocked against the dentinal walls in the
case of moderate curvatures. However, the study
demonstrated that delivery of irrigants through PP
at 1 mm from WL was never safe with any of the
needles tested. Taking in consideration all these
studies, the practitioner should have control of the
needle penetration using rubber stoppers, prefer-
able placed 2 mm shorter of WL. Moreover, an up
and down motion is recommended to avoid wedg-
ing and intracanal pressure during the delivery of
the irrigant.

Influence of irrigation on postoperative
pain

Gondim et al. (92) studied the issue of the influence
of irrigation on postoperative pain. A precise stan-
dardized instrumentation protocol was followed
to instrument root canals with the exclusion of
teeth with apical pathology. Evaluation of postop-
erative pain was performed after the root canals
had been irrigated with the Max-i-Probe (Dentsply
Rinn, Elgin, IL) or with ANP irrigation using
the EndoVac (SybronEndo, Orange, CA). Results
demonstrated that PP as a delivery system pro-
duced a statistically significant higher occurrence
of cases with postoperative pain when compared
to ANP. Data were recorded at 4, 24, and 48 h. The
need for analgesic medication (200 mg Ibuprofen)
during the first 24 h also increased in the PP group.

The only possibility that would explain the
most elevated number of cases that presented
postoperative pain when irrigating with 30 G
side-vented needle is the contact of the sodium
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hypochlorite within the apical tissues. Even in the
absence of a NaOCl accident, the use of PP could,
considering these results, be related with more
postoperative pain.

The use of systems that ensure chemical prepa-
ration confining its action to the root canal systems
should be considered. Without the occurrence of
extrusion, the irritation produced by the contact of
the irrigant with apical tissues could be responsible
for this type of complications, which although not
severe, could be avoided. These results confirm
the findings of Camoes et al. (73), which confirmed
the minimum extrusion of irrigants in teeth treated
with and without patency.

Similarly, a study by Parirokh et al. (93) ana-
lyzed the influence of the type of irrigant used
during instrumentation on the amount of debris
extruded. The results confirmed that 5.25% NaOCl
produced greater debris extrusion than at lower
concentrations and compared to chlorhexidine.

Devices combining positive pressure and
activation of irrigants

Considering that PP is applied only as a delivery
system, the effort of the industry for introducing
activation to the irrigation procedure has been
constant. During the past years, new devices com-
bining PP and activation have been released to
the market. Although these devices are activation
systems, which are reviewed in this book, a pre-
liminary revision would be performed over studies
that have demonstrated efficacy under specific
conditions, considering that the delivery system
employed is PP. A classification could be presented
considering the type and intensity of activation.

PP and ultrasonic activation: continuous
ultrasonic irrigation (CUI)

Different devices have been proposed to combine
delivery and PUI; some of them are the PiezoFlow
(Dentsply, Tulsa Dental Specialties, Tulsa, OK) and
the VPro StreamClean System (VSS) (Vista Dental
Products, Racine, WI). Some scientific publications
have reported increased efficacy while using PP,
mainly because of the synergistic effect of delivery
and activation (94).

While it is true that in some cases the caliber of
ultrasonic needles is similar to those employedwith
PP irrigation as the 30 G of VSS system, in other
cases could be wider, as de 25 G of the PiezoFlow.
Therefore, the possibilities of generating high pres-
sures and of canal wall instrumentation increase
considerably (91). The needlematerial could also be
different being NiTi for the VSS and stainless steel
for the PiezoFlow. Another factor to be considered
is related to the extrusion risk as the position of the
port is frontal and not lateral.

Considering the fact that these devices present
an ultrasonic needle instead of an ultrasonic file, it
could be concluded that the stream generated along
the needle could be different from the one produced
by specific activation files, and particularly taking
into account the minor volume of metal, the ampli-
tude and frequency of movement could differ from
a wire or file and the effect of the irrigant flowing
inside the needle during activation.

PP and sonic activation

In this category of delivery and activation com-

bination, the Vibringe
®

(Cavex Holland BV, The
Netherlands) system consists of a syringe with a
device transmitting sonic activation attached to the
piston so that the needle transmits the activation to
the irrigant in the root canal. This device permits
the use of different needle gauges.

Continuous irrigation during
instrumentation

Recently, the system self-adjusting file (SAF)
(ReDent, Raanana, Israel) has been released into
the market. The system incorporates an intracanal
device that adapts to the shape of the canal while
delivering the irrigant throughout the “brushing”
procedure. The irrigant is delivered in the coronal
portion of the canal, due to the intention of flowing
within the mesh of the instrument. It must be
pointed out that SAF does not produce intracanal
PP thanks to this coronal delivery. The main advan-
tage of this contemporary system is the use of great
amounts of irrigant, but the disadvantage is that
the irrigant delivered is limited to the coronal third
of the instrument, although pecking motion allows
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Figure 9.8 (a,b) Presence of bacteria after irrigation with SAF at 1 and 3 mm (×5000).

for more apical penetration of the irrigant (54).
The system does not provide any activation device
attached, but some studies have proposed that
the SAF, which is formed by a compressible NiTi
mesh and performs an apical–coronal movement
of 0.4 mm amplitude at high rpm (4000–5000), pro-
duces activation because of an ineffective piston
effect (95). Some authors had even described it as
a sonic system, considering the intensity of move-
ment (96), and good results have been obtained
regarding debridement and disinfection of oval
canals (97).

The literature reports that SAF was not efficient
in mature biofilm elimination, particularly in the
last apical millimeters. One of these reports (98)
analyzed the residual bacterial load by means
of microbiological sampling and SEM of the last
apical millimeters where the results are deficient
(Figure 9.8). These data support the findings of
de Gregorio et al. (54) (Figure 9.9), which through
fluid dynamics analysis on cleared teeth confirm
minimal penetration of irrigant at apical level,
without improving the results obtained with PP.

PP and hydrodynamic activation

The only device using this technology is the
Rinsendo (Dürr Dental, Bietigheim, Germany).
This device is connected to the dental unit, and
once the syringe is connected to the hand piece
containing the irrigant solution, it generates a
high pressure intermittent delivery (1.6 Hz). Even
though it has been proved to be more efficient

Figure 9.9 Activation using SAF unable to promote irrigant
penetration up to WL and into artificial lateral canals.

than PP in the elimination of debris from nonin-

strumented areas (99) as well as better removal of

collagen membranes (100), representing biofilm
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presence, the Rinsendo has demonstrated an ele-
vated risk of extrusion because of the high pressure
during delivery (101). This is a consequence not
only of the pressure generated by the device but
also by the ISO 55 needle diameter that produces a
very small reflux space between the needle and the
root canal space.

Conclusions

From this literature review, it can be concluded
that PP delivery system represents the most used
method for irrigation during root canal treatment.
In addition, the delivery of the irrigating solution
exerts a flushing effect that removes particles from
the root canal as dentinal chips and pulp tissue.
From the analysis of the studies published compar-
ing PP with other devices, it can also be concluded
that the ability of PP to deliver the irrigants at WL
and the replacing rate are limited to the level of
needle penetration and physical rules that were not
full considered till recently. The only procedure that
ensures that objective consists of placing the needle
tip at 1 mm fromWL, but considering the high risk
of extrusion of the system when placed close to the
apical limit, studies recommend positioning the tip
at 3 mm fromWL, where it has demonstrated more
safety. The use of side-vented and small gauge is
recommended in order to reduce the extrusion risk
and to permit the flow of the irrigant toward the
coronal direction of the root canal.

The effect of this system in noninstrumented
areas is limited. Therefore, the use of comple-
mentary devices should be considered in order
to improve efficacy, flushing effect, and to facili-
tate the contact of the irrigant with the root canal
system surface. All the aforementioned should
be performed while maintaining safety and pre-
venting extrusion of toxic irrigant solutions. These
factors combined would permit a longitudinal
(WL) and transversal (noninstrumented areas)
extension of irrigation, which could be defined as a
tridimensional irrigation of the root canal system.
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Introduction

It has been well established for the past several
years that the etiology for endodontic disease
is microbial pathogens. Toxic metabolites and
by-products released from microorganisms within
the canal diffuse into apical tissues and elicit
inflammatory responses and bone resorption
(1, 2). The host immune response plays an impor-
tant role at this time by preventing the infection
from spreading into the various parts of the body.
However, because of the lack of blood supply in a
necrotic tooth, the host response cannot affect the
bacteria that are present in the root canal system.
Hence it is necessary to mechanically and chem-
ically remove these microorganisms during root
canal treatment procedures. Irrigation along with
the instrumentation of the canal can help achieve
the goal of disinfection of the root canals. Irrigation
supports mechanical instrumentation along with

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

killing and removing any residual microbes left
back in the canal. Currently, there are numerous
irrigation solutions and irrigation techniques avail-
able and many of them have showed improvement
even in the most complex canal systems. This
chapter focuses on the apical negative pressure
(ANP) irrigation system’s unique abilities, advan-
tages, and benefits, one of which is exemplified in
Figure 10.1.

Positive pressure (PP) irrigation is still widely
used by many clinicians. However, a review of the
literature shows that PP irrigation systems have
their limitations—inadequate debridement and
disinfection in the apical area. Previous studies
have demonstrated that PP irrigation had virtually
no effect on the orifice of the needle (3). Further-
more, somemore recent studies have demonstrated
the effectiveness of other irrigation systems over
the traditional PP systems (4–6). In addition to
debridement and disinfection, safety is another
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(a) (b) (c) (e)

(d)

Figure 10.1 (a) An obviously infected root canal space demonstrating apical rarefaction and condensing osteitis. After
instrumentation, the (b) macrocannula component of the EndoVac (ANP) system aspirated unexpected material (dark matter in
cannula) that was in fact the (c) terminal portion (arrow) of the still vital, yet infected pulp tissue. Notice the lateral portion facing
to the right. Injectable gutta-percha (d) was the method of obturation. (e) The lateral canal was obviously obturated and matches
the shape of the recovered pulp tissue. (Case courtesy: Dr. Filippo Santarcangelo.)

concern with PP irrigation. Sodium hypochlorite
(NaOCl) accidents have been described in the
literature previously with some being more severe
than others (7, 8). The main cause for this seems
to be attributed to the amount of pressure created
during PP irrigation in comparison to the capillary
blood pressure (9, 10). More recent studies have
also demonstrated the dangers of PP irrigation in
relation to central venous pressure (11, 12).

ANP overview

Whatever irrigation procedure is used during a
root canal treatment, it must be performed bearing
in mind that effectiveness cannot supersede the
safety of the patients. The main problem with
PP and NaOCl accidents is the randomness of its
nature. This unpredictability seems to be related to
the apical status (13) and anatomical factors (14).
Clinically, we cannot immediately diagnose when
a significant amount of irrigant has been extruded
to the apical tissues, and it is virtually impossible
to predict these undesirable NaOCl accidents (15).
Another drawback of PP irrigation is the apical
stagnation plane (16, 17). This barrier allows for
gas entrapment, produced by the decomposition of
organic tissue. This physical phenomenon is called
vapor lock making it difficult to adequately debride

the canal’s apical termination (18, 19). In order to
overcome all these drawbacks, the ANP technique
for irrigation was introduced and is discussed in
detail in this chapter.

The effectiveness of an irrigating solution is
dependent mainly on its adequate diffusion into
the root canal system and its volume. The depth of
needle placement conditions, the irrigant penetra-
tion, and delivering of large amounts of irrigants
have been related to high pressures (20). This is
one of the main reasons why traditional irrigation
systems fail to completely debride the root canal
especially because they are placed in a safety depth
of 2–3mm of the working length (WL) to avoid
the hypochlorite accident (3). This is not the case
with the ANP systems, which because of its phi-
losophy, has the ability to deliver irrigants up to
the WL and eliminating any risk of apical extru-
sion (21). In addition, studies have demonstrated
the effectiveness of the ANP systems to deliver
irrigants to the WL in comparison with traditional
irrigation, which also relates to the apical vapor
lock phenomenon (18, 22).

The most significant advantage is its safety con-
siderations. Studies have compared other irrigation
systems to ANP, specifically the EndoVac, currently
marketed by SybronEndo (SybronEndo, Orange,
CA). Desai and Himel (21) in an in-vitro study
demonstrated that the ANP did not extrude any
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irrigantwhile the groups including theMax-i-Probe
(Dentsply Rinn, Elgin, IL), Rinsendo (Dürr Dental
GmbH&Co. KG, Bietigheim-Bissingen, Germany),
and the continuous ultrasonic irrigation (CUI) nee-
dle extruded significant amounts of irrigant that
could irritant and be toxic to the apical tissues. This
extrusion of irrigant could lead to significant post-
operative pain. This parameter was examined by
Gondim et al. (23) who reported significant reduc-
tion in postoperative pain levels when patients
were treated using ANP as compared to traditional
needle irrigation.
Orientation: This and the next paragraphs are

presented as a precursor to more detailed discus-
sions in this chapter. First, as ANP systems can be
safely taken to WL, microbiological studies have
demonstrated a statistically significant difference
between ANP and PP irrigation in-vitro. The ANP
groups have shown no positive cultures compared
with the PP groups, and no significant differences
between types of preparations and apical sizes have
been noted (24). A recent randomized clinical study
involving patients with apical apical periodontitis
in lower molars confirmed these results (25). How-
ever, an increase in the apical size preparation from
#35 to #40 and an increase in taper from 0.02 to 0.04
did demonstrate an increased volume of irrigant
being delivered to WL, which in turn could con-
tribute to the microbiological success when using
this system (26, 27). Yet, some conflicting stud-
ies have been published and the reason for their
different findings are thoroughly explained. For
example, Pawar et al. (28) demonstrated the impor-
tance of following the manufacturer’s instructions
when that study failed to demonstrate differences
in efficacy between PP needle irrigation and ANP,
greater than or equal to 5% NaOCl was not used.
Six years earlier Clegg et al. (29) proved that 1%
would not prevent culture growth.

In addition to its antimicrobial efficacy, there are
many studies that have demonstrated the effec-
tiveness of the ANP system for tissue dissolution,
debris removal, and smear-layer removal. The clas-
sic study by Nielsen and Craig Baumgartner (30)
performed in extracted teeth demonstrated signif-
icantly less debris with the ANP group at 1mm
from WL in comparison with conventional needle
irrigation. Other in-vitro studies done in different
teeth types and using different methodologies
such as scanning electron microscopy (SEM) have

demonstrated and supported Nielsen results using
different methods (6, 31–34).

Besides being used in teeth with closed apices
and for routine root canal treatment procedures,
ANP irrigation has also been studied in regener-
ative endodontic procedures. The use of the ANP
irrigation in dogs during regenerative endodontic
procedures has proved to be a promising disinfec-
tion protocol suggesting that the use of the triple
antibiotic paste may not be necessary (35, 36).

Rational

For years, numerous in-vitro studies using an open
canal system,where the apical tissueswere not sim-
ulated, have shown good irrigation results using
PP irrigation (37). However, in the clinical situation,
the root canal system is closed because of apical
tissues. Tay et al. (38) conclusively demonstrated
the importance of using a closed system when
evaluating irrigation results. Efficient debride-
ment of the root canal system and isthmuses was
recently tested using two irrigant agitation tech-
niques in a closed system and confirmed that the
correct simulation of a closed system is essential
to re-create the fluid dynamics occurring during
the endodontic irrigation (31). The challenge is
to predictably create a direct contact between the
chemical substance and the complexity of the canal
system plus a continuous renewal of the irrigant,
thus allowing disinfection and removing debris,
all this with no or minimal apical extrusion. These
objectives are difficult to achieve by any system.
It is a unique physical and anatomical situation
that must be understood in order to find a solution
toward a better endodontic outcome.

We can categorize irrigation devices into two
major groups: activation and delivery systems.
Activation systems aim to improve the movement
of the irrigant within a complex space. Delivery
systems, such as ANP, were developed to overcome
the physical facts existing into a semipermeable
canal system, thus allowing full penetration of the
irrigant with no risk of extrusion. This is a new
philosophy and actually contradicts the needle
irrigation we have been using for more than 50
years.

Fukumoto et al. (39, 40) published the first arti-
cles explaining the rationale, and, in 2007, the
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first commercial ANP system, the EndoVac sys-

tem (SybronEndo, Orange, CA), was introduced.

Recently, another ANP system, INP (ASI Medical,

Englewood, CO), has been introduced using

materials and methods vastly different from the

EndoVac system and it lacks research to provide

evidence based on its efficacy. Fukumoto’s speci-

mens were placed in a container colored salt agar

with 1% of a dye (Caries Detector, Kuraray Co.,

Ltd., Osaka, Japan) with the aim of analyzing

the irrigant and subsequent extrusion. This log

samples were analyzed by SEM to observe the

cleanliness produced by NaOCl, and ethylenedi-

aminetetraaceticacid (EDTA), in the apical 3mm

of PP and ANP irrigation. The groups irrigated

with ANP demonstrated better cleanliness in the

apical millimeter. Extrusion results demonstrated

that ANP system was significantly safer than PP,

extruding a minimum amount of irrigant during

the entire process. Irrigant extrusion was the same

for ANP groups while the cannula, that is, at two

different depths, not for PP, where the greater

proximity of the needle to WL (3mm) caused

a greater extrusion, corresponding to previous

studies (10). The findings of the study confirmed
the effectiveness of intracanal aspiration system
in clearing the last few millimeters of the prepa-
rations, as well as greater security of this system
compared to irrigation with PP.

Basically, the ANP system includes four major
components: a multiport adapter (MPA), master
delivery tip (MDT), macrocannulas, and micro-
cannulas. The MDT was designed to deposit the
solution at the access and pulp chamber and autoe-
vacuate any excess. The macro- and microcannulas
are aimed at aspirating the irrigant solution into
the canal creating dynamic flow with constant
renewal of the solution, thus decreasing the loss of
effectiveness of our irrigants to contact organic and
inorganic residues. This allows us to employ large
volumes of irrigants without the danger of causing
damage to the apical area.

The device and clinical technique

EndoVac (SybronEndo, Orange, CA) was the first
ANP system available commercially (Figure 10.2).

Non-disposable Semi-disposableDisposable

a

b

c

d

e

f

g

h j

i

31 mm

25 mm

21 mm

Micro

Macro

Figure 10.2 (a) Handpiece; (b) fingerpiece; (c) multiport adapter; (d) macrocannula; (e) microcannula (21, 25, 31mm); (f)
syringe 20 cc (for NaOCl); (g) master delivery tip (MDT); (h) syringe 3 cc (for EDTA); (i) MDT evacuation tubing (blue); and (j)
handpiece/fingerpiece evacuation tubing (white).
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It has been thoroughly investigated since 2007 and,
as mentioned above, it is based on four main com-
ponents: the hand and finger pieces, themacro- and
microcannula, the MPA, and the MDT.

1. The multiport adapter (MPA): The MPA plugs
directly into Hi-Vac and serves as a caddy for
the EndoVac tubing, and other components are
easily removed and reattached to the Hi-Vac
system for maximum portability between
operatories (Figure 10.3).

2. Themaster delivery tip (MDT): TheMDT plugs
directly into the blue port of the MPA and pro-
vides a constant flow of the irrigant without the
risk of overflow. The MDT is used during coro-
nal flaring and after each instrument change to
remove gross debris arising from instrumenta-
tion (Figure 10.4c).

3. The macrocannula is an ISO 55 plastic cannula
used to remove coarse debris inside the canal
after all instrumentation is completed. In this
step, the macrocannula and the MDT are used
at the same time. It is helpful to have a dental
assistant delivering the irrigant with the MDT
while the clinician works the macrocannula up
and down each canal (Figure 10.4. The macro-
cannula is designed for single use and should
be discarded after each treatment.

4. The microcannula is a 30-gauge needle
(0.32mm) with 12 laser-drilled, microscopic
evacuation holes—each less than 100 μm in
size—all of them placed within the last 0.7mm
of the needle (Figure 10.4b,d). Fluid is drawn to
the apical termination through these holes, cre-
ating a vortex-like cleaning of the apical third.
The microcannula is designed for single use
and should be discarded after each treatment.

Clinical technique

The EndoVac irrigation procedure uses two dif-
ferent cannulas of different materials size and
configuration in each canal, already described as
the macro- and microcannula. They are attached to
Hi-Vac to create vacuum pressure, thus allowing
them to pull the irrigants to their tips, thereby
preventing apical extrusion while concurrently and
omnidirectionally aspirating debris from the root
canal system. The irrigants are delivered passively
at the lip of the access opening via the MDT.

Figure 10.3 The multiport adapter.

Canal instrumentation

During the entire instrumentation process, the
MDT is used to supply 1ml of 5–6% NaOCl before
and after every instrument change. This replenish-
ment process evacuates the instrumented debris
drawn into the pulp chamber by the preparation
instruments while concurrently providing fresh
irrigant that will be worked down the canal by the
next instrument. In a randomized clinical study,
Cohenca et al. (25) determined that instrumentation
strategies or types did not affect the efficacy of
the EndoVac irrigation procedure. However, the
minimum apical preparation size to accommodate
the microcannula is 0.32 mm, being necessary
an instrumentation with at least a #35/0.02 hand
instrument to WL after smaller sizes of NiTi
instrumentation is complete.

Macroevacuation
A macro is used to evacuate the gross debris from
the root canal cavity after instrumentation. It is
used for 30 s in each canal after instrumentation by
rapidly moving it from a point where it stopped its
apical progression to just below the pulpal floor as
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(a) (b)

(c) (d)

Diameter

equals

1 mm

Figure 10.4 EndoVac components: (a) macrocannula; (b) microcannula demonstrating the evacuation holes in the apical
0.7mm; (c) master delivery tip; and (d) microcannula.

5–6% NaOCl is passively delivered via the MDT

at approximately 6–8ml/min. Current flow is con-

stantly monitored through the Macro’s transparent

polypropylene wall to ensure blockage has not

occurred. After 30 s of rapid irrigant exchange, the

canal is left “Charged” with NaOCl by quickly

withdrawing the macrocannula from the canal

while continuing to deliver 5–6% NaOCl via the

MDT. The canal is left undisturbed for 60 s (the

“passive wait”) while the other canals are treated

in the same method. In the case of a single-rooted

tooth, the canal is left undisturbed for these 60 s.

Microevacuation
Micro irrigation begins immediately following the

macro irrigation’s passive wait. Note—there is a
definite learning curve to acquiring this technique—the
most frequent mistake made by clinicians when learning
this technique is the improper use of the Macrocannula
as described above, resulting in unnecessary clogging
of the Microcannula’s filtration holes. Once the micro

is in place at full WL, the MDT delivers an unin-

terrupted flow of irrigant into the pulp chamber.

During this irrigant application, the microcan-

nula’s exhaust tube is observed to confirm irrigant

flow.

Microcycles
Three irrigant “microcycles” (NaOCl, EDTA, and

NaOCl) comprise microevacuation. The first micro-

cycle clears the most apically positioned walls of

debris and/or biofilm, as 6% NaOCl is delivered

to the pulp chamber. After 6 s, the irrigant flow is

stopped allowing the canal to be sucked dry (the

“purge”) thereby evacuating the bubbles formed

from hydrolysis; this is repeated four more times

for a total of 30 s; then the microcannula is quickly

withdrawn from the canal like the macrocan-

nula before, leaving it charged for 60 s while the

other canals are treated. After the NaOCl-charged

passive wait, the second microirrigation cycle

incorporating 17% EDTA was initiated to clear

the smear layer. The microcannula is replaced at
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full WL and 17% EDTA is added for 10 s and the
microcannula is again removed leaving the canal
charged for an additional 60 s while the other
canals are treated. As gas bubbles are not formed
by the EDTA, purging is not necessary. Finally, with
the gross debris and/or biofilm and smear layer
removed from the canal walls, the tubules and the
neighboring lateral and associated irregularities
are treated via a second round of 5–6% NaOCl,
as previously described, thus allowing NaOCl to
diffuse into these areas. In the end, the canals are
purged of all irrigant and one or two paper points
are used to dry the canals. A representative clinical
case is showed in Figure 10.5, demonstrating the
different steps of ANP (Figure 10.5).

Efficacy

The EndoVac’s effectiveness is based on its abil-
ity to create negative pressure ranging from
approximately −30 to −260mm Hg throughout

the root canal system extending from the coro-
nal access opening and terminating at the apical
extent of the major diameter (41). This allows
irrigants to be safely and effectively drawn in
abundant quantities down and/or across the
canal walls and/or through intracanal irregular-
ities like isthmus areas and wall fins as they are
added coronally and evacuated apically. Depend-
ing on the type of the irrigant used, organic and
inorganic debris is hydrolyzed, chelated, and/or
mechanically dislodged from the canal system and
subsequently evacuated. Furthermore, this con-
stant irrigant exchange extends beyond the fluid
dynamics of delivery and evacuation by allowing
the establishment of a diffusion gradient whereby
hyperconcentrated solutions like 5%NaOCl diffuse
into dead-end spaces (42).

Penetration

Regardless of the analytical method used, various
studies evaluating the penetration of irrigants into

(a) (b)

(c) (d)

Figure 10.5 (a) Irrigation with macrocannula; (b) rubber stop of the microcannula placed at WL; (c) irrigation with the
microcannula; and (d) canals after ANP.
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the canal irregularities when delivered via ANP are

in unanimous agreement. The first study that evalu-

ated EndoVac’s ability to introduce the irrigant into

main canal and canal irregularities was conducted

by de Gregorio et al. in 2010 (43). This study used

an in-vitromodel consisting of cleared teeth embed-

ded in wax to create a closed system, the irrigant

solution used was a mix of 5.25% NaOCl and a dye

in equal amounts. The irrigant was delivered short

of the apical termination via PP and activated by

either sonic or passive ultrasonic irrigation (PUI) or

complementedwithANP irrigation (EndoVac). The

importance of this model is that it could simulta-

neously measure the depth of the irrigant into the

main canal and its penetration into the simulated

noninstrumented lateral canals measuring 60 μm in

diameter and placed at 2, 4, and 6mm from the api-

cal termination. Evaluation of these cleared teeth

provided information about the penetration up to

WL and the ability of the irrigant to be moved into

the artificial lateral canals.

The root canals that were instrumented to an

ISO #40 demonstrated complete penetration of the

irrigant to the apical termination in all EndoVac

samples; this was statistically significant compared

to the other groups. This validated the microcan-

nula’s ability to produce adequate ANP to resolve

the vexing physical barrier problem, described

in a “stagnation zone” (16) or the “vapor lock”

(38). Regarding the penetration of artificial lateral

canals, the EndoVac system, designed primarily to

safely place abundant irrigant flow to the canal’s

full length and not as an activation mechanism,

was not as effective at filling the lateral canals as

PUI. However, this limitation can be balanced by

the diffusion effect described by Pashley et al. (44)
even though this effect was not analyzed in cleared

teeth. However, throughout the history, PUI has

proved its efficacy cleaning noninstrumented areas

and removing debris in relatively straight canals

(45–48). However, van der Sluis et al. (49) stated
that the resultant acoustic microstreaming depends

inversely on the surface area of the file touching the

root canal wall. Furthermore, Goode et al. in 2013

(41) demonstrated that ultrasonic activation could

not effectively clean debris from a multiplaner

canal; but the EndoVac produced significantly

better debris removal than PP, manual dynamic,

sonic, and ultrasonic activation.

Cohenca’s research team evaluated different
irrigation systems in oval canals: EndoVac, PP, and
self-adjusting file (SAF) system (50, 51). Results
again confirmed the advantages of EndoVac, which
delivered a full and constant irrigation at WL,
showing significant differences compared to the
other two systems. The conclusions of these two
studies were confirmed by Spoorthy et al. (52) who
tested the de Gregorio model but added a new
experimental group: ANP+PUI. This new group
of PUI+ANP showed better results in the most
apical termination, demonstrating the synergistic
effect of both techniques, and not affected by root
canal curvature (53).

Munoz and Camacho-Cuadra (22) clinically
evaluated the irrigant penetration in-vivo using
a radiopaque contrast solution in mesial curved
canals of mandibular molars. Because of the flexi-
bility of microcannula, the effectiveness of EndoVac
was confirmed, showing a statistically significant
difference in the irrigation at full canal length in
comparison with PP and similar results to PUI.
However, it is important to realize the limitation of
this study because Munoz and Camacho-Cuadra
determined only the apical placement of the irrig-
ant and not the critical volume of irrigant delivered
or aspirated at the apical termination.

Debridement

Debridement is one of the basic three objectives of
endodontic treatment. NaOCl’s solvent action dis-
solves and facilitates removing pulp remnants. As
many studies have shown that chemomechanical
preparation does not eliminate all the remnants, a
proper delivery of NaOCl is needed to maximize
its action (54, 55). With PP delivery, the debride-
ment action of NaOCl is directly related to the flow
rate of the irrigant and its apical pressure. This is
emphasized at the end of this section. The higher
intracanal pressure, the greater the cleaning effect
is, but unfortunately the extrusion risk is higher;
therefore, is important to rely on proper irrigation
systems. Traditionally, to enhance debridement,
increase of the diameter and taper apical prepa-
ration has been proposed (56, 57); however, the
EndoVac’s safe delivery design enables abundant
and safe irrigant delivery when the apical prepa-
ration is as small as a #35 ISO (21). Hockett et al.
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(24) concluded that ANP is crucial in the cleaning
and disinfection of the canals than the use of bigger
tapers.

Several recent studies have unanimously
demonstrated positive proof regarding EndoVac’s
debridement abilities within the root canal sys-
tem. Susin et al. (31) selected 20 teeth with narrow
isthmuses using micro-computed tomography
(micro-CT); these samples were analyzed under
light microscopy for the presence of debris in
the canals of both, instrumented areas and isth-
muses. For the analysis of this study, 10 slides
were obtained and analyzed between 1 and 2.8mm
from WL. The groups included a manual dynamic
activation (MDA) group with a fitted gutta-percha
cone. Results did not show a significant difference
between groups in the main canal; however, in the
isthmuses areas, ANPwasmore effective removing
organic debris (Figure 10.6).

The results of this study are consistent with the
outcome of the research by Siu and Baumgartner
(5) who achieved better debridement in the very
last millimeters when using ANP than PP group.
According to the results of this study and that of
Susin and Baumgartner, MDA showed a better
cleaning than PP. PP and ANP showed similar
results at coronal thirds; these can be explained
as an effect at the level where the tip needle was
placed, in concordance with the results obtained by
Boutsioukis et al. (58, 59) using computational fluid
dynamics (CFD), as higher stress was observed on
dentinal walls, which could be influenced by the
level, depth, and orientation of the tip needle.

In closed systems, debridement by PP is
adversely affected by the presence of apical tis-
sues (38). Parente et al. (32) showed that ANP is
not affected by a closed system, while MDA had
poor results in the same clinical conditions. Nielsen
and Craig Baumgartner (30) used a very similar
methodology and concluded that at the 1mm level,
significantly less debris was found in the EndoVac
group (P≤ 0.0347). Relevant data provided by this
study are the volume of irrigants used and its influ-
ence on tissue dissolution. Within the same period
of time, EndoVac allows the use of 42ml of irrigant
in comparison with 15ml used in PP group.

It is interesting to note that Howard et al. (60)
obtained different results than the previously
discussed studies. They found no significant dif-
ferences between ANP, PP, and CUI by PiezoFlow
device (ProUltra, Dentsply, Tulsa, OK) in the
mesial roots of the mandibular molars. However,
a close examination of their materials and meth-
ods reveals a disturbing fact—the flow rate used
during the CUI irrigation was set at 15ml/min.
Two years subsequent to this study, Khan et al. (11)
tested the apical pressure generated by different
irrigation techniques using nonbound needles
placed at WL—1mm up to a maximum delivery
rate of 8ml/min. At 8ml/min, the CUI group
produced 78mm Hg apically directed pressure.
Following this study, Zhu et al. (61), in a review
manuscript, determined that a maximum flow
rate of 3.5ml/min for an unbound needle would
produce 30mmHg apically directed pressure—the
maximum limit for preventing an intravenous

EndoVac Manual
dynamic

Canal
debris

Isthmus
debris

Figure 10.6 Both sections were taken at working length—1mm. In the manual dynamic activation (MDA) group, greater
isthmus debris was apparent and statistically significant at P=0.001.
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injection of an endodontic irrigant. Endodontic
irrigation is a function of both safety and efficacy.

Smear layer

Effectiveness of ANP is based on a deeper pen-
etration of the irrigant solutions, exposure time,
and volume of irrigant. In the previous section,
we reviewed the debridement efficacy of ANP,
which has showed similar results removing smear
layer. Currently, only a few studies have analyzed
the effects of ANP on the smear layer. Saber Sel
and Hashem (62) found that the activation of 17%
EDTA either by MDA or ANP showed a statisti-
cally better smear-layer removal than with PP or
PUI. However, at approximately the same time
as Tay was validating the vapor lock theory (38)
in a separate study, his team was investigating
smear-layer removal in open and closed root canal
systems using two different groups: MDA and
ANP (32). The study concluded that the ability of
manual dynamic agitation to remove smear layer
and debris in a closed canal system was signifi-
cantly less effective than in an open canal system
and significantly less effective than the EndoVac
(P< 0.001). Thus, they not only established the effi-
cacy of the EndoVac to remove at the most apical
depths of a closed canal system; they also reproved
the vapor lock theory and called into question all
former irrigation studies performed in open-ended
samples.

In 2003, Torabinejad et al. (63) defined a scoring
method for determining smear-layer removal. This
method relies on analyzing the amount of smear
layer covering the tubules. However, the tubules
are scarce, inherently smaller, and look sclerotic
in the walls in the very apical portion of the root

canal (64). In 2006, Fukumoto et al. (40) devised
a unique method to overcome this problem by
amputating the apical 3mm thereby assuring plen-
tiful tubules at the apical extent of the modified
canal. This study was the first reported use of ANP,
and the SEM results demonstrated more effective
removal of the smear layer than traditional irriga-
tion. Gómez-Pérez (65) repeated Fukumoto’s study
using the EndoVac system obtaining the same
positive results (Figure 10.7).

Antimicrobial effect

The primary factor that determines the treatment
outcome of well-treated and restored teeth is the
biological status of the root canal system at the time
of treatment. The success rate for noninfected root
canal systems is about 92% (66, 67) while infected
canal systems are generally only 80% successful
(68). Since the early part of this century, the scien-
tific community began to suspect the pathogenic
role of biofilm within the root canal system as
opposed to a solitary organism like Enterococci
(69). Finally, in 2010, Ricucci and Siqueira (70)
concluded that overall findings are consistent with
acceptable criteria to include apical periodontitis in
the set of biofilm-induced diseases. In short, biofilm
is a community of all different types of microorgan-
isms that adhere to surfaces frequently embedded
in a self-producedmatrix of extracellular polymeric
substance (EPS). This type of infection is extremely
difficult to destroy with antibiotics because of the
EPS, but it can be totally destroyed with NaOCl at
the proper concentration and volume.

In 2006, Clegg et al. (29) demonstrated that
wild biofilm grown in-vitro could be completely
hydrolyzed in a concentration of 5% NaOCl. In

Saline 17% EDTA 17% EDTA

(c)(b)(a)

Figure 10.7 SEM examination at WL—1mm. (a) Saline control; (b) traditional irrigation; and (c) EndoVac irrigation. (Dr. Arianna
Gomez-Perez.)
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2011, Del Carpio-Perochena et al. (71) demon-
strated a similar finding when the biofilm was
grown in-vivo. Both studies agreed that chlorhexi-
dine did not destroy the biofilm. Accordingly, the
objective to obtaining biofilm destruction is to flow
an adequate volume of greater than 5% NaOCl to
the apical termination. This has proven difficult
with various types of endodontic irrigation sys-
tems. For example, the SAF system is designed
to concurrently deliver the irrigant during instru-
mentation. In a recent study by Paranjpe et al.
(51) using the SAF system demonstrated that after
instrumentation, which included a final irrigation,
biofilm still remained at both the 1 and 3mm—WL
level (Figure 10.8).

It is necessary to further emphasize that biofilms
have developed several other mechanisms against
disinfecting methods; at mature stages of biofilm
growth, these mechanisms are stronger. Shen et al.
(72) demonstrated the importance of this factor and
according to their analysis, at day 21 of growth,
biofilms develop certain defense characteristics
and observed differences in their architecture
between young and old stages. Results cannot be
extrapolated to a clinical environment, because the
methodology of these studies compare the disin-
fecting power of irrigation or activation systems
against planktonic or immature biofilms. Therefore,
studies where biofilms can be analyzed at longer
periods of time are encouraged.

In a precursor study to a randomized clinical
study, Hockett et al. (24) analyzed the effectiveness
of ANP and PP irrigation in eliminating biofilms
of Enterococcus faecalis in previously instrumented
canals, this being the first study evaluating mature
biofilms (30 days) (Figure 10.9). The influence of
the taper in both techniques was evaluated as well.

ANP was effective in both groups: with variable
taper (ProTaper, Tulsa Endodontics, Tulsa, OK)
and without taper (Lightspeed LSX, Discus Dental,
Culver City, CA). Samplingwas aggressive in that a
#30 file was used to scrape shavings from the walls
to ensure capture of residual biofilm. The culture
results demonstrated 100% negative cultures from
the ANP groups versus 33% negative in the same
groups (Figure 10.10).

A randomized clinical trial based on mandibular
first and second molars with separate mesiobuccal
(MB) and mesiolingual (ML) canals was conducted
by Cohenca et al. (25). Inclusion criteria were radio-
graphic evidence of a apical radiolucent lesion
associated with tooth (any sex, ethnicity, or race),
necrotic pulp as indicated by thermal or electric
pulp testing, no history of previous endodontic
treatment of the tooth, healthy patients (ASA I,
ASA II) consent to participate in this study, com-
pliance with the treatment schedule. Exclusion
criteria included teeth with unfavorable conditions
for rubber-dam application, if vital pulp tissue
was observed during the treatment, immature
teeth with open apices, patients younger than 14,
pregnant women, medically compromised patients
with conditions that were contraindicated to the
dental treatment (ASA III), severely curved canals
in which apical instrumentation is not predictable,
and patients who received systemic antibiotic treat-
ment 3 months prior to treatment. The results were
virtually identical to the in-vitro study. No positive
cultures were obtained from the EndoVac group
after final irrigation while the PP group produced
33% positive cultures. The results were statistically
significant (P= 0.03).

Pawar et al. (28) also clinically tested the EndoVac
and found no significant differences between ANP

1 mm 3 mm

Acc.V Spot Magn Det WD 5 μm
5.00 kV 3.7 5000× SE 9.9 SAF 1

Acc.V Spot Magn Det WD 5 μm
5.00 kV 3.7 5000× SE 9.9 SAF 1

Figure 10.8 After SAF instrumentation and irrigation, biofilm still remained vital and apparent on the walls of the test group.
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(a) (b) (c)

(d) (e) (f)

Figure 10.9 Positive control. SEM analysis. (a) At 100×, the presence of bacteria over the root canal surface is shown. (b–d) At
1000×, 2000×, and 4000×, respectively, the bacterial arrangement as biofilms is observed. (e). At 4500×, note the cell
aggregations of bacteria covering the dentinal tubules. (f). E. faecalis colonization of the root canal and dentinal tubules is
confirmed at 20,000×.
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Figure 10.10 In-vitro: 33% of the positive
pressure irrigation groups rendered positive
culture at the end of the incubation period.
A significant statistical difference was
evident when comparing the apical
negative pressure irrigation versus positive
pressure irrigation that failed to produce a
single positive culture (P=0.004). Clinical:
The clinical results mirrored the in-vitro
with 33% positive cultures in the positive
pressure group versus no positive cultures
in the apical negative pressure group
(P=0.03).

and traditional irrigation. As readers, we must be

critical and take into consideration the weaknesses

and limitations of all studies. In Pawar et al., the
researchers did not follow manufacturer’s instruc-

tions and used 0.5% NaOCl, a 1000% dilution from

the recommended dose. This contradicts the exist-

ing evidence presented by Clegg 6 years earlier. In

their discussion, the authors recognize that the use

of 0.5% NaOCl in this study could be considered

responsible for the lack of significant differences in

antimicrobial efficacy between EndoVac irrigation

and standard.

Brito et al. (73) formed biofilm in extracted teeth

and this group also did not follow manufacturer’s

directions because they used 2.5% NaOCl. Further-

more, prior to sampling the canals after the final

irrigation, a Hedstrom was used to aggressively

file the walls thereby obtaining microbes within

the dentinal tubules. This study failed to obtain

negative cultures. In a similar study, Miller and

Baumgartner (27) inoculated extracted teeth and

followed the manufacturer’s instructions. Then

the research team pulverized the teeth after final

irrigation. This study determined that the bacterial
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reduction was 99.7% in the EndoVac group. It is
important to note that they recovered bacteria
and not biofilms from the dentinal tubules. This
leads to the important question: What is the sig-
nificance of bacteria trapped in dentinal tubules?
In a review paper by Peters et al. (74), the authors
presented a conflictive statement claiming that
there is no evidence that special measures should
be taken to kill the bacteria in the dentinal tubules.
Should time permit, a sound obturation technique
immediately following the cleaning, shaping, and
disinfection phases allows the remaining bacteria
in the tubules to be either inactivated or prevented
from repopulating the (former) canal space. In the
vast majority of cases, those bacteria appear not
to jeopardize the successful outcome of root canal
treatment. However, microorganisms remaining
in lateral canal and dentinal tubules might regrow
and serve as a source reinfection (75), and hence
the critical importance on keep searching for the
best and most reliable root canal disinfection, as
previously mentioned.

Safety: the NaOCl accident

This chapter has explored several delivery irri-
gation techniques and or systems in endodontics
and their efficacy including penetration of canal
irregularities, intracanal debridement, smear-layer
removal, and the antimicrobial effects, through
the use of greater than 5% NaOCl. However, the
extrusion of NaOCl beyond the canal’s termination
is sometimes the source of morbid consequences
including permanent facial disfigurement (76), loss
of sensory perception (77), loss of facial muscular
control (78), and life-threatening consequences
(79). Furthermore, until just recently, the den-
tal profession was mystified regarding the exact
consequences of such a small quantity of NaOCl
escaping the root canal space. One of the first
reported NaOCl accidents reported that less than
0.5 cc of NaOCl could have escaped the confines
of the root canal system and yet half the patient’s
face became inordinately swollen and demon-
strated a strange pattern of ecchymosis (80). Sabala
hypothesized that this reaction could be the result
of an angioneurotic edema response. However,
this type of reaction was not classically observed
in a comprehensive study regarding the toxicity

of NaOCl by Pashley et al. (44). This classic study

provides interesting facts about NaOCl toxicity

when injected directly into vital tissue. Interest-

ingly, Pashley et al. failed to produce the clinical

signs and symptoms of a hypochlorite accident

as reported in the Sabala and similar cases. In the

Pashley finding, tissue reactions were confined to

the area of injection while in the Sabala case report,

the accidental injection of NaOCl in a second upper

premolar triggered tissue reactions around the

facial bones and even the patient’s neck.

Could it be possible that the Sabala case was not

a case of angioneurotic edema, but an intravenous

injection of a small amount of NaOCl into the

anterior facial vein complex? To refer to Chapter 8

Figure 15A, it is clearly apparent that the superior

palpebral vein is well defined. Furthermore, the

superior palpebral vein is part of the anterior facial

venous complex that sometimes extends from the

maxillary anterior and also directly to the heart

(81). With that anatomical information, it is under-

standable how at least one patient died from air

injected into a bicuspid tooth that resulted in a car-

diac air embolism (82). How much pressure would

be required to cause an intravenous injection via

the root canal system? In a recent review study

published by Gyamfi, it has been determined that

30mmHg of apically directed pressure is sufficient

to produce an intravenous injection, if anatomical

and mechanical conditions, like a patent apex and

a rogue vein, are present in the area (61).

Using CFD technology, Boutsioukis (58) irrigated

at a flow rate of 15.6ml/minwith the irrigant deliv-

ery needle placed 3mm short of WL and realized

an apically directed pressure of approximately

9 kPa or about 65mm Hg. Certainly, more than

enough apical pressure to cause an intravenous

injection if the other conditions defined by Gyamfi

(61) were present. In a more recent in-vitro study,

Jiang et al. (83) moved the needle to 1mm from

WL, but reduced the delivery rate to 6ml/s. Khan

et al. (11) reproduced the Jiang’s model, placing a

wide variety of nonbinding needles at 1mm from

WL. That study determined that a delivery rate of

3ml/min (half the Jiang rate) is the absolute safety

limit for PP irrigant delivery with a nonbound nee-

dle placed at 1mm fromWL. Khan determined that

the EndoVac microcannula produced an average of

−30mm Hg across all flow rates.
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(a) (c)

(b)

1
2

Fluid trap Test vial

Figure 10.11 The Desai testing apparatus consisted of (a) mounting and sealing a single-rooted tooth (arrow 2) and an 18-gauge
atmospheric balancing needle (arrow 1) to the cap of a hermetically sealed collection vial; (b) a finger piece (red arrow) was
positioned such that its attached microcannula extended to full working length, while the MDT was positioned to deliver and
aspirate the irrigant at the access opening; (c) any irrigant that escaped the test specimen would be trapped in the test vial while
all irrigants that passed through the microcannula was trapped and measured in the fluid trap.

The first study to analyze in-vitro the extrusion
of ANP was done by Desai and Himel (21)
(Figure 10.11) and demonstrated that the EndoVac
(both macro and micro cannula) failed to extrude
any material from a tooth suspended inside a
neutral atmospheric chamber, like an apex in
a maxillary sinus not covered by bone or even
a Schneiderian membrane, while all PP delivery
systems did extrude irrigant. Mitchell et al. (84)
attempted to mimic the clinical situation via an
in-vitro study in which a water soluble pH sensitive
gel was used to simulate apical tissue. The PP pres-
sure samples demonstrated large areas of irrigant
extrusion beyond the apical termination, while the
EndoVac group demonstrated the outline of the
tooth with no apical extrusion.

Irrigation and postoperative pain

Pain associated with root canal treatment is a seri-
ous subjective and objective issue. In fact, just the
term root canal is linked with word “nerve,” which
for the lay population is a synonymouswith pain. It
is impossible to determine howmany patients have

opted for extraction rather than endodontic treat-

ment based on the perception of pain. Accordingly,

it is the duty of the profession to mitigate or elimi-

nate the pain associated with endodontic treatment

without compromising treatment outcome.

Objectively endodontic pain can be categorized

into (i) pain arising from reversible or irreversible

pulpitis; (ii) preoperative pain arising from the

apical area as a direct result of the inflammation

process including hyperemia and accumulation

of white blood cells—pus; and (iii) postoperative

pain initiated by the root canal procedure often

referred to as a flare-up. In the case of pulpitis, a

simple pulpotomy almost certainly relieves the

pain and virtually immediately. In the second cate-

gory, when the patient reports intrapulpal and/or

apical pain resulting from the inflammation pro-

cess, the treatment must address two problems,

elimination of microbial agents and, if possible, the

drainage of any apical exudate and/or hyperemia.

Figure 10.12 demonstrates spontaneous discharge

of both hyperemia and purulent exudate. How-

ever, sometimes, this serendipitous event fails

to happen, leaving the apical area in a state of

inflammation characterized by varying degrees of
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Figure 10.12 Spontaneous bleeding and purulent exudate on
access opening.

both hyperemia and accumulated exudate. Until
recently, the clinician did not have a proactive
methodology to aspirate the inflammatory prod-
ucts from the apical area; however, of late, it has
been realized that the EndoVac’s macrocannula
could produce apical ANPs in the area of −250mm
Hg (almost twice systolic blood pressure) (41).
This significant apically directed negative pressure
has been clinically demonstrated to aspirate both
purulent exudate (Figure 10.13).

Once the clinician has eliminated the inflam-
matory exudates resulting from the root canal
space infection, the root canal system must be
properly disinfected prior to obturation. Studies
already mentioned have proven that it is possible
to obtain a high percentage of negative cultures in
the initial treatment (24, 25). Furthermore, there is
more high-level evidence-based literature showing
that there is no statistical success/failure differ-
ence between a single- or two-visit treatment (68,
85–90). Accordingly, with the use of the EndoVac
system, it is possible to adequately disinfect the
root canal without resorting to a calcium hydroxide
treatment in a single visit without compromising
the outcome. Note that the clinician must main-
tain a patent apical termination to enable apical
aspiration.

Figure 10.13 EndoVac’s macro-cannula proactively
aspirating hemorrhagic exudate.

This leaves the third category of endodontic
pain—the flare-up. In an attempt to determine the
frequency of flare-ups and to evaluate correlated
factors, Tsesis et al. (91) used a meta-analysis study
of six cohort studies between 1989 and 2006. He
determined that the flair-up frequency was 8.4%
following endodontic treatment, but failed to iden-
tify a specific common denominator for cause.
With the advent of the EndoVac system, Gondim
et al. (23) conducted a 2-year study prospective
of randomized clinical trial. This studied 110
single-rooted teeth that were asymptomatic with
irreversible pulpitis caused by carious exposures
or normal pulps if the patient had been referred
for prosthetic reasons. Although this study did not
include symptomatic teeth, its narrow inclusion
offered the opportunity to study only the specific
effects of different irrigation protocols. The patients
were monitored by questionnaire at 4, 24, and 48 h
as well as the amount of analgesic taken during
this time period. The results demonstrated that the
pain experience within those patients randomly
assigned to the negative apical pressure group was
significantly lower than when using the needle
irrigation (P< 0.0001 [4, 24, 48 h]). Between 0 and 4
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and 4 and 24 h, the intake of analgesics was signif-
icantly lower in the group treated by the negative
apical pressure device (P< 0.0001 [0–4 h], P= 0.001
[4–24 h]). The difference for the 24 to 48-h period
was not statistically different (P= 0.08). Gondim
et al. concluded: “the negative apical pressure
irrigation system EndoVac resulted in significantly
less postoperative pain and necessity for analgesic
medication than a conventional needle irrigation
protocol using the Max-i-Probe.” From the results
of this study, it may be assumed that it is safe to
use a negative apical pressure irrigation protocol
for antimicrobial debridement up to the full WL.

Although Gondim’s research was very specific
and with minimum variables, it gives a broader
understanding of treating infected root canal sys-
tems. The safety offered by the EndoVac system
(last section) provides the efficacy required to
obtain the required degree of canal debridement
and disinfection, while at the same time offering
the ancillary benefit of frequently eliminating the
results of apical inflammation via apically directed
negative pressure.

Factors affecting ANP/exposure time
and volume

Heilborn et al. (33) published the only study that
compare the cleaning efficacy in the last mil-
limeters of straight canals using ANP and PP as
test groups, at different exposure times and vol-
umes (Figure 10.14). Histological analysis failed

to demonstrate any significant difference in canal

cleanliness at the 3mm level, whereas at 1mm

from WL with ANP produced a better debris

removal even with less exposure time than PP

(Figure 10.15).

Regarding the volume of irrigants aspirated by

the microcannula, results were different from those

published by Nielsen and Craig Baumgartner (30),

in which the authors measured the volume of irrig-

ant aspirated by the MDT instead of the microcan-

nula, whether or not the solution reached WL.

It is important to notice that most of the solu-

tion release by the MDT is aspirated by the

same syringe, which incorporates a suction at

its tip before it reaches WL. Thus, Heilborn et al.
reported a volume aspirated by the micro at WL

of 1.8ml/min, while for the macro (because of its

larger diameter) was 34ml/min. In contrast, the

volume released with PP was 3ml/min, a greater

amount than the one generated with the micro.

However, a large volume of irrigant used with PP

did not result in a better cleaning effect, because

a portion of the debris is ejected and traveled

apically and not coronally. The main conclusion

of this study was that the fluid dynamics has a

greater importance in the canals cleaning than

the volume of the irrigant and exposure time.

Desai and Himel (21) evaluated the volume of

the irrigant aspirated by ANP, expressing the vol-

ume in percentages. Results for the macrocannula

were 82–99% of solution aspirated and for the

microcannula, 51–54%.

EndoVac Macro

EndoVac Micro∗

Maxi-i-Probe

Control or
measured flow 

†
Group 1 Group 2 Group 3

34.0

1.8

3.0

17.0

1.8

NA

5.67

0.54

NA

NA

NA

4.50

Total volume (ml) of NaOCl exchanged apically per group
upon completion of apical instrumentation.

∗ The volume flowing through the microcannula is the actual volume reaching and

flowing through full working length.

† These data represent the positive control expressed as the maximum volume

of NaOCI aspirated and measured by the micro-and microcannulae and by

the 30G Max-i-Probe

Figure 10.14 Measurement volume of irrigant through the aspiration cannula at different times.
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Proportion achieving a clean canal (0% debris)

Clean canal at 1 mm

Clean canal at 3 mm

P∗ value from Fisher exact test for an overall difference across the three study groups.

n Canals with 
no debris

% Clean P∗

0.03

0.32

14

15

15

14

15

11

15

15

15

15

15

13

100.0

100.0

86.7

100.0

100.0

73.3

Group 1: EndoVac, 210 s

Group 2: EndoVac, 150 s

Group 3: PP, 210 s

Group 1: EndoVac, 210 s

Group 2: EndoVac, 150 s

Group 3: PP, 210 s

Figure 10.15 Despite less volume and time, between Groups 1 and 2 call canals, both EndoVac group were judged 100%
clean, while debris remained at both the 1 and 3mm from WL levels. This was significant at the 1mm level and not significant at
3mm, which agrees with Nielsen and Baumgartner.

Factors affecting ANP/synergy
with other systems

Recent studies by de Gregorio et al. (43) have

demonstrated that PP (Figure 10.16a), the most

common method currently used for endodon-

tic irrigation, is incapable of delivering irrigants

to full WL because of the previously discussed

vapor lock. ANP does deliver irrigants to full

WL (Figure 10.16b), but does not mechanically

force irrigants into small irregularities that is

accomplished by diffusion as stated earlier in this

chapter. This fact was conclusively proven by

Malentacca et al. (42) and is discussed later. Sonic

irrigation, the EndoActivator (Advanced Endodon-

tics, Santa Barbara, CA), has shown its ability to

force irrigants into artificial irregularities in the

apical area (Figure 10.16c), but it cannot deliver

irrigants to full WL. Not shown are the results of

PUI activation that effectively forced irrigants into

virtually every artificial lateral canal in all of de

Gregorio’s studies.

WL

(a) (b) (c)

WL WL

Figure 10.16 Irrigant penetration using different devices in cleared teeth. (a) Positive pressure at 2mm from WL showing the
result of a vapor lock phenomenon. (b) EndoVac (ANP) delivers irrigation to full WL. (c) Although PUI activation does not permit
movement of irritant to full working length, it allows penetration into simulated lateral canals (black arrows), which represent
uninstrumented areas.
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PUI activation has been proven to be very
effective at forcing irrigants into artificial canals
0.60mm in diameter (43). Accordingly, it is impor-
tant to examine the physics of PUI irrigation versus
diffusion. In 2004, Lee et al. (46) working at the
University of Amsterdam developed a model for
testing PUI efficacy in inaccessible areas of plas-
tic blocks and eventually refined the model to
include extracted teeth. Briefly, this model involves
instrumenting a single-rooted straight canal to
predetermined sizes and tapers and longitudinally
splitting the block/teeth and cutting a groove
measuring 0.2mm wide, 0.5mm deep, and 4.0mm
long extending up from WL −2mm on one side.
This groove would be filled with debris like dentin
dust, then the block/teeth was/were reassem-
bled and PUI irrigation was used according to
specific parameters. After the PUI irrigation was
performed, the blocks were dissembled, and the
debris remaining in the groove was quantified via
a digital camera attached to a digital microscope.
From 2005, this model was used exclusively to test
instruments of varying taper (45); in 2006, it tested
volume, type of irrigant, and flushing (92); in 2007,
it was tested using Ca(OH)2 in the groove (93); in
2010, it tested sonic versus ultrasonic activation
(94); in 2010, it was used to test pulsed ultrasound
(95); and, in 2012, it was used to test several differ-
ent irrigation techniques including CUI (83). It is
important to note that all of these tests were done
in straight canals while we know that the resul-
tant acoustic microstreaming (from PUI) depends
inversely on the surface area of the file touching
the root canal wall (49).

Realizing that molar teeth are usually multi-
planer, Goode et al. (41) devised a reusable titanium
model based exactly on the geometry described
by Jiang et al. in 2012 (83) including the exact
groove feature, except that the canal contained
three curves in order to simulate a multiplaner
situation. The canal had a primary curvature of
17∘, a secondary curvature of 24∘, and a tertiary
curvature of 68∘ (Figure 9.19). In earlier Jiang stud-
ies, PUI was always tested, but in the 2012 study,
Jiang et al. introduced the CUI based on a study
by Castelo-Baz et al. (96) in which CUI was equally
effective as PUI in the placement of the irrigant
in the apical root canal but more effective in the
irrigant placement in lateral canals. Instead of
using dentin chips, the Goode team used the same

type of Ca(OH)2 employed by van der Sluis et al.
in 2007 and tested each of the devices described
by Jiang et al. in 2012 including the CUI delivery
system. There were two other differences between
Jiang (2012) and Goode (2013): the delivery rate
and the inclusion of the EndoVac’s macrocannula
per manufacturer’s instructions. Earlier, Khan et al.
(11) demonstrated that a flow rate of greater than
1ml/min using a nonbound needle 1 from WL
could produce apically directed pressures in excess
of central venous pressure and possibly produce an
intravenous injection of the irrigant, which is to be
proven later to be the root cause of the devastating
NaOCl accident (61). The results using a curved
canal model demonstrated a dramatic decrease in
the efficacy of ultrasonic activation. EndoVac was
the only technique that removed more than 99%
calcium hydroxide debris from the canal fin at the
destined flow rate. This group was significantly
different (P< 0.05) from the other groups that
exhibited incomplete Ca(OH)2 removal.

The Goode et al. model tested the statement
about microstreaming being inversely dependent
on the surface area of the file touching the root canal
wall (41). This begs two questions. First, what is the
clinical relevancy of all the studies using straight
canals to multiplanner root canal systems where
the microstreaming effect is inversely reduced
by the instrument touching the walls? Second,
could the movement of the irrigant into lateral
canals be enhanced if the EndoVac is combined
with either PUI or converted to CUI system?

The answer to the latter question has been pro-
vided by Malentacca et al. (42) who used a straight
transparent block to create root canal model pre-
pared with an F5 ProTaper. Lateral canals (0.20mm
diameter holes) were drilled into the main canal
at 2, 5, 8, and 11mm from WL and a 0.3ml apical
chamber was created to simulate an apical lesion.
The lateral canals and apical chamber were filled
with prepared bovine pulp. Efficacy and safety
were tested PP, EndoVac, and an ultrasonically acti-
vated needle in both the PP mode (IUNI-irrigation
ultrasonic needle in injectionmode) and in theANP
mode (IUNA Irrigation ultrasonic needle in aspi-
ration mode). Regarding their safety findings, the
apical lesion all demonstrated various extrusions of
NaOCl, except the EndoVac. The study by Gyamfi
et al. (61) must be kept in mind because there was
no noncollapsing vascularity in the apical chamber
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5.0 kV × 70.0 429 μm

Figure 10.17 Apex of a maxillary cuspid showing a 0.16mm
lateral canal deeply cleaned using the EndoVac technique.
The lateral canal is located 0.93mm from the apical
termination and is devoid of pulpal tissue despite the fact that
the tooth was vital at the time of extraction. Notice that
approximately 0.5mm represents the distance from the canal
wall to the outer limit of the root canal.

and there is no way to determine the venous extent

of travel possible. Regarding the hydrolysis of the

tissue in the lateral canals, the ultrasonic groups

demonstrated hydrolysis as far as 2–4mm from the

central canal wall while the EndoVac demonstrated

hydrolysis as far as 0.5mm. Earlier in this chapter,

it was mentioned that the abundant exchange via

the EndoVac would maintain a high concentration

of NaOCl that would facilitate movement via dif-

fusion areas of lower concentration. Malentacca

et al. (42) proved this is true. Thus maintaining

a higher concentration of NaOCl via constant

fluid exchange is critical. Furthermore, a 0.5mm

movement into a lateral canal (or other irregularity)

represents a practical clinical expectation. The SEM

shown on Figure 10.17 was obtained from one of

the pilot tests evaluating ANP. The apparent lateral

canal is completely devoid of tissue despite the

tooth having been vital at the time of extraction.

Owing to the presence of smear layer, it is apparent

that the second and third microcycles had not

yet been applied, yet the lateral canal is clear of

tissue as deep as the limit of the SEM can image.

Finally, this is a maxillary cuspid, one of the largest

single-rooted teeth in the mouth, and 0.5mm rep-

resents the distance required to go from the canal

wall to the outermost limit of the root canal. In

the other types of teeth, this distance would be

expected to be less than or approximately the same

(Figure 10.18).

Regarding the synergistic effects of combining

the EndoVac with other activation systems, the

clinician must always consider safety. The Malen-

tacca study proved that the EndoVac produces

the necessary diffusion of NaOCl into pulp tis-

sue located in adjacent lateral canals without the

danger of any apical diffusion or extrusion; con-

versely, it also proved that ultrasonic activation via

passive, continuous positive, always caused some

(a) (b) (c) (d)

Figure 10.18 (a–d) Each tooth shown in this graphic had a vital intact pulp on access opening. The apparent obturation of the
various sizes of lateral canals could be possible only if the tissue had been chemically removed. (Cases (a) by Dr. Filippo
Santarcangelo. (b–d) by Dr. Dan Boehne.)
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apical diffusion or extrusion in addition to lateral
movement.

Factors affecting ANP/canal size, taper,
and curvature

As the ANP system is based on the aspiration
of the irrigant through their intracanal cannulas,
clinicians must consider the factors that influence
its suction capacity. Given that the microcannula,
given its small size and standing to full WL, is
the most difficult aspect, we focus on studies
examining suction capacity under different clinical
situations. These factors are mainly the size of the
preparation and the degree of curvature of the
canal. That said, it is important to consider that
the following two studies were published before
Goode et al. (41) findings in which only 1ml/min
was applied to the root canal system and yet the
inassessible groove feature was 99.8% or 1000%
cleaner than the next closest group (Table 9.3). The
measurement of irrigant flow was accomplished
via a fluid trap (Figure 10.19).

Brunson et al. (26) examined the following instru-
ment sizes and tapers #35/0.06, #40/0.06, #45/0.06,
#40/0.02, #40/0.04, #40/0.06, and #40/0.08 by plac-
ing the microcannula at full WL and delivering an
interrupted flow of irritant at the access opening.
Results are presented in Figure 10.20.

Following this study, de Gregorio et al. (97)
examined various curvatures, tapers, and sizes.
The results are presented in Figure 10.21.

It is interesting to note that in the Goode et al. (41)
study, the canal preparation was exactly the same
as the one used by Jiang et al. (83). In both studies,
the apical preparation was 30.06 to WL and a final
reaming with a #40/0.02 to create the apical seat.
Furthermore, there were three curvatures intro-
duced into the canal system 17∘, 24∘, 68∘, and the
inassessable groove was 99.8% clean. It is apparent
that in terms of wall shear stress effects, a high
flow rate is not required to create effective physical
cleansing. This brings the discussion back to the
last section. How much irrigant flow over what
period of time is required to realize the outstanding
results demonstrated by Malentacca et al. (42) and
the case histories presented in Figure 10.18. Accord-
ingly, until this question is positively answered,
the authors suggest adhering to the manufacturer’s
directions for use that exceed the parameters of
Goode et al.

Revascularization

Immature teeth with apical periodontitis are a chal-
lenge; the chemical and mechanical preparation
of these anatomies are really difficult because of
the difficulties to treat the whole area of the RCS

(a) (b)

Figure 10.19 (a,b) The syringe shown at the top right recovered and measured the irrigant flowing through the microcannula.

Flow rate according to size and taper

#35/0.06 #40/0.04 #40/0.06#40/0.06 #40/0.08#45/0.06 #40/0.02

2.00 2.74 2.882.86 2.962.98 1.58
Average flow rate
in ml/min

Figure 10.20 Flow rate according to size and taper.
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Flow rate according to curvature

Apical preparation

#35/0.06

#40/0.04

#40/0.06

#45/0.04

#45/0.06

0–10

0.98

1.38

1.48

1.42

1.46

11–30

0.92

1.20

1.34

1.32

1.36

31–65

0.70

0.98

1.14

1.04

1.10

Flow rate is ml/min

Curvature in degrees

Figure 10.21 It should be noted that there was a difference
between the Hi-Vac pressures in these two studies; Brunson
et al. used 7.5mm Hg versus 4.42mm Hg in de Gregorio et al.

and the risk of apical extrusion. In those teeth,

the microflora is really large and the maturity of

the biofilms present in the canal leads to a great

resistance to some irrigants and even to very

effective solutions when these are used at low

concentrations. The apex walls are parallels and

sometimes even divergent (98, 99) making easier

the apical extrusion. Also, the thin walls make the

teeth very fragile, making worse the long-term

prognosis.

Therefore, some authors have proposed the use

of antibiotic pastes with the aim of eliminating

the intracanal microflora. Unfortunately, there

are marked disadvantages using this technique

because of coronal discoloration (100), bacterial

resistance (101, 102), and allergies (103–106).

Hence, the ANP technology has recently been

applied with the objective of taking advantage of

the disinfection (24), debridement (30), and certain

elimination of apical extrusion (21, 42).

In an in-vivo study, Cohenca et al. (36) com-

pared the efficacy of PP plus TRIMIX antibiotic

paste against ANP to disinfect necrotic immature

teeth in dogs. The bacterial reduction obtained by

EndoVac was comparable to that provided by PP

plus antibiotic paste. In a follow-up study, using the

same animals and treated teeth, da Silva et al. (35)
applied MDT to the disinfected pulp chambers and

examined them histologically after the application.

The EndoVac group showed more mineralized

formations (Figure 10.22), more well-structured

apical connective tissue as well as more advanced

regenerative processes than when the teeth were

treated with triantibiotic paste (TRIMIX). The only

T T T

T

PL
B

(a) PL
BEndoVac

(b)
EndoVac

(c)
TRIMIX

Figure 10.22 (a) Closure of the apical opening by mineralized tissue deposition, new cementum formation, and normal
periodontal ligament and alveolar bone. HE—Zeiss—×5 magnification. (b) Note the new cementum formed after treatment
(same image as (a)). (c) Absence of a newly formed mineralized tissue in the root apex and the beginning of the repair process,
with a connective tissue rich in cells and vessels. HE—Zeiss—×10 magnification.
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difference in this protocol when EndoVacwas used,
compared with the standard protocol, is the use of
NaOCl at lower concentration, of 2.5%, in order to
avoid the damage into the apical cells responsible
for starting the revascularization process and the
invagination of the apical tissues into the canal.

Together, the results of these two studies con-
clude that the disinfection protocol using ANP
with the aim to revascularize necrotic immature
teeth is, at least, comparable to that protocol
used previously with PP and TRIMIX. Moreover,
the ANP protocol is done in only one session,
and the risk of irrigant extrusion is enormously
decreased and discoloration as well as aller-
gic reactions are eliminated, as antibiotics are
not used.

Outcome

A careful reading of Peters’ opinion demonstrates
a simple rearticulation of the endodontic triad:
debridement, disinfection (not sterilization), and
obturation of the root canal system. Accordingly,
the studies of Brito and Miller that determined
that root canals are extremely well disinfected after
the EndoVac was used, and the studies by Hock-
ett and Cohenca that demonstrated an apparent
absence of microbes as remnants of biofilm on
dentinal walls, these findings beg the question:
“What degree of intracanal disinfection is required
to improve clinical success, at least, if not better,
than vital results?” In a systematic review, Su et al.
stated that success rate for non-vital endodonti-
cally treated teeth were 80% (68). It is important to
identify that Su’s favorable outcome after 1 year
was determined by the radiographic assessment of
the size of the apical radiolucency, combined with

clinical examinations of signs and symptoms. In
2012, Paredes-Vieyra and Enriquez (90) published
an extensive (282 cases) 2-year success/failure of
nonvital teeth treated with the EndoVac system.
This study examined single- and multiple-visit
treatments and found no statistical difference.
Accordingly, the combined findings are presented
in Figure 10.23.

Paredes et al.’s criterion for healed teeth was
very strict. According to them, teeth with complete
restitution of the periodontal contours were judged
as healed. They classified “Uncertain healing”
as teeth with a reduced apical rarefaction. Teeth
with symptoms or unchanged radiolucencies were
judged as failure. Similar outcome studies like the
one by Penesis et al. (107) judged “successful” using
the PAI (periapical index) score≤ 2 (small changes
in bone structure). Furthermore, the number of
patients in Paredes’ study was almost three times
higher when comparing to the systematic review
published by Su et al. Paredes’ strict criteria for
success and higher statistical power, demonstrated
non-statistical differences on outcome rate when
comparing non-vital to vital teeth irrigated with
the ANP system (Figure 10.24).

Conclusions

The vacuum pressure created by ANP not only per-
mits evacuation of apical exudate, but also allows
abundant full-strength NaOCl to be used SAFELY
at full WL, thus assuring eradication of biofilm as
proven by the cited in-vitro and clinical studies in
this chapter. We could assume that highest effi-
ciency and reliability on root canal disinfection will
positively affect the treatment outcome.

Distribution of teeth according to outcome classification

Total 282

Healed

Uncertain healing

Not healed

262

15

5

92.90%

5.31%

1.77%

Figure 10.23 Paredes followed 282 nonvital cases treated
with the EndoVac system for 2 years. Ninety-three percent
(93%) were judged successful and about two percent (2%)
were judged as failures. It is important to realize that the
“Uncertain healing”could have been judged as “Healed”by
other examiners.
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(a) (b)

(c) (d)

Figure 10.24 (a) Nonvital case with apical periodontitis. (b) Working X-ray with microcannula in distal canal and guide file in
mesial. (c) Immediate postoperative. (d) Six-month recall with complete restitution of periodontal contours matching Paredes’s
et al. criteria for success. (Dr. Filippo Santarcangelo.)
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layer removal. Kōkūbyō Gakkai Zasshi, 72 (1), 13–18.
40. Fukumoto, Y., Kikuchi, I., Yoshioka, T., Kobayashi,

C. & Suda, H. (2006) An ex vivo evaluation of a

new root canal irrigation technique with intracanal

aspiration. International Endodontic Journal, 39 (2),
93–99.

41. Goode, N., Khan, S., Eid, A.A. et al. (2013) Wall

shear stress effects of different endodontic irriga-

tion techniques and systems. Journal of Dentistry, 41
(7), 636–641.

42. Malentacca, A., Uccioli, U., Zangari, D., Lajolo, C.

& Fabiani, C. (2012) Efficacy and safety of various

active irrigation deviceswhenusedwith either pos-

itive or negative pressure: an in vitro study. Journal
of Endodontics, 38 (12), 1622–1626.

43. de Gregorio, C., Estevez, R., Cisneros, R., Paranjpe,

A. & Cohenca, N. (2010) Efficacy of different irri-

gation and activation systems on the penetration of

sodium hypochlorite into simulated lateral canals

and up to working length: an in vitro study. Journal
of Endodontics, 36 (7), 1216–1221.

44. Pashley, E.L., Birdsong, N.L., Bowman, K. & Pash-

ley, D.H. (1985) Cytotoxic effects of NaOCl on vital

tissue. Journal of Endodontics, 11 (12), 525–528.
45. van der Sluis, L.W., Wu, M.K. & Wesselink,

P.R. (2005) The efficacy of ultrasonic irrigation

to remove artificially placed dentine debris from

human root canals prepared using instruments of

varying taper. International Endodontic Journal, 38
(10), 764–768.

46. Lee, S.J., Wu,M.K. &Wesselink, P.R. (2004) The effi-

cacy of ultrasonic irrigation to remove artificially

placed dentine debris from different-sized simu-

lated plastic root canals. International Endodontic
Journal, 37 (9), 607–612.

47. Al-Jadaa, A., Paque, F., Attin, T. & Zehnder, M.

(2009) Necrotic pulp tissue dissolution by passive

ultrasonic irrigation in simulated accessory canals:

impact of canal location and angulation. Interna-
tional Endodontic Journal, 42 (1), 59–65.

48. Al-Jadaa, A., Paque, F., Attin, T. & Zehnder, M.

(2009) Acoustic hypochlorite activation in simu-

lated curved canals. Journal of Endodontics, 35 (10),
1408–1411.

49. van der Sluis, L.W., Versluis, M., Wu, M.K. & Wes-

selink, P.R. (2007) Passive ultrasonic irrigation of

the root canal: a review of the literature. Interna-
tional Endodontic Journal, 40 (6), 415–426.

50. de Gregorio, C., Paranjpe, A., Garcia, A. et al.
(2012) Efficacy of irrigation systems on penetra-

tion of sodium hypochlorite to working length and

to simulated uninstrumented areas in oval shaped

root canals. International Endodontic Journal, 45 (5),
475–481.

51. Paranjpe, A., de Gregorio, C., Gonzalez, A.M. et al.
(2012) Efficacy of the self-adjusting file system on

cleaning and shaping oval canals: amicrobiological

and microscopic evaluation. Journal of Endodontics,
38 (2), 226–231.

52. Spoorthy, E., Velmurugan, N., Ballal, S. & Nan-

dini, S. (2013) Comparison of irrigant penetration

up to working length and into simulated lateral

canals using various irrigating techniques. Interna-
tional Endodontic Journal, 46 (9), 815–822.

53. Malki, M., Verhaagen, B., Jiang, L.M. et al. (2012)
Irrigant flowbeyond the insertiondepth of an ultra-

sonically oscillating file in straight and curved root

canals: visualization and cleaning efficacy. Journal
of Endodontics, 38 (5), 657–661.

54. Senia, E.S., Marshall, F.J. & Rosen, S. (1971) The sol-

vent action of sodium hypochlorite on pulp tissue

of extracted teeth. Oral Surgery, Oral Medicine, and
Oral Pathology, 31 (1), 96–103.

55. Svec, T.A. & Harrison, J.W. (1977) Chemomechan-

ical removal of pulpal and dentinal debris with

sodium hypochlorite and hydrogen peroxide vs

normal saline solution. Journal of Endodontics, 3 (2),
49–53.

56. Albrecht, L.J., Baumgartner, J.C. & Marshall, J.G.

(2004) Evaluation of apical debris removal using

various sizes and tapers of ProFile GT files. Journal
of Endodontics, 30 (6), 425–428.

57. Usman, N., Baumgartner, J.C. & Marshall, J.G.

(2004) Influence of instrument size on root canal

debridement. Journal of Endodontics, 30 (2), 110–112.
58. Boutsioukis, C., Verhaagen, B., Versluis, M., Kas-

trinakis, E., Wesselink, P.R. & van der Sluis, L.W.

(2010) Evaluation of irrigant flow in the root

canal using different needle types by an unsteady

computational fluid dynamics model. Journal of
Endodontics, 36 (5), 875–879.

www.ketabdownload.com



214 Nonsurgical Intracanal Disinfection

59. Boutsioukis, C., Lambrianidis, T., Verhaagen, B.

et al. (2010) The effect of needle-insertion depth on

the irrigant flow in the root canal: evaluation using

an unsteady computational fluid dynamics model.

Journal of Endodontics, 36 (10), 1664–1668.
60. Howard, R.K., Kirkpatrick, T.C., Rutledge, R.E. &

Yaccino, J.M. (2011) Comparison of debris removal

with three different irrigation techniques. Journal of
Endodontics, 37 (9), 1301–1305.

61. Zhu, W.C., Gyamfi, J., Niu, L.N. et al. (2013)

Anatomy of sodium hypochlorite accidents involv-

ing facial ecchymosis – a review. Journal of Den-
tistry, 41 (11), 935–948.

62. Saber Sel, D. & Hashem, A.A. (2011) Efficacy of

different final irrigation activation techniques on

smear layer removal. Journal of Endodontics, 37 (9),
1272–1275.

63. Torabinejad, M., Khademi, A.A., Babagoli, J. et al.
(2003) A new solution for the removal of the smear

layer. Journal of Endodontics, 29 (3), 170–175.
64. Carrigan, P.J., Morse, D.R., Furst, M.L. & Sinai, I.H.

(1984) A scanning electron microscopic evaluation

of human dentinal tubules according to age and

location. Journal of Endodontics, 10 (8), 359–363.
65. Gómez-Pérez, A. (2009) Remoción De Barro Denti-

nario En Tercio Apical Por Medio De Presión Api-
cal Negativa. Universidad Autónoma De San Luis

Potos, San Luis Potosi.

66. Friedman, S., Abitbol, S. & Lawrence, H.P. (2003)

Treatment outcome in endodontics: the Toronto

Study. Phase 1: initial treatment. Journal of Endodon-
tics, 29 (12), 787–793.

67. Ricucci, D., Russo, J., Rutberg, M., Burleson, J.A.

& Spangberg, L.S. (2011) A prospective cohort

study of endodontic treatments of 1,369 root canals:

results after 5 years. Oral Surgery, Oral Medicine,
Oral Pathology, Oral Radiology, and Endodontics, 112
(6), 825–842.

68. Su, Y., Wang, C. & Ye, L. (2011) Healing rate

and post-obturation pain of single- versus

multiple-visit endodontic treatment for infected

root canals: a systematic review. Journal of Endodon-
tics, 37 (2), 125–132.

69. Spangberg, L.S. (2006) Infatuated by Enterococci.

Oral Surgery, Oral Medicine, Oral Pathology, Oral
Radiology, and Endodontics, 102 (5), 577–578.

70. Ricucci, D. & Siqueira, J.F. Jr. (2010) Biofilms and

apical periodontitis: study of prevalence and asso-

ciation with clinical and histopathologic findings.

Journal of Endodontics, 36 (8), 1277–1288.
71. Del Carpio-Perochena, A.E., Bramante, C.M.,

Duarte, M.A. et al. (2011) Biofilm dissolution and

cleaning ability of different irrigant solutions on

intraorally infected dentin. Journal of Endodontics,
37 (8), 1134–1138.

72. Shen, Y., Stojicic, S. & Haapasalo, M. (2011) Antimi-

crobial efficacy of chlorhexidine against bacteria in

biofilms at different stages of development. Journal
of Endodontics, 37 (5), 657–661.

73. Brito, P.R., Souza, L.C., Machado de Oliveira, J.C.

et al. (2009) Comparison of the effectiveness of three

irrigation techniques in reducing intracanal Entero-

coccus faecalis populations: an in vitro study. Jour-
nal of Endodontics, 35 (10), 1422–1427.

74. Peters, L.B., Wesselink, P.R. & Moorer, W.R. (1995)

The fate and the role of bacteria left in root denti-

nal tubules. International Endodontic Journal, 28 (2),
95–99.

75. Ricucci, D. & Siqueira, J.F. Jr. (2010) Fate of the

tissue in lateral canals and apical ramifications in

response to pathologic conditions and treatment

procedures. Journal of Endodontics, 36 (1), 1–15.
76. Markose, G., Cotter, C.J. & Hislop, W.S. (2009)

Facial atrophy following accidental subcutaneous

extrusion of sodium hypochlorite. British Dental
Journal, 206 (5), 263–264.

77. Witton, R. & Brennan, P.A. (2005) Severe tissue

damage and neurological deficit following extrava-

sation of sodium hypochlorite solution during rou-

tine endodontic treatment. British Dental Journal,
198 (12), 749–750.

78. Pelka, M. & Petschelt, A. (2008) Permanent

mimic musculature and nerve damage caused by

sodium hypochlorite: a case report. Oral Surgery,
Oral Medicine, Oral Pathology, Oral Radiology, and
Endodontics, 106 (3), e80–e83.

79. Bowden, J.R., Ethunandan, M. & Brennan, P.A.

(2006) Life-threatening airway obstruction sec-

ondary to hypochlorite extrusion during root

canal treatment. Oral Surgery, Oral Medicine, Oral
Pathology, Oral Radiology, and Endodontics, 101 (3),
402–404.

80. Sabala, C.L. & Powell, S.E. (1989) Sodium

hypochlorite injection into periapical tissues.

Journal of Endodontics, 15 (10), 490–492.
81. Drake, R., Vogl, A.W. & Mitchell, A.W.M. (2009)

Imaging. In: Drake, R., Vogl, A.W. & Mitchell,

A.W.M. (eds), Gray’s Anatomy for Students. Elsevier,
London.

82. Rickles, N.H. & Joshi, B.A. (1963) A possible case in

a human and an investigation in dogs of death from

air embolism during root canal therapy. Journal of
the American Dental Association, 67, 397–404.

83. Jiang, L.M., Lak, B., Eijsvogels, L.M.,Wesselink, P.&

van der Sluis, L.W. (2012) Comparison of the clean-

ing efficacy of different final irrigation techniques.

Journal of Endodontics, 38 (6), 838–841.
84. Mitchell, R.P., Yang, S.E. & Baumgartner, J.C. (2010)

Comparison of apical extrusion of NaOCl using the

EndoVac or needle irrigation of root canals. Journal
of Endodontics, 36 (2), 338–341.

www.ketabdownload.com



Apical Negative Pressure Irrigation (ANP) 215

85. Waltimo, T., Trope, M., Haapasalo, M. & Orstavik,

D. (2005) Clinical efficacy of treatment proce-

dures in endodontic infection control and one year

follow-up of periapical healing. Journal of Endodon-
tics, 31 (12), 863–866.

86. Kvist, T., Molander, A., Dahlen, G. & Reit, C. (2004)

Microbiological evaluation of one- and two-visit

endodontic treatment of teeth with apical peri-

odontitis: a randomized, clinical trial. Journal of
Endodontics, 30 (8), 572–576.

87. Gesi, A., Hakeberg, M., Warfvinge, J. & Bergen-

holtz, G. (2006) Incidence of periapical lesions

and clinical symptoms after pulpectomy—a clin-

ical and radiographic evaluation of 1- versus

2-session treatment. Oral Surgery, Oral Medicine,
Oral Pathology, Oral Radiology, and Endodontics, 101
(3), 379–388.

88. Molander, A., Warfvinge, J., Reit, C. & Kvist,

T. (2007) Clinical and radiographic evaluation of

one- and two-visit endodontic treatment of asymp-

tomatic necrotic teeth with apical periodontitis: a

randomized clinical trial. Journal of Endodontics, 33
(10), 1145–1148.

89. Figini, L., Lodi, G., Gorni, F. & Gagliani, M. (2008)

Single versus multiple visits for endodontic treat-

ment of permanent teeth: a Cochrane systematic

review. Journal of Endodontics, 34 (9), 1041–1047.
90. Paredes-Vieyra, J. & Enriquez, F.J. (2012) Success

rate of single- versus two-visit root canal treat-

ment of teeth with apical periodontitis: a random-

ized controlled trial. Journal of Endodontics, 38 (9),
1164–1169.

91. Tsesis, I., Faivishevsky, V., Fuss, Z. & Zukerman,

O. (2008) Flare-ups after endodontic treatment: a

meta-analysis of literature. Journal of Endodontics, 34
(10), 1177–1181.

92. van der Sluis, L.W., Gambarini, G., Wu, M.K. &

Wesselink, P.R. (2006) The influence of volume,

type of irrigant and flushing method on remov-

ing artificially placed dentine debris from the api-

cal root canal during passive ultrasonic irrigation.

International Endodontic Journal, 39 (6), 472–476.
93. van der Sluis, L.W., Wu, M.K. & Wesselink,

P.R. (2007) The evaluation of removal of calcium

hydroxide paste from an artificial standardized

groove in the apical root canal using different irri-

gationmethodologies. International Endodontic Jour-
nal, 40 (1), 52–57.

94. Jiang, L.M., Verhaagen, B., Versluis, M. & van der

Sluis, L.W. (2010) Evaluation of a sonic device

designed to activate irrigant in the root canal. Jour-
nal of Endodontics, 36 (1), 143–146.

95. Jiang, L.M., Verhaagen, B., Versluis, M., Zangrillo,

C., Cuckovic, D. & van der Sluis, L.W. (2010) An

evaluation of the effect of pulsed ultrasound on the

cleaning efficacy of passive ultrasonic irrigation.

Journal of Endodontics, 36 (11), 1887–1891.
96. Castelo-Baz, P., Martin-Biedma, B., Cantatore, G.

et al. (2012) In vitro comparison of passive and con-

tinuous ultrasonic irrigation in simulated lateral

canals of extracted teeth. Journal of Endodontics, 38
(5), 688–691.

97. de Gregorio, C., Arias, A., Navarrete, N., Del Rio,

V., Oltra, E. & Cohenca, N. (2013) Effect of apical

size and taper on volume of irrigant delivered at

working lengthwith apical negative pressure at dif-

ferent root curvatures. Journal of Endodontics, 39 (1),
119–124.

98. Banchs, F. & Trope, M. (2004) Revascularization of

immature permanent teeth with apical periodonti-

tis: new treatment protocol? Journal of Endodontics,
30 (4), 196–200.

99. Shabahang, S. & Torabinejad, M. (2000) Treatment

of teeth with open apices using mineral trioxide

aggregate. Practical Periodontics and Aesthetic Den-
tistry, 12 (3), 315–320, quiz 322.

100. Windley, W. 3rd, Teixeira, F., Levin, L., Sigurds-

son, A. & Trope, M. (2005) Disinfection of imma-

ture teeth with a triple antibiotic paste. Journal of
Endodontics, 31 (6), 439–443.

101. Eickholz, P., Kim, T.S., Burklin, T. et al. (2002)

Non-surgical periodontal therapy with adjunctive

topical doxycycline: a double-blind randomized

controlledmulticenter study. Journal of Clinical Peri-
odontology, 29 (2), 108–117.

102. Greenstein, G. & Polson, A. (1998) The role of local

drug delivery in the management of periodontal

diseases: a comprehensive review. Journal of Peri-
odontology, 69 (5), 507–520.

103. Bhalla, M., Thami, G.P. & Singh, N. (2007)

Ciprofloxacin-induced erythema nodosum.Clinical
and Experimental Dermatology, 32 (1), 115–116.

104. de Paz, S., Perez, A., Gomez, M., Trampal, A. &

Dominguez Lazaro, A. (1999) Severe hypersensitiv-

ity reaction to minocycline. Journal of Investigational
Allergology and Clinical Immunology, 9 (6), 403–404.

105. Hausermann, P., Scherer, K., Weber, M. & Bircher,

A.J. (2005) Ciprofloxacin-induced acute general-

ized exanthematous pustulosis mimicking bullous

drug eruption confirmed by a positive patch test.

Dermatology, 211 (3), 277–280.
106. Isik, S.R., Karakaya, G., Erkin, G. & Kalyoncu,

A.F. (2007) Multidrug-induced erythema multi-

forme. Journal of Investigational Allergology and Clin-
ical Immunology, 17 (3), 196–198.

107. Penesis, V.A., Fitzgerald, P.I., Fayad,M.I.,Wenckus,

C.S., BeGole, E.A. & Johnson, B.R. (2008) Outcome

of one-visit and two-visit endodontic treatment of

necrotic teeth with apical periodontitis: a random-

ized controlled trial with one-year evaluation. Jour-
nal of Endodontics, 34 (3), 251–257.

www.ketabdownload.com



www.ketabdownload.com



11 Disinfection of the Root Canal
System by Sonic, Ultrasonic,
and Laser Activated Irrigation

Luc van der Sluis
Department of Conservative Dentistry, Center for Dentistry and Oral Hygiene,
University Medical Center, Groningen, The Netherlands

Bram Verhaagen
MIRA Institute for Biomedical Technology and Technical Medicine en MESA+ Institute
for Nanotechnology, University of Twente, Enschede, The Netherlands

Ricardo G. Macedo
The Academic Centre for Dentistry in Amsterdam (ACTA), University of Amsterdam,
Amsterdam, The Netherlands

Michel Versluis
MIRA Institute for Biomedical Technology and Technical Medicine en MESA+ Institute
for Nanotechnology, University of Twente, Enschede, The Netherlands

Introduction

Apical periodontitis (AP) is defined as an oral
inflammatory disease caused by a reaction of the
host immune system to the presence ofmicroorgan-
isms (planktonic state or biofilm) or their products
that 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 heal AP; therefore,

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

the microorganisms in both planktonic and biofilm
state should be removed from the root canal sys-
tem. Unfortunately, because of the complexity of
the root canal system containing isthmuses, oval
extensions, 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, a
porous material containing tubules with a typical
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diameter of 0.6–3.2 μm and length of 1–2 mm and
are accessible for microorganisms (1). Therefore,
minimization of the number of microorganisms
after treatment should be attempted.

A noninstrumentation technique to clean the
root canal system would be ideal. This would
avoid instrumentation-related disadvantages like
smear layer and dentin debris production, iatro-
genic errors, weakening of the root structure, and
apical crack formation (2–5). This was recognized
by Lussi and coworkers (6) who introduced an
irrigation device for root canal cleaning without
instrumentation. Promising results (in-vitro and
in-vivo) were published; however, it was found that
further improvements were needed and hence the
system is currently not commercially available (7).
Establishing an alternating negative and positive
pressure that would enable an effective irrigation
procedure without instrumentation and extrusion
of the irrigant seems, for the moment, not to be pos-
sible. Therefore, it is still necessary to create space
in the root canal systemwith instruments to be able
to apply disinfection solutions or medicaments.

When the root canal system is infected, dentin
debris and the smear layer also are infected, unfor-
tunately. The smear layer can be defined as a
mixture of dentin debris, remnants of pulp tissue,
odontoblastic processes, and microorganisms (if
present), which are strongly attached to the root
canal wall and can penetrate up to 40 μm into
the dentinal tubules (2, 8). Dentin debris may be
defined as dentin chips, tissue remnants, and parti-
cles attached to the root canal wall or present in the
root canal. Both dentin debris and smear layer can
inactivate the root canal medicaments and irrigants
and block their access to the biofilm (9). Recently,
it was shown that the production of dentin debris
and the subsequent blockage of isthmuses may be a
larger problem than anticipated (10). After the first
instrument is used in the root canal, the wall is cov-
ered with an infected smear layer at the sites where
the file touches the canal wall. At these sites, the
biofilm is mechanically disrupted but also merges
with the smear layer. At the sites where the files
do not touch the walls, biofilm is present, possibly
covered with or blocked by dentin debris. This
typical situation hinders disinfection procedures,
and consequently the removal of dentin debris and
smear layer plays a crucial role in the disinfection
process.

Smear layer, dentin debris, and untouched
biofilm can be removed only by irrigation. For an
effective irrigation procedure, both the mechanical
detachment of pulp tissue, dentin debris and smear
layer (instrumentation products), microorganisms
(planktonic or biofilm) and their products (now on
referred to as substrate) from the root canal wall,
their removal out of the root canal system, and the
chemical dissolution or disruption are important.
Both these mechanical and chemical aspects are
related to the flow of the irrigant. Furthermore, irri-
gants are chemically inactivated after their reaction
with the biofilm and therefore need to be mixed
with fresh irrigants. Consequently, insight in the
flow of the irrigant during a root canal treatment
is crucial to understand the importance of the
disinfection of the root canal system.

The objectives of irrigation are to create a flow
that

• goes to the full extent of the root canal system,
in order to come in close contact with the sub-
strate, carry away the substrate, and provide
lubrication for the instruments.

• ensures an adequate delivery throughout the
root canal system, refreshment, and mixing of
the irrigant, in order to retain an effective con-
centration of the active chemical component(s)
and compensate for its rapid inactivation.

• ensures a force on the root canalwall (wall shear
and normal stress), in order to detach/disrupt
the substrate.

• is restricted within the constraints of the
root canal, thus preventing irrigant extrusion
toward the apical tissues.

During the irrigation procedure, two phases can
be distinguished: a flow phase, during which the
irrigant is delivered and flows in and out of the
root canal, and a rest phase, where the irrigant is
at rest in the root canal. As syringe irrigation alone
has control concerning the flow produced (11),
activation of the irrigant could help to improve
irrigant delivery throughout the root canal system
and also enhance the mixing, refreshment, and
the chemical properties of the irrigant. Irrigant
activation systems introduce an additional activa-
tion phase, enhancing the streaming of the irrigant
by an energy source. This chapter discusses the
operational characteristics, fluid dynamics, and
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mechanical and chemical interactions involved
with sonic, ultrasonic, and laser activated irrigation
(LAI).

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 (12).

Mechanical properties of biofilms
in relation to fluid dynamics

As described in another chapter, biofilm consists of
a substantial extracellularmatrix ofmainly proteins
and polysaccharides (EPS, extracellular polymeric
substance), which effectively protects microorgan-
isms (13). The EPS can make up more than 80%
of the biofilm content, which makes the biofilm a
viscoelastic fluid (14), causing it to exhibit elastic
behavior at low stress and viscous flow behavior at
high stress (15), thereby protecting the contained
bacteria. Therefore, in order to obtain an effective
disinfection, disintegration of the matrix structure
is essential. Its specific constitution dependsmainly
on the type of the microbial species (e.g., in one
root canal, around 600 bacterial species have been
found (16)) and the environmental conditions dur-
ing growth such as nutrition and typical substances
present (17). For example, metal ions like Ca++ can
be incorporated in the matrix, causing cross-links
of the negative binding sides of polysaccharides
thus reinforcing the matrix (18).

Forces on the biofilm exerted by irrigant flow
could disrupt the top layers of biofilm, or its EPS
matrix (cohesive failure), or could completely
remove the biofilm (adhesive failure). Disruption
of the top layers or EPS matrix facilitates irrigant
penetration in the biofilm and could therefore
enhance the chemical effect of the irrigants. How-
ever, not much information is available in the
literature on the effect of fluid flow on a biofilm,
mainly because of a large variety in constituents
and associated physical properties, which makes
it a difficult multidisciplinary subject. Further-
more, measurement of the mechanical properties
should take place on a short time scale (within
minutes), because the biofilm is a living organism
and will adapt to its environment (19). Critical
loads necessary to disrupt biofilms by a variety of
different techniques have recently been reviewed

(20). 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 macroscale measurements down to atomic
force microscopy (AFM) operating on a nanoscale
(20). Typical values found in the literature give an
elastic modulus of the order of 10−1 to 102 Pa and
a cohesive shear strength of 101 to 103 Pa (19–21).
Pressures and shear stresses produced by different
irrigation techniques show that some techniques
are able to remove biofilm completely (Table 11.1).
Unfortunately, the mechanical properties of an
endodontic biofilm are not known; therefore, a
prediction of the effect of fluidic stresses on biofilm
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 surface of the biofilm are detached. Low EPS
matrix stabilities might lead to the detachment
of large portions from the top of the biofilm
(Figure 11.1). Interestingly, it has been observed
that a smooth basal biofilm surface structure
remains after detachment (26). 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 (27). 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 sub-
strate (27, 28). 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 11.2
shows the possible biofilm removal mechanisms
related to irrigant flow.

Sonic, ultrasonic, and laser activated
irrigation systems

Sonic activation: operational characteristics

Sonic activation makes use of instruments that
have an enforced vibration at one end (at the hand-
piece) and are allowed to vibrate freely at the other
end. Sonic devices operate at audible frequencies
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Structure before detachment

𝜎crit = 0.1 Pa 𝜎crit = 0.2 Pa

𝜎crit = 0.3 Pa 𝜎crit = 0.4 Pa

Figure 11.1 Biofilm structure before and
after detachment at different strengths σcrit.
(Böl et al. (26) Figure 7. Reproduced with
permission of John Wiley and Sons, Inc.)

(below 20 kHz) and have file oscillation amplitudes
up to 1 mm (22). The sonically driven instru-
ments exhibit a simple bending pattern, consisting
of a large amplitude at the tip (antinode) and a
small amplitude at the driven end (node) where
the piezo-actuation takes place (31) (Figure 11.3).
Because the amplitude at the antinode may be as
large as 1 mm, which is larger than the diameter of
a root canal, frequent wall contact occurs resulting
in reduced effectiveness (22).

Ultrasonic activation: operational
characteristics

Like sonic activation, the instruments used during
ultrasonic activation have an enforced vibration

at one end (at the handpiece) and are allowed

to vibrate freely at the other end. Ultrasonic

devices operate at higher frequencies (typically

20–200 kHz) and have amplitudes less than 100 μm
(23, 32, 33). The higher frequency employed by

ultrasonic activation leads to a more complex

pattern of nodes and antinodes than those of

sonic devices. Instruments driven by a piezo-

electric element near 30 kHz exhibit a pattern of

approximately three wavelengths, or six nodes

and antinodes spaced approximately 5 mm apart

(23) (Figure 11.3). The exact oscillation pattern

depends on the instrument geometry and mate-

rial. The oscillation amplitude of the tip of such

instruments is on the order of 10–100 μm in the

direction of oscillation; there is also an oscillation
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Mixing

Cavitation

Shear stress

Chemical effects

Biofilm

Figure 11.2 Sketch of the removed mechanisms of a biofilm
from a surface. The biofilm may be attacked chemically, after
which the consumed irrigant has to be replaced by mixing
with fresh irrigant. Refreshment of the irrigant involves a flow
that exerts shear stress on the wall. Finally, cavitation
(formation and collapse of bubbles) may enhance the biofilm
removal locally.

perpendicular to themain oscillation directionwith
a relative amplitude of approximately 10% (23, 34).

The cross-section of instruments available for
ultrasonic activation is circular or square. Instru-
ments with a square cross-section are mostly
cutting because they are originally used for instru-
mentation of the root canal and consequently have
an associated risk of damage to the root canal
wall when used for irrigation purposes. In 1980,
Weller et al. (35) proposed a smooth instrument and
intentional wall contact; however, it was shown
later that when intentional contact was prevented,
irrigant streaming improved (36). Recently, it has
been demonstrated in an in-vitro study involving
30 endodontists that contact with a root canal wall
nearly always takes place, albeit unintentional. 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. But light con-
tact should not affect its cleaning mechanisms of
streaming and cavitation, as the file oscillation is
not damped out. Instead, it builds up a secondary
oscillation at audible frequencies during which the
file displaces away from the wall and keeps oscil-
lating at the driving ultrasonic frequency (37). The
term ultrasonic activated irrigation (UAI) has been
suggested to replace passive ultrasonic irrigation
(PUI) in order to avoid confusion.

AN AN

AN

N

N

AN

N

AN

AN

N

N

Sonic

100 Hz

Ultrasonic

30 kHz

TIP TIP

Figure 11.3 The sonically and ultrasonically driven
instruments exhibit distinct patterns of nodes (N) and
antinodes (AN). The exact pattern depends on the file
geometry and material properties. The displacement is largest
at the tip.

Laser activation: operational characteristics

Another technique for cleaning the root canal sys-
tem is LAI, which employs laser energy to agitate
the irrigant. These lasers are typically of the type
Er:YAG or ErCrYSGG, with a wavelength in the
infrared region (2796–2940 nm) that is absorbed
well in water (38). The dynamics of LAI have
been studied using high-speed imaging (24, 25)
showing the generation and implosion of a large
vapor bubble at the tip of the fiber, generated by
the absorption of laser energy and fast heating of
the irrigant. The collapse of this bubble may induce
a shock wave and additional bubbles throughout
the root canal system. The laser fiber tip may be
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placed near the apex of the root canal, or in the pulp
chamber with normal fibers or specially developed
fibers (photon-initiated photoacoustic streaming,
PIPS) (39, 40).

Laser activated irrigation is an indirect tech-
nique, not relying on direct ablation of the
biomaterial.

Flow characterization during sonic,
ultrasonic, and laser activated irrigation

Sonic and ultrasonic activation

The sonic or ultrasonic oscillation of an instrument
induces streaming of the fluid around it, which
leads to alternating pressures and shear stresses
on the root canal wall. The streaming also gives
rise to the mixing of the irrigant, so that irrigant
consumed during its reaction with biomaterial is
replaced by fresh irrigant. When ultrasonically
activated needles or a continuous flow in the pulp
chamber is used, the irrigant will also be refreshed.

The pattern of nodes and antinodes along the
instrument determines the flow around the file in
the axial direction (Figure 11.4). The single antin-
ode and node displayed by instruments driven
sonically can induce a flow from the tip to the
driven end of the file. The multitude of antinodes
and nodes on an ultrasonically driven instrument
leads to a more complex pattern of microstreaming
along the instrument. The lateral flow induced
by both instruments is advantageous for cleaning
lateral extensions (lateral canals, isthmuses, oval
extensions) of the root canal (41), which are difficult
to clean with a flow created by positive (syringe) or
negative pressure irrigation (41).

Neither sonic nor ultrasonic activation intro-
duces a large fluid velocity into the apical direction
(42), making extrusion of the irrigant unlikely.
On the other hand, it necessitates the placement
of these files near the apex. Nevertheless, the
mixing and refreshment of irrigants and dentin
debris removal take place when the ultrasonically
activated instrument is inserted until 3 mm from
working length (43).

The curvature of a root canal may affect the
cleaning of the apical area (44), mostly because
of the limited access for the instrument. When an

30 kHz

Figure 11.4 Microstreaming (blue arrows) induced inside a
root canal model by an ultrasonically oscillating file that
exhibits a pattern of nodes and antinodes (red line).

instrument is inserted to or near working length,
its oscillation may be affected by severe contact or
binding of the instrument with the root canal wall
(45). Therefore, it is advised to insert the ultrason-
ically driven instrument just in the beginning of
the curvature without bending 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 (43).

Increasing the intensity of the ultrasound will
result in more effective cleaning (46).
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Acoustic streaming

Lateral streaming is induced at each of the antin-
odes along the file; this lateral component of the
flow is typically much stronger than the axial
component. Acoustic streaming is a phenomenon
already introduced in 1884 by Rayleigh (47) and
extended to the case of a cylinder oscillating
with high amplitude (48) inside another cylinder
(49, 50). Ultrasonic cleaning with acoustic stream-
ing induced by an oscillating cylindrical object was
already described by Williams and Nyborg in 1970
(51, 52), who used a thin, oscillating capillary or
tungstenwire to remove biomaterial from a surface.

Typically, acoustic streaming is a superposition
of two flows, one being an oscillatory component
and the other a steady component whose strengths
depend on the oscillation amplitude. A simple the-
ory of acoustic streaming was used by Ahmad and
coworkers (53) to support ultrasonic activation in
endodontics; however, only the steady part of the
flow was considered. It was shown recently that it
is crucial to also include the oscillatory component
(54) (Figure 11.5).

The oscillatory part of the acoustic streaming
makes the flow oscillate forward and backward
together with the file. In doing so, the fluid exerts
an alternating pressure and shear stress on (the
material on) the root canal wall. The fluid near the
file oscillates with the same velocity (u_o) as the file

u0 = Aω, (11.1)

where A is the oscillation amplitude (in m) and
ω the oscillation frequency (in Hz). This velocity
decreases rapidly with the distance from the file.
The pressure and shear stress on a nearby wall can
be of the order of 100 and 1 kPa, respectively (54),
which is larger than the typical biofilm attachment
strengths as reported earlier. The values for the
pressure and the shear stress are similar to those
reported for syringe irrigation using a very high
flow rate (0.26 ml/s) (11); however, for syringe
irrigation these forces occur only near the outlet
of the needle, whereas for ultrasonic activation
these forces are present near every nodal section
of the instrument. The oscillatory nature of the
pressure and the shear stress may furthermore
induce fatigue to the material that needs to be
removed from the root canal wall (19). However, as
the oscillatory component decreases rapidly with

Jet Jet

Boundary
layer

Entrainment

Figure 11.5 Schematic representation of the acoustic
streaming that is induced by an ultrasonically oscillating
instrument (black circle). Near the instrument there is a
boundary layer in which the fluid oscillates together with the
file (oscillatory component). In the direction of oscillation, jets
are formed (steady component) that may impact on a nearby
root canal wall and flow back toward the file (steady
component) (entrainment).

distance from the oscillating file, this effect is most
pronounced when the file is close to the wall.

Nonlinear effects of the fluid lead to a steady
(nonoscillatory) streaming (jets) in the direction of
oscillation (55), with a velocity us:

us =
3

4

ωy2

R
(11.2)

where ω is the oscillation frequency (in Hz), y the
oscillation amplitude (in m), and R the radius of the
file (in m). The jet velocity is typically 1 m/s and
increases with increasing amplitude or power set-
ting (46).

This steady part of the flow is doing the actual
transport andmixing of the fluid. The jets also exert
a pressure (1 kPa) and shear stress (10 Pa) onto (the
material on) the wall (54) even at relatively large
distances from the instrument as the velocity of
the jet decreases only slowly with increasing dis-
tance from the file. These values can be one or two
orders of magnitude lower than the oscillatory
components, depending on the proximity of the
root canal wall, which has a significant effect on
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the streaming. The pressure is highest in the center
of the jet; the shear stress is highest off-center, at a
distance of 0.1 times the distance between the oscil-
lating file and the wall (56, 57). Because of these
jets, the direction of oscillation of the file should
be taken into account in particular when cleaning
oval canals, isthmuses, and lateral canals (55).

Acoustic streaming is induced for all of the
cross-sectional designs of the current instru-
ments, although the details of the streaming
may change (58). Acoustic streaming or cavitation
(see “Cavitation” section) is not possible for sonic
activation because its frequency and associated
oscillatory velocity are too low (22).

Cavitation

During the high-amplitude oscillation of the instru-
ment during ultrasonic activation, cavitation may
be induced. Cavitation is defined as the nucleation,
the growth, and collapse of bubbles within a liquid
(59, 60).

In order to create a vapor bubble, the stress
within the liquid has to be larger than the tensile
strength of the liquid, which is of the order of
107 Pa for pure water (61). However, in nonpure
water (tap water, distilled water), there are often
tiny pockets (cavitation nuclei) with entrapped gas
on surfaces of walls or particles, from which it is
much easier to grow bubbles (a process called het-
erogeneous cavitation), as only the ambient pressure
of 105 Pa (plus the vapor pressure of 103 Pa) has to
be overcome (59). The typical velocity u necessary
to generate this negative pressure ΔP in a liquid
of density ρ can be estimated from the Bernoulli
relation:

ΔP = 1

2
ρu2 (11.3)

In water, the velocity threshold is around 15m/s,
which is feasible with the current endodontic ultra-
sonic devices, but not with sonic devices (62).

Bubbles grow during the negative phase of a
pressure wave and collapse when the pressure
becomes positive. Near a solid hard wall, bubbles
tend to collapse in the direction of the wall. Alter-
natively, during bubble collapse next to a soft wall
(like a biofilm covering a wall), the soft material
might be pulled from the wall toward the bubble
(63). High-velocity jets (hundreds of meters per
second), with associated local pressures of 1 GPa

and shear stresses of 1 MPa (64) and shock waves,
are reported to accompany the bubble collapse
a.k.a. the water hammer effect (59, 65).

The bubble collapse can also trigger a couple of
consecutive bubble growths and collapses, until it
is damped out. The violent inertial bubble collapse
is called transient cavitation and is associated with
surface cleaning (66–68), medical therapy, surface
erosion (64, 69), and other mechanical effects of
ultrasonic cleaning (67). Severe cavitation damage
to ship propellers was in fact the phenomenon
that led Rayleigh to start investigating bubble
dynamics (70).

Cavitation on or very close to endodontic instru-
ments has been observed in a number of studies
(46, 71–73), especially at regions with high-velocity
gradients, such as near the sharp edges of files with
a square cross-section (cutting files) (Figure 11.6).
However, its contribution to cleaning in endodon-
tics is not yet clear (71). Earlier studies have ruled
out cavitation as a significant contribution to root
canal cleaning (71, 72) whereas recent articles with
newer ultrasound systems show otherwise (74, 62).
High-speed imaging has revealed that a cloud of
cavitation bubbles is generated around the tip of
the instrument and that small, single bubbles occur
around other antinodes on the instrument. The
latter have been demonstrated to be sonochemi-
cally active. Parallel shaped instruments generate
more cavitation around the antinodes alongside
the instrument (62). A smaller confinement (i.e.,
a narrower root canal) increases the amount of
cavitation. 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 (62).
In in-vitro models, the bubble cloud, however,
collapses only onto the file and not onto a neigh-
boring wall. Therefore, its contribution to root
canal cleaning is still under debate. The cleaning
efficacy mechanism could be different when the
wall consists purely of dentin or when it is covered
with a biofilm.

Bubbles do not necessarily need to collapse.
Gas-filled bubbles may be stable for a relatively
long time and oscillate together with the oscillating
pressure field induced by the oscillating file. Even
if this pressure field by itself is too low to induce
any cleaning, this stable cavitation can enhance the
streaming and consequently the cleaning locally
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30 kHz

c

b

a

Figure 11.6 Sketch and short-exposure photos of the
occurrence of cavitation (in red) along an ultrasonically
oscillating file. At the tip there is a large bubble cloud ((a)
viewed toward the tip, (b) viewed from the side); at other
antinodes there are single, smaller bubbles (c).

significantly, through unsteady oscillations of the
bubble shape (59, 75). Assistance in cleaning by a
stable cavitation bubble was described already in
1958 by Jackson and Nyborg (76) and was recently
also observed near an ultrasonically oscillating
endodontic file near a layer of viscoelastic hydrogel
(77). These stable gas bubbles may be introduced
via entrainment through file-induced instabil-
ities at the irrigant-air interface (62) or during
gas-forming reactions of the irrigant with organic
material (77, 78).

Stable bubbles oscillate optimally when they are
at resonance with the ultrasound, which in water
may be approximated with (59):

Rbubble =
3.3mmkHz

f
(11.4)

For ultrasound with a frequency of f = 30 kHz,
bubbles are driven optimally when they have a
radius of R = 100 μm. As stable bubbles dissolve
slowly over time, their behavior is time-dependent,
which is why the resting time between ultrasonic
activations (or pulsations) may be important (79).

Laser activation irrigation

The dynamics of LAI have been studied using
high-speed imaging (24, 25) that shows the gener-
ation and implosion of a large vapor bubble at the
tip of the fiber, generated by the absorption of laser
energy and fast heating of the irrigant (Figure 11.7).
The size of the laser-generated bubble depends on
the output energy, pulse duration, and frequency of
the laser and absorption cross-section of the irrigant
for the wavelength of the laser. The collapse of the
laser-induced bubble pulls fluid from the coronal
and the apical part toward the bubble center and
thereby induces fluid velocities of several meters
per second. This flow is associated with a strong
shear stress (on the order of 1 kPa) on the wall,
which is favorable for cleaning (24). The last stage
of the bubble collapse was also observed to induce
a shock wave that causes cavitation throughout the
root canal, which may further enhance the cleaning
of the root canal walls. Furthermore, stable bubbles
that are already present in the root canal are driven
by the pressure changes from the growth and col-
lapse of the laser-induced bubble and may thereby
enhance locally the streaming and associated clean-
ing. The exact cleaning mechanisms during LAI or
PIPS are not fully clarified.

The bubble growth and collapse may again be
affected by surface-active irrigants such as NaOCl,
which has been demonstrated to lead to more and
smaller bubbles as compared to water (24).

Irrigant flow in lateral canals, oval
extensions, isthmuses, and tubules

Extensions of the main root canal, such as lateral
canals, ramifications in the apical delta, isthmuses,
and dentinal tubules are generally difficult to clean,
because the irrigant does not easily penetrate those
regions (42, 80, 81). Irrigation systems producing
an irrigant flow parallel to the root canal wall,
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(a) (b) (c) (d) (e)

t = 0 ms t = 0.3 ms t = 0.7 ms t = 1.1 ms

Figure 11.7 (a) High-speed visualization of the activity around a Er: YAG laser tip inside a curved root canal model with a lateral
canal. The laser generated a large bubble that rapidly expands (b) and collapses (c). The collapse of this laser-induced bubble
induces bubbles near the apex and inside the lateral canal (d, e), which may enhance cleaning in those areas. Recording speed of
9000 fps, laser energy of 80 mJ (KaVo KEY3 laser).

Velocity
magnitude
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Figure 11.8 Flow pattern around the entrance of lateral canals (or tubules) because of a flow along the wall. Inside the lateral
canal there are vortices generated (left), of which the velocity decreases rapidly (right). After two vortices, the velocity has become
so small that diffusion becomes dominant.

such as syringe and negative pressure systems,

only generate convection into the lateral canal

within a distance twice the diameter of its entrance

(Figure 11.8). Irrigant transport beyond this point

is diffusion-driven and therefore slow (82, 83).

Diffusion of the irrigant into a lateral canal may

be improved by increasing the concentration or

temperature of the irrigant (83).

The transport of irrigant into a lateral canal may

also be enhanced by improving the convection,

for which there has to be a flow toward the lateral

canal (55, 83–85). Lateral flows may be induced

by the sonic, ultrasonic, or laser activated systems,

thereby enhancing tissue dissolution in lateral

canals (86, 85, 87, 88), tissue dissolution or partial

debris removal from isthmuses (89–92), or dentin

debris removal from oval extensions (24, 79, 93, 94).
Furthermore, the microscale streaming induced by
ultrasonic activation and by bubbles generated by
ultrasonic and laser activation can enhance the con-
vection near the lateral canal entrance and thereby
increase irrigant transport within such canals (83).

Physical properties of irrigants

The flow of irrigants is affected by the physical
properties of the irrigants, namely density, viscos-
ity, contact angle, wetting behavior, and surface
tension (95). The properties of endodontic irrigants
are very similar to those of distilled water (96, 97),
which can be explained by the fact that irrigants are
mainly aqueous solutions. The surface tension of
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endodontic irrigants has been studied more exten-
sively than the other two properties, under the
assumption that it may have a significant effect on
irrigant penetration in dentinal tubules and acces-
sory root canals (98, 99) and on the dissolution of
pulp tissue (100). Addition of wetting agents (sur-
factants) to commonly used irrigation solutions has
also been suggested to reduce their surface tension
(98, 99), although their exact concentration in the
solutions is rarely reported (as they are extremely
difficult to quantify) and mixing of NaOCl with
other chemicals, like alcohol, in order to reduce
the surface tensions that will reduce its effect (101).
While density and viscosity always affect the flow,
the effect of surface tension is important onlywhere
two immiscible fluids are present (e.g., irrigant and
air) (95, 102). However, dentin is hydrophilic and
the dentinal tubules are likely to contain dentinal
fluid with fluidic properties similar to that of water
(103), which will probably soak the root canal wall
directly, limiting the effect of surfactants because
the two fluids are miscible. Recent studies have
also reported that surfactants did not enhance the
ability of NaOCl to dissolve pulp tissue (104) or
the ability of common chelators to remove calcium
from dentin (105) or the smear layer (106, 107). On
the contrary, it appears that the use of irrigants
with a reduced surface tension in-vitro may result
in deeper penetration of the smear layer into the
dentinal tubules (108). The presence of an air bub-
ble occupying the apical part of the root canal has
been partially demonstrated in-vitro (86, 109) and
in-vivo (110, 111). In such a case, surface tension
could be important for the irrigant flow.

Vapor lock and apical penetration
or irrigant

An air bubble may be trapped in the apical part of
the root canal, which is also termed vapor lock. Such
a bubble could be entrapped during irrigant deliv-
ery in an empty root canal by the advancing irrigant
front (112) or during the coalescence of gas bubbles
produced in the root canal during reaction between
NaOCl and organicmaterial (110, 112). A vapor lock
could potentially obstruct irrigant penetration into
the apical area.

Air entrapment has already been demon-
strated and studied in top-filled conical capillaries

(49, 113–115) and has been shown that this air
bubble disappears automatically, albeit after a rela-
tively long time (116). However, in the case of root
canal irrigation, the method of filling is different,
as root canals are filled from the inside out and not
from the top. Nevertheless a bubble may disappear
over time. The results of a recently published exper-
imental and computational fluid dynamics (CFD)
study show that the occurrence of a vapor lock is
decreased by using an open-ended needle, increas-
ing the apical size, positioning the needle closer
to working length, and delivering the irrigant at
a higher flow rate (0.260 ml/s). Also, the brief
insertion of the needle to working length could
effectively remove an established vapor lock (117).

Negative pressure irrigation, ultrasonic activa-
tion of the irrigant, or application of the patency
file can deliver irrigant solutions more efficiently
into the apical third than syringe irrigation (86, 88,
110, 111). A recent in-vivo study demonstrated that
both ultrasonic activation and negative pressure
were equally effective in apical irrigant delivery
in root canals of mesial roots of lower mandibular
molars (118).

Interaction between a biofilm and the flow
created by sonic, ultrasonic, or laser
activation

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
biofilm structure with a periodic stress, as is the
case with sonic, ultrasonic, and laser activation,
may result in the fatigue of the biofilm (19); how-
ever, the threshold (force and number of loading
cycles) for damage following fatigue is unknown.

At increased force (or lower EPSmatrix stability),
viscous deformation of the biofilm may occur. The
biofilm deforms and displaces in order to distribute
and minimize the applied stresses (119). When a
steady force is applied, for example, 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 gen-
erate a nonsteady flow, for example, by unsteady
oscillations of the ultrasonic file or by generating
pulsations with ultrasound (79) or laser (24).
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Figure 11.9 Illustration of a vapor lock, located at the apex
of the root canal on the right. Blue color represents the
irrigant, the white area represents air.

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 (21, 120,
121)) or from the substrate, respectively. Detached
biofilm parts may reattach at a different location
where the mechanical and chemical conditions are
more favorable (19) (Figure 11.9).

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-
rial. Cavitation bubbles, both transient and stable,
typically exhibit large velocities and accelerations
on a small time scale, making them efficient in plas-
tic deformation of the biofilm (59, 77) (Figure 11.10).

a

d

c

e

b

f

Figure 11.10 A biofilm-mimicking hydrogel (a) being
removed (b) by streaming (c) and cavitation (d) generated by
an ultrasonically oscillating file (e). There is also a stable
bubble (f) that enhances the removal of the hydrogel.

For transient cavitation, velocities of 100 m/s are
feasible at micron scales (63). The oscillation veloc-
ity of stable bubbles that are driven by the applied
ultrasound field can be much higher than the
oscillations induced by the ultrasound itself and
typically occurs on a smaller scale (75).

Chemical effects enhanced by sonic,
ultrasonic, and laser activated irrigation

Irrigants are chemically inactivated after their
reaction with dentin, microorganisms or biofilm,
tissue remnants (122, 123) or irrigants themselves
(124), and therefore need to be mixed with fresh
irrigant. Mixing of the irrigant involves transport
of the irrigant, which may take place by either dif-
fusion or convection (flow). Diffusion is the result
of the random movement of individual particles
(molecules/ions) in the fluid. This process is slow
and depends (among others) on the temperature
and concentration gradients present. Convection,
on the other hand, is a faster and more efficient
transport mechanism in which molecules are trans-
ported by the motion of the fluid (125). Convection
contributes to effective delivery, refreshment, and
mixing of the irrigant. The flow and activation
phase of irrigant activation techniques therefore
assist the chemical activity through convection
and diffusion of the molecules/ions of the irrigant;
during the resting phase, diffusion is dominant.

To obtain an optimal chemical effect of irrigants,
they should be delivered throughout the root canal
system and be refreshed and mixed as effectively
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as possible. This process can be characterized with
the (second) Damköhler number, which is defined
as the ratio of the typical irrigant transport time to
the reaction time.1

It was shown recently that the Damköhler num-
ber in the apical area during syringe irrigation with
a side-vented needle was higher than 1, suggesting
that the fluid transport was too slow to ensure ade-
quate refreshment of irrigants (126). Irrigant acti-
vation systems can improve the delivery through-
out the root canal system (irrigant transportation
time) and the refreshment/mixing of the irrigant by
inducing additional convection.

The reaction rate of an irrigant with biofilm,
pulp tissue, or the root canal wall (dentin and
smear layer) is important to predict its chemical
effect. Unfortunately, for the typical endodontic
irrigants, only the reaction rate of NaOCl with
dentin is known. In the literature, no influence of
sonic activation on the chemical effect of irrigants
has been reported. Laser or ultrasonic activation,
on the other hand, does enhance the reaction rate
of NaOCl with dentin, as does an increase in the
concentration (127). The influence of activation
was also observed in the resting phase (127). Such
an increase will reduce over time during the reac-
tion. A similar synergistic effect of NaOCl and
ultrasound in the dissolution of tissue (122) or the
removal of dentin debris from root canals has been
reported in the literature (97). The influence of irri-
gant activation can be attributed to a sonochemical
effect and/or refreshment/mixing of the irrigant
(74), or because of the formation of small bubbles
when NaOCl comes into contact with organic tis-
sue. However, the exact cleaning mechanisms are
not yet known.

pHmay also contribute to the reaction rate (104),
although the buffering effect of dentin may com-
pensate this effect (127).

With ethylenediaminetetraaceticacid (EDTA), an
improved penetration into dentinal tubules in the
pulp chamber after ultrasonic activation has been

1The second Damköhler number is defined as

Da =
irrigant transport time

reaction time
=
L∕(Uflow + ΩflowL + (D∕L2))

τreaction
(11.5)

in which U is the velocity, Ω is the vorticity (rotation) of the irrig-

ant, and D is the diffusion coefficient. The length scale L is a typ-

ical length over which the reaction between irrigant and biofilm

takes place near the surface.

reported (128), but the cause has not yet been elu-
cidated. 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).

Suggestions for clinical procedures

Irrigation activation protocols

An easily applicable irrigation protocol for sonic,
ultrasonic, or LAI is the “Intermittent Flush Tech-
nique” first described by Cameron (130). First, the
irrigant is delivered into the root canal by syringe
irrigation. Then, the irrigant is activated inside the
root canal, allowing the disruption of the substrate
from the root canal wall. After activation, the root
canal is rinsed using syringe irrigation thereby
removing the substrate loosened from the root
canal wall.

Another protocol comprises a continuous flow of
the irrigant through or alongside the hand piece 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 instru-
ment, thereby enhancing irrigant delivery into the
(apical) root canal.

There are also needles (23–30 gauge) on the
market that allow a continuous flow of the irri-
gant through the needle in the root canal during
(ultra)sonic activation of the needle. These needles
allow irrigant delivery, refreshment, and activation
at the same time.

The irrigation protocols are most effective when
the root canal has been shaped until the master api-
cal file, because there is more space in the root canal
for the fluid dynamical effects. However, this does
not imply that the protocols cannot be used other-
wise or will not be effective during the root canal
treatment.

Sonic activation

Sonic activated irrigation can be performed using
sonic hand pieces that can drive instruments
at sonic frequencies. Traditionally, only cutting files
are available. Nowadays, there are several new
sonic activation systems available on the market

like the EndoActivator
®
System or the Vibringe

®
.

www.ketabdownload.com



Disinfection of the Root Canal System by Sonic, Ultrasonic, and Laser Activated Irrigation 231

(a) (b)

(c) (d)

Figure 11.11 (a–d) a and b: canal rinsed with NaOCl using a syringe and a needle. c: sonic activation of NaOCl d: NaOCl after
sonic activation.

The EndoActivator System allows a variation of the
driving power and frequency and the size of poly-
mer tips that will not cut in the root canal wall. The
manufacturer advises to deliver 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 (Figure 11.11).

Vibringe is an irrigant delivery system that
uses a sonically oscillating needle to deliver the
irrigant into the root canal. The Vibringe can be
used throughout the complete root canal treatment
procedure.

Ultrasonic activation

For ultrasonic activation, most of the ultrasonic
devices already present in the clinic can be
used, combined with a variety of instruments.
Sometimes, special chucks or irrigation systems are

needed. Instruments for all of the abovementioned

activation protocols are available. They can be

applied until 1–2 mm from working length (with

the exception of some of the ultrasonically activated

needles) or at the beginning of a strong curvature

in order to prevent strong wall contact (43). For the

“Intermittent Flush Technique” a sequence of three

times 10 s seems to be favorable for dentin debris

removal (79, 97). For a continuous flush, mostly

1 min is advised. For optimal cleaning efficacy of

oval extensions and isthmuses and lateral canals

of which the position is known, the instrument

should be made to oscillate toward these areas if

possible (55) (Figure 11.12).

At the moment, low intensity settings of the

ultrasonic energy are advised to be used to prevent

fracture of the instruments. Normally, fractured

instruments will easily flow out of the root canal.

Noncutting instruments are available that can be

www.ketabdownload.com



232 Nonsurgical Intracanal Disinfection

(a) (b)

(c) (d)

Figure 11.12 (a–d) a and b: canal rinsed with NaOCl using a syringe and a needle. c: ultrasonic activation of NaOCl d: NaOCl
after ultrasonic activation.

used safely in the root canal. Strong contact of the
filewith the root canalwalls should be avoided (37).

Laser activation

For LAI, 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 short of working length and
vertically moved within the apical third (24). It can
also be placed in the pulp chamber just above the
root canal orifice. The latter has been prescribed for
conventional fibers (39) and for specially designed
fibers (PIPS) (40) (Figure 11.13).

The commercially available laser devices allow
for a variation of the size and type of the optic
fibers, pulse repetition frequencies (PRFs), pul-
sation energy, and pulse length. De Groot et al.
(24) reported as optimal settings a combination of

low power (80 mJ) per pulse and a PRF of 15 Hz.

Significant loss of irrigant from the pulp chamber

was reported for energy settings higher than 120mJ

per pulse, reducing the efficacy of the irrigation

procedure.

For the PIPS technique, the recommended energy

setting is even lower: 10mJ. The PIPS fiber is placed

at the coronal opening of the root canal after filling

the root canal system and pulp chamber with the

irrigant. There is severe irrigant loss during activa-

tion; therefore, a continuous flow of irrigant in the

pulp chamber during activation is required.

Effect of the activation systems on the
disinfection procedure

To conclude, ultrasonic and laser activation con-

tribute positively to both the mechanical and the
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(a)

(b) (c) (e)

(d)

Figure 11.13 (a–e) a - d: placement of the laser fiber (PIPS) in the pulp chamber e: NaOCl after PIPS.

chemical aspects of the irrigation procedure. How-
ever, 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 potential 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. AP is a multifactorial disease, and,
therefore, its healing depends on a range of aspects,
not only on the irrigation during the endodontic
treatment. From 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, external biofilm
around the root apex on the endodontic outcome
are not known because data from randomized
controlled trials (RCTs) are lacking. Recently, it was
demonstrated in a RCT that an ultrasonic assisted
irrigation protocol did not result in a significant
better endodontic outcome compared to syringe
irrigation (131). This could indicate that we need to
enhance even more the mechanical and chemical
aspects of the irrigation procedures to influence

endodontic outcome or that other influential fac-
tors are more important in determining endodontic
outcome. More RCTs are necessary to answer these
questions.
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(2000) Surface tension of root canal irrigants. Journal
of Endodontics, 26, 586–587.

100. Stojicic, S., Zivkovic, S., Qian, W., Zhang, H. &

Haapasalo, M. (2010) Tissue dissolution by sodium

hypochlorite: effect of concentration, temperature,

agitation, and surfactant. Journal of Endodontics, 36,
1558–1562.

101. Cunningham, W.T., Cole, J.S. & Balekjian, A.Y.

(1982) Effect of alcohol on the spreading abil-

ity of sodium hypochlorite endodontic irrigant.

Oral Surgery, Oral Medicine, and Oral Pathology, 54,
333–335.

102. Kundu, P.K. & Cohen, I.M. (2004) Fluid Mechanics, 3
edn. Elsevier Academic Press, SanDiego, CA, USA,

pp. 1–23, 271–377.
103. Berggren, G. & Brännström, M. (1965) The rate of

flow in dentinal tubules due to capillary attraction.

Journal of Dental Research, 44, 408–415.
104. Jungbluth, H., Marending, M., De-Deus, G.,

Sener, B. & Zehnder, M. (2011) Stabilizing sodium

hypochlorite at high pH: effects on soft tissue and

dentin. Journal of Endodontics, 37, 693–696.
105. Zehnder, M., Schmidlin, P., Sener, B. & Waltimo, T.

(2005) Chelation in root canal therapy reconsidered.

Journal of Endodontics, 31, 817–820.
106. Lui, J.N., Kuah, H.G. & Chen, N.N. (2007) Effect of

EDTA with and without surfactants or ultrasonics

on removal of smear layer. Journal of Endodontics,
33, 472–475.

107. De-Deus, G., Namen, F., Galan, J.J. & Zehnder, M.

(2008) Soft chelating irrigation protocol optimizes

bonding quality of Resilon/Epiphany root fillings.

Journal of Endodontics, 34, 703–705.
108. Aktener, B.O., Cengiz, T. & Pişkin, B. (1989)
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The importance of the use of irrigants in root canal
therapy is well established. Several solutions and
methods have been advocated to better eradi-
cate bacteria and tissue remnants from the root
canal system. This chapter focuses on two meth-
ods that have gained popularity for the past few
years: ozonofication and electrochemical activation
(ECA).

Ozone therapy

Ozone was introduced to medicine, food, and
chemical industries several years ago follow-
ing its antibactericidal, antiviral, and antifungal
properties. It is recommended in the treatment
of vascular, orthopedic, and infection diseases.
Structurally, ozone is a molecule composed of
three oxygen atoms, commonly delivered as gas or
dissolved in water, where it forms oxidate radicals
(1–5). It is 1.6-fold denser and 10-fold more soluble
in water (49.0 ml in 100 ml water at 0 ∘C) than
oxygen (4).

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

The antimicrobial property of ozone is due
to oxidation, which destroys the cell wall and
the cytoplasmic membrane of microorganisms
affecting osmotic stability. In a recent study where
the effect of ozone on the membrane permeability
and ultrastructure of Pseudomonas aeruginosa was
examined, it was demonstrated that the cell inac-
tivation was because of an increased membrane
permeability and cytoplasm agglutination rather
than cell lysis (6). Even with controversies related
to ozone application following its toxicity, it is
well established that depending on its dosage, it
exhibits therapeutic properties. In medicine, it is
mainly delivered as a mixture with oxygen (5).
In an animal study, ozone therapy proved to be
antimicrobial in infected sternal and mediasti-
nal tissues of experimental methicillin-resistant
Staphylococcus aureus animals (7).

In dentistry, ozone is applied mostly as an oxy-
gen/ozone gas or as ozonated water. The antimi-
crobial effect of ozone in dentistry is controversial
because of variability in the concentration of ozone
and methodology utilized (8, 9).
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In dentistry

In relation to caries, when Streptococcus mutans and
Streptococcus sobrinus were examined following
the use of an ozone-generating device for 10 s
(Heolozone, USA), a reduction of both microorgan-
isms was observed (10). In a well-controlled clinical
trial, when ozone was applied on primary root car-
ious lesions, it resulted in the arrest of lesions up to
1.5 years following initial treatment (11).

In a prospective clinical study, ozone improved
noncavitated initial fissure caries in patients of high
risk over a period of 3 months (12).

Polydorou et al. (13) examined the potential of
ozone as an antimicrobial agent on two bonding
agents to decrease the incidence of recurrent decay.
They concluded that the use of ozone for 80 s
in an in-vitro infected cavity model significantly
reduced the presence of S. mutans. Muller et al.
(14) evaluated the antimicrobial efficacy of ozone
gas with photodynamic therapy in-vitro. In this
study, 0.2% and 2% chlorhexidine and 0.5% and 5%
sodium hypochlorite solutions were used on mul-
tispecies oral biofilm-coated discs with Actinomyces
naeslundii, Veillonella dispar, Fusobacterium nuclea-
tum, S. sobrinus, Streptococcus orali, and Candida
albicans. Notably, only 5% sodium hypochlo-
rite solution was effective in eliminating all the
bacteria.

As ozone has been indicated as an antimicrobial
agent, the effect of gaseous ozone application on
enamel and dentin bond strength has been of inter-
est, and several studies have demonstrated no neg-
ative influence on the bonding of the enamel and
dentin bond strength (15–17). Azarpazhooh et al.
(18) examined the effect of ozone treatment on tooth
hypersensitivity and concluded that even though
a reduction of sensitivity in the ozone group was
present, this percentage of reduction was not dif-
ferent from the placebo. This is in agreement with
the study by Elgalaid (19), who also showed that
ozone was not significantly more successful than
the placebo group.

In endodontics

In endodontics, most studies were focused pri-
marily on the antimicrobial activity of ozone.
These studies resulted in controversial findings

depending on the microorganisms evaluated, type

and concentration of ozone, and time of contact

(Table 12.1).

Nagayoshi et al. (20) examined the antimicro-

bial effects of ozonated water in the dentinal

tubules against Enterococcus faecalis and S. mutans.
Their results suggested that ozonated water when

used with sonication had approximately the same

reduction of bacteria as 2.25% sodium hypochlo-

rite and also noted that ozonated water is less

cytotoxic than 2.25% sodium hypochlorite on

L-929 mouse fibroblasts. Their results suggest that

ozonated water not only killed the microorganisms

invading the dentinal tubules but was also less

cytotoxic.

Virtej et al. (21) demonstrated ozone (HealOzone
®
,

Kavo, Biberach, Germany) to be as efficient as 3%

sodiumhypochlorite andBiopureMTAD (Dentsply

Tulsa Dental, Tulsa, OK) on the elimination of bac-

teria. Lynch (26) recommend the use of high

concentrations of ozone as the final step in the

instrumentation of the canal system.

When the antimicrobial effect against E. faecalis
of ozonated water, gaseous ozone, 2.5% sodium

hypochlorite, or 2% chlorhexidine were evaluated

in maxillary anterior extracted teeth, none of the

irrigants completely eliminated the bacteria follow-

ing 20 min of contact; however, the concentrations

of ozone used were not specified (23). This result

is in agreement with the finding of Case et al.
(25), who demonstrated that ozone failed to elim-

inate more E. faecalis biofilm compared to sodium

hypochlorite, even with a concentration as low

as 1%.

Hems et al. (22) demonstrated that when amono-

biofilm specie of E. faecaliswas evaluated, ozonated

water was not effective unless the sample was

agitated. However, when planktonic E. faecalis cells
were evaluated, ozone demonstrated antimicrobial

activity following 240 s of contact.

When C. albicans was evaluated, in addition

to E. faecalis, ozonated water applied for 20 min

reduced the counts for both microorganisms. How-

ever, when a second sampling was taken from the

root canal system, microbial counts had increased,

demonstrating a lack of residual effect of ozonated

water. In the same study, ozonated water was

unable to neutralize Escherichia coli endotoxin in

root canals (24).
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Table 12.1 Summary of Studies Focused Primarily on the Action of Ozone in Endodontics

Study Type of ozone gas/water Concentration Time Microorganisms Effectiveness

Nagayoshi
et al. (20)

Ozonated water 4 mg/ml 10 min Enterococcus
faecalis and
Streptococcus
mutans on dentinal
tubules

With sonication,
comparable results
with 2.5% NaOCl.
Less cytotoxicity

Virtej et al.
(21)

HealOzone® Ozone gas Not specified Aerobic and
anaerobic bacteria

As effective as 3%
NaOCl and MTAD

Hems et al.
(22)

Ozonated gas sparged
through a broth and
ozonated water and
ozone gas on biofilm

Ozonated gas Not specified Enterococcus
faecalis planktonic
and biofilm

Effective on
planktonic but not
on biofilm

Estrela et al.
(23)

Ozonated water and
gaseous ozone

Not specified 20 min Enterococcus
faecalis

Not effective

Cardoso et al.
(24)

Ozonated water 24 mg/l 20 min Candida albicans,
Enterococcus
faecalis, and
endotoxins

Effective
immediately
following
application;
however, not
effective at later
sampling Ineffective
against endotoxin

Case et al.
(25)

Ozone gas and passive
ultrasound

Not specified Not specified Enterococcus
faecalis

Summary of studies focused primarily on the action of ozone in endodontics (by author).

Electrochemical activation

ECA is produced by applying an electric current

(electrolysis) to a diluted salt solution—typically

a sodium chloride solution. Direct electric current

is impressed on an anode (positive charge) and a

cathode (negative charge) separated by a perme-

able membrane. As salt solution (electrolyte) flows

across the anode and cathode, the bonds of a por-

tion of the solution constituents, H2O and NaCl,

are rearranged. The solution leaving the anode

chamber is known as the anolyte, and may contain

oxygen gas (O2), chlorine gas (Cl2), hypochlorite ion

(OCl−), hypochlorous acid (HOCl), hydrochloric

acid (HCl), and unreacted NaCl. The solution leav-

ing the cathode chamber is known as the catholyte,
and may contain NaOH, H2, and unreacted NaCl

(27). ECA has been used for many years and was

popularized mainly in Russia and Japan (28, 29).

ECA is also used in other countries in Europe and

South America. The main applications of ECA are
in medicine, food industry, and waste water treat-
ment, and more recently in dentistry because of its
disinfectant, antiseptic, and antimicrobial proper-
ties. ECA produces a hypochlorous acid solution
that is biocompatible, antimicrobial, and possesses
a detergent effect. The antimicrobial properties are
characteristic of the high oxidation potential of the
anolyte solution produced, while the strong deter-
gent effect is due to the high reduction potential of
the catholyte solution (28–31).

A simple schematic of the process is shown in
Figure 12.1.

In medicine, because of proven antimicrobial
properties, ECA has been used in several countries
during surgical procedures to disinfect endoscopy
units, to prevent potential postoperative infec-
tion, and has also been used for the treatment of
infectious skin, peritonitis, and to improve wound
healing (32–35). The actual composition of the
anolyte and catholyte will vary according to many
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factors, including the electrode material, electrode

surface area, rate of electrolyte flow, amplitude

of the electric current, and salt composition. The

anolyte and catholyte have strong but opposite

characteristics:

Anolyte

• Low pH, usually ranging from 2 to 8

• High oxidizing potential, usually in the range of

+400 to +1200 mV

• Strong antibacterial, antifungal, and viral char-

acteristics

• There are three types: acidic (anolyte), neutral,

or alkaline (anolyte neutral cathodic) depend-

ing on the pH

Catholyte

• pH usually ranging from 7 to 12

• High reducing potential, usually in the range of
−800 to −1200 mV

• Strong cleaning (detergent) effect

The anolyte solution is used extensively in the
health field following the antimicrobial, antiviral,
and antifungal properties (36, 37).

Other terms are also used to describe the same
basic product. For example, OPW stands for
oxidative potential water and SOW stands for
superoxidized water. In the same manner, other
researchers and equipment manufacturers use
many different terms for what is essentially an
ECA solution. Clearly, what is important is the
physical and chemical characteristics of ECA solu-
tions, rather than the name. In this chapter, we use
the term ECA.

A popular ECA system in the USA, Sterilox
®

(PuriCore, Malvern, PA) has a pH between 5.0
and 6.5 with a oxidation potential of greater than

Table 12.2 Summary of Studies Evaluating ECA for Canal Cleanliness and Antimicrobial Action

Study Type of solution Aim Effectiveness

Hata et al. (44) Acidic anolyte solution Canal cleanliness/smear layer Effective

Marais (30) Catholyte followed by anolyte Canal cleanliness/smear layer Effective and superior than
NaOCl

Solovyeva and
Dummer (45)

Anolyte solution pH 7.7 Canal cleanliness/smear layer Effective at the apical third

Serper et al. (46) Not specified Canal cleanliness/smear layer Not effective

Marais and
Williams (47)

Anolyte solution (pH 7 and 9) Antimicrobial effect Lack of antimicrobial activity
when compared to 3.5%
NaOCl

Gulabilava et al.
(48)

Neutral and acidic anolyte,
catholyte, and
catholyte/neutral anolyte with
and without ultrasonic
activation

Antimicrobial effect Not as effective as 3% NaOCl

Heydrich et al.
(49)

Several combinations Canal cleanliness/smear layer Not effective

Davis et al. (50) Dermacyn (superoxidized
water)

Antimicrobial effect No antimicrobial activity
against E. faecalis

Rossi-Fedele
et al. (51)

Anolyte solution Antimicrobial effect No antimicrobial activity
against E. faecalis when
compared to 4.0% NaOCl

Garcia et al. (52) Anolyte pH 6 Canal cleanliness/smear layer Similar effect as 6% NaOCl
following rinse with 17% EDTA

Summary of studies evaluating ECA for canal cleanliness and antimicrobial action (by author).
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+950 mV. Sterilox has been demonstrated to be
an effective antimicrobial and antifungal solution
within 24 h of its production (36). In the food
industry and medicine, there is enough in-vitro evi-
dence of the antimicrobial and antiviral activities
of ECA solutions against Clostridium difficile spores,
Helicobacter pylori, vancomycin resistant Enterococ-
cus species, C. albicans, and several Mycobacterium
species (36), P. aeruginosa (38), S. aureus (39), and
Salmonella enteritidis (40).

In dentistry, ECA is used for biofilm removal in
dental unit water lines (41) and it became popular
in endodontics following low cytotoxicity (42) and
corrosion of instruments caused by irrigation solu-
tions such as sodiumhypochlorite (43). In endodon-
tics, twomain areas evaluate ECA: canal cleanliness
and antimicrobial action (Table 12.2).

The removal of smear layer prior to obturation
was advocated several years ago and is commonly
achieved by the use of irrigants and chelating
agents (53). With the introduction of ECA in
endodontics, a few studies examined the capa-
bility of these solutions on smear layer removal.
However, because of several discrepancies in the
methodology the results are contradictory. Hata
et al. (44) demonstrated the removal of smear layer
following irrigation with OPW and advocated it
as a potential irrigant solution in endodontics.
In a later study, Hata and his group (54) showed
oxidative water following instrumentation with 5%
NaOCl to have a similar results when compared
to NaOCl and 15% ethylenediaminetetraaceticacid
(EDTA) on both debris and smear layer removal.
Solovyeva and Dummer (45) showed that the
combination of anolyte and catholyte solutions
resulted in more opened dentinal tubules on the
apical third of the canal system. They also noticed
that a thinner smear layer with a more even surface
was produced following the irrigation with ECA
solutions. When a tooth model contaminated with
E. faecalis biofilm was used, it was noted that ECA
solution was as effective as 6% NaOCl in the pres-
ence of a chelating agent (52). However, Heydrich
et al. (48) examined the use of different combina-
tions of ECA solutions on canal cleanliness and
determined they had no effect on the cleanliness
of the canal system when smear layer and opened
dentinal tubuleswere examined under SEM. Serper
et al. (46) also demonstrated the inability of OPW
on removing the smear layer.

The antimicrobial effect of ECAwas investigated

by Rossi-Fedele et al. (51) comparing Sterilox’s

Aquatine Alpha Electrolyte
®

with NaOCl using

a bovine root canal model, and the conclusion

reached was that NaOCl eliminated E. faecalis
better. These findings were in agreement with the

research by other investigators who concluded that

ECA solutions were not as effective in eliminating

bacteria from the root canal system (47).

We examined the antimicrobial effect of Sterilox

and Qmix against E. faecalis biofilm using quanti-

tative real time polymerase chain reaction (PCR) in

the mesial buccal roots and isthmus of mandibular

first molars. Both solutions had a reduction of more

than 90% pre- and postirrigation; however, the dif-

ference between each solution was not statistically

significant.

Currently, we cannot ignore the fact that Regen-

erative Endodontics is a viable and important

alternative to our field. In a recent study, it was

demonstrated that irrigation with Sterilox better

preserved the survival and attachment of dental
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Figure 12.1 Simple schematic showing electrochemical
process in an electrolyzed water generator.
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pulp stem cells to the dentinal wall as compared to
other solutions (55).

There is no strong evidence in favor of the use
of ozone and ECA solutions in dentistry and more
studies are needed in this field. Owing to a new era
in which Regenerative Endodontics plays a major
role in the specialty, antimicrobial solutions with
reduced cytotoxicity are important for a successful
outcome.
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Introduction

Considering that apical periodontitis is a disease
caused primarily by microorganisms and/or their
by-products infecting the root canal system (1), the
key for the success of endodontic treatment and api-
cal repair is infection control (2–4). It is known that
microorganisms aggregated in well-established
biofilms are more resistant to killing (5) and that
residual endodontic infection can cause the persis-
tence of apical periodontitis (4). In a clinical study,
Sjogren et al. verified that postendodontic treatment
success rate was significantly lower in teeth with
apical periodontitis compared with teeth without
the disease (6). Therefore, the primary goal of the
endodontic treatment in teeth with chronic apical
periodontitis and a long-term infectious process

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

should be eliminating the microbial infection from
the root canal system (2, 7–10). In addition, root
canal treatment should be done as early as pos-
sible because apical periodontitis causes tissue
destruction, involving loss of periodontal ligament
fiber attachment, concomitantly with cementum
and bone resorption (Figure 13.1a,b), which might
culminate in tooth loss (11).

It has been discussed whether the biomechan-
ical preparation alone can eradicate endodontic
infection in teeth with apical periodontitis. In
these cases, microorganisms are disseminated
throughout the root canal system, namely main
canal, lateral, accessory and secondary canals,
dentinal tubules (Figure 13.2), cemental lacu-
nae (Figure 13.3), apical delta ramifications
(Figure 13.4a,b), apical foramen, apical erosions,
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(a) (b)

Figure 13.1 Apical periodontitis: tissue destruction, loss of periodontal ligament fiber attachment, cementum, and bone
resorption (a, b). Hematoxilin and eosin.

Figure 13.2 Microorganisms are disseminated throughout
the dentinal tubules in teeth with apical periodontitis. Brown
and Brenn staining.

Figure 13.3 Microorganisms found in cemental lacunae in
teeth with apical periodontitis. Brown and Brenn staining.
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(a) (b)

Figure 13.4 (a, b) Microorganisms found in apical delta ramifications in teeth with apical periodontitis. Brown and Brenn
staining.

and are even organized as biofilms on the external

surfaces of the apical root third (Figure 13.5a,b)(12,

13), which are areas inaccessible to the biomechan-

ical preparation and to the body defense system

(14–18).

Historically, different substances and medica-

tions have been used as intracanal medication

between endodontic treatment sessions to assist

in the control of microbial infection, including

calcium hydroxide-based pastes, polyantibiotic

pastes, formalin tricresol, camphorated para-

monochlorophenol, and chlorhexidine alone or in

combination with other substances.

At the same time, studies using microbial culture

and biomolecular techniques in permanent teeth

have established that the infection in teeth with

pulp necrosis and apical periodontitis is of polymi-

crobial nature, with predominance of anaerobic

microorganisms (19–21), mainly Gram-positive.

bacteria (20). These characteristics have also been

demonstrated in primary teeth (22, 23).

In addition to generating toxic products and

by-products to the tissues, Gram-positive bac-

teria present as a major component of its cell

wall endotoxin, also known as LPS following its

lipopolysaccharide nature (24, 25), that acts as

one of the most important virulence factors of

these microorganisms (26–29). Bacterial endotoxin

is released after the death or multiplication of

microorganisms and causes a series of biological

events that activate immunocompetent cells. In

sequence, this activation leads to the release of

several proinflammatory cytokines and mediators

that are responsible for establishing an inflam-

matory response (24, 30–33), osteoclastogenesis

and cemental and bone resorption (34–36), thus

contributing to the genesis (Figure 13.6), develop-

ment, and persistence of apical periodontitis (25,

37). A positive association has also been observed

between the amount of bacterial endotoxin in the

root canals and the presence of clinical symp-

toms, such as pain, tenderness to percussion and

palpation, edema, and purulent exudate (38).

Bacterial endotoxin has long been recognized

as a potential stimulator of several host’s cells

via receptors, such as lipopolysaccharide-binding

protein (LBP), CD14 receptor (39), and toll-like

receptors (TLRs) (39, 40), causing the expression

of proinflammatory cytokines and amplification

of the host’s response. The bacterial endotoxin

acts on macrophages and other cell types (24) by

stimulating the expression of the tumor necrosis
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(a)

(b)

Figure 13.5 Microorganisms organized as biofilms on the
external surfaces of the apical root third. Brown and Brenn
staining (a) and scanning electronic microscopy (b).

factor (TNF) (41), interleukin-1, interleukin-6 (30),

and interleukin-8 (30, 42). In addition, bacterial

endotoxin acts as a potential inductor of nitric

oxide production (13).

Bacterial endotoxin also activates the Hageman

factor (coagulation factor XII) (43), arachidonic acid

Figure 13.6 Apical inflammatory response and
osteoclastogenesis, resulting in apical periodontitis
development. Hematoxilin and eosin.

metabolism, and complement system (44, 45), and
acts as a pyrogen agent inducing fever (46), being
involved in inflammatory response events, such
as the increase of vascular permeability, neu-
trophil and macrophage chemotaxis, and release
of lysozymes and lymphokines (44). It has been
suggested that the LPS-mediated sensitization of
nociceptors is one of the mechanisms responsible
for the pain associated with endodontic and apical
infections (47).

In addition to causing inflammatory reaction,
bacterial endotoxin adheres to mineralized tissues,
stimulating bone resorption (37), synthesis, and
release of osteoclast-activating cytokines (36, 48),
and osteoclastogenesis (36). Thus, in teeth with
apical periodontitis, the use of an intracanal medi-
cation between sessions is indicated to assist in the
elimination of endodontic infection and inactivate
bacterial endotoxin. Several materials with antimi-
crobial activity have been evaluated to inactivate
the bacterial endotoxin, other bacterial cell wall
components with and without effective results,
including calcium hydroxide (33, 36, 37, 49, 50),
polymyxin B (51), formocresol (52), chlorhexidine
(53) Er:YAG laser (54), ultrasound (55), ozonized
water (56), and sodium hypochlorite at different
concentrations (53, 57, 58).

The chances of having bacterial endotoxin and
viable microorganisms in the canal at the filling
stage are greater in single-session endodontic treat-
ments. Theoretically, most of the residual bacteria
would be killed because of the contact of the filling
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material or would remain entombed inside the

dentinal tubules and die from starvation following

scarcity of nutrients. Also, considering the complex

canal anatomy and the small number and low

pathogenicity of the residual bacteria, it is assumed

that those who survived would not reach the

apical tissues. However, it should be considered

that fillings do not provide hermetic apical and

cervical seals. In addition, residual microorganisms

could reach the periapex through the interface

between the filling material and the canal walls,

and through the dentinal tubules, apical cementum,

and apical delta canals. Microorganisms may also

persist after single-session endodontic treatment

in aggregates adhered to cementum surface (apical

biofilm). For these reasons, a significant correla-

tion has been demonstrated between endodontic

failures and microorganisms surviving after root

canal filling.

Traditionally, the root canal treatment of teeth

with necrotic pulp and apical periodontitis has

been done in multiple sessions with the use of

an interappointment intracanal medication being

accepted as a safe and effective therapy (59). The

philosophy of completing the root canal treatment

of these teeth in one visit has been proposed only

to shorten treatment duration and is based on

achieving similar outcome rates in clinical and

radiographic evaluations after single-session treat-

ments (60–65). However, this is still a controversial

topic within the endodontic literature (65) mainly

considering the relatively short follow-up periods

of some studies (63, 64). In addition, some of those

who adopt single-session endodontic treatments

consider partial apical repair in asymptomatic teeth

as success, which increases their treatment success

rates.

It is incontestable that the persistence of apical

periodontitis or even partial posttreatment radio-

graphic repair indicates the existence of residual

infection in the root canal system or on the external

apical root surfaces. This condition may impede

the occurrence of complete repair, resulting in

the maintenance of a chronic apical inflammatory

infiltrate and formation of areas of cemental and

bone resorption (Figure 13.7).

It is known that clinical silence may remain for

several months or years. This condition together

with radiographic apical repair, often partial, refers

Figure 13.7 Persistence of apical periodontitis following root
canal treatment indicating the existence of residual infection
in the root canal system or on the external apical root
surfaces. Hematoxilin and eosin.

to an evolutive phase of the healing process with-
out recovery of the lamina dura, and therefore it
does not represent an ideal histological repair. In
a histopathological analysis, apical lesions with
partial radiographic resolution present accentu-
ated tissue disorganization and persistence of
inflammatory response events.

Following the discussion above, we can conclude
that the intracanal medication of choice should be
an antiseptic medication without adverse effects to
the apical tissues and the capacity to stimulate the
occurrence of repair.

Intracanal medication—definition

Intracanal medication can be defined as a medica-
tion or substance used after biomechanical prepa-
ration of root canals between treatment sessions to

— eliminate the endodontic infection and the
microbial proliferation in the root canal system
and neutralize the bacterial endotoxin in teeth
with pulp necrosis and apical periodontitis;

— reduce the intensity of apical and apical inflam-
matory responses;

— act as a physical and chemical barrier, prevent-
ing canal reinfection and minimizing coronal
leakage through the temporary restoration;
and

— increase the pH of the region.
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Basic requisites for an interappointment
intracanal medication

A substance or medication to be used as an interap-
pointment intracanal medication should (66)

— have a broad spectrum of antimicrobial activ-
ity;

— eliminate residual microorganisms in the
canals after instrumentation and neutralize
bacterial endotoxin;

— present physicochemical properties that per-
mit its diffusion through the root canal system
and sufficient action time to reach the microor-
ganisms at different canal sites;

— reduce apical tissue inflammation;
— act as a barrier against coronal leakage through

the temporary restorative material;
— assist in the control of persistent exudation;

and
— have tissue compatibility to favor the repair

without causing additional irritation to the
apical tissues.

Materials used as interappointment
intracanal medication

Calcium hydroxide

Contemporary endodontics seeks substances that
combine antibacterial and anti-inflammatory prop-
erties and capacity to induce mineralized tissue
formation in such a way that the interrelation of
these properties results in a medication with a
beneficial effect to the repair of the apical tissues.

Calcium hydroxide is an odorless white powder

with molecular weight of 74.08 and low solubility

in water (∼1.2 g/l at 25 ∘C, decreasing with the

increase of temperature) (67). Its coefficient of

dissociation of 0.17 permits a slow and controlled

release of calcium and hydroxyl ions (68). The low

solubility is a favorable characteristic because a

long period is necessary before the solubilization of

the material in direct contact with the tissue fluids.

Calciumhydroxide has an alkaline pH (∼12.5–12.8)
and is chemically classified as a strong base (69).

Its main properties—antimicrobial activity and

capacity of inducing mineralized tissue deposition

(70)— is a result of its ionic dissociation.

Calcium hydroxide has been traditionally con-

sidered as the intracanal medication of choice

(2, 68, 71) because of its simultaneous multiplic-

ity of actions that include antimicrobial activity

(14, 72–75), even against Enterococcus faecalis (76,

77); indirect antimicrobial action by environmen-

tal carbon dioxide absorption (78) and consequent

stimulation of apical and apical repair; assistance in

the control of apical exudation (74, 79) following its

hygroscopic propriety; capacity to dissolve necrotic

material (80); reduction of the amount of matrix

metalloproteinases (81); release of inflammatory

mediators (74) and the inactivation of the lipotei-

choic acid from E. faecalis (50); anti-inflammatory

activity (82); participation in mineralized tissue

formation (16, 83, 84), with alkaline phosphatase

activation and collagen synthesis (85); increase of

extracellular calcium levels, inducing differenti-

ation of periodontal ligament cementoblasts and

cementogenesis (86); and, most importantly, tissue

compatibility (16, 87–89) (Figure 13.8a–c).

(a) (b) (c)

Figure 13.8 Mineralized tissue formation (cementogenesis) as a result of calcium hydroxide root canal dressing and filling (a, b,
c). This response indicates tissue compatibility. Hematoxilin and eosin and Mallory Trichrome.
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Calcium hydroxide also has the capacity to
penetrate into the dentinal tubules (90), increasing
the pH on the root periphery. This property con-
tributes to the regression of resorption processes
because the alkalinization of regions with acidic
pH creates unfavorable conditions to the action
of osteoclasts. In addition, calcium hydroxide has
been widely used in dentistry to stimulate miner-
alization because of its dissociation into hydroxyl
and calcium ions. The hydroxyl ions are respon-
sible for maintaining an alkaline pH while the
calcium ions have a direct effect on extracellu-
lar matrix mineralization (91). Furthermore, the
increase of intracellular calcium levels activates
the calcium/calmodulin-dependent pathways,
which regulates osteoblast differentiation via phos-
phorylated extracellular signal-regulated kinases
(ERK-1/ERK-2) and c-fos protein expression (92).

An important aspect to be considered is that, to
date, calcium hydroxide is the only intracanal med-
ication that presents effective results on bacterial
endotoxin inactivation (35, 36, 41, 49, 58, 93–95),
without causing damage to tissue repair (33).

On the basis of all these considerations and in
agreement with health promotion principles, cal-
cium hydroxide should be the medication of choice
when the use of an interappointment intracanal
medication is required.

Vehicle

Calcium hydroxide does not have good physi-
cal properties presenting low flow, viscosity, and
adherence to canal walls, in addition to being radi-
olucent. Therefore, to be used in the form of paste
under clinical conditions, calcium hydroxide must
be combinedwith an aqueous, viscous, or oily vehi-
cle, for example, distilled water, saline, anesthetic
solution, methylcellulose, cresatin, polyethylene
glycol (PEG), propylene glycol, and olive oil. On
the other hand, the potential interferences of the
different vehicles on the action of calcium hydrox-
ide must be carefully examined because the type
of vehicle determines the velocity of ionic disso-
ciation and the capacity of paste solubilization
(96), which might alter its antimicrobial activity
(97), tissue compatibility (87), and the mineralized
tissue-inductive capacity (98).

Aqueous vehicles permit a rapid ionic dissocia-
tion. Nevertheless, viscous vehicles like PEG 400

or propyleneglycol allow for a slow but sustained

release of hydroxyl ions, maintaining an alkaline

environment for a longer period (98). At the same

time, it has been suggested that such pH elevation

resulting from the release of hydroxyl ions could

start or favor the mineralization process (90).

The use of a commercial calcium hydroxide

paste in aqueous vehicle supplemented with blood

salts, Calasept
®
(Speiko, Darmstadt, Germany), in

the endodontic treatment of immature teeth with

vital pulp resulted in the formation of mineralized

tissue barriers at the apical level and the absence

of inflammatory and normal periodontal ligament

thickness (98).

A commercial calcium hydroxide paste using

PEG 400 as vehicle (Calen
®
; S. S. White; Artigos

Dentários Ltda., Rio de Janeiro, RJ, Brazil) has

been shown to maintain calcium hydroxide for a

longer time in the region of interest, prolonging

its action, decreasing its solubilization in the flu-

ids, and increasing its capacity of penetrating the

tubular root dentin (98). Calen presents pH around

12.4 (87), high antimicrobial activity and tissue

compatibility (16, 87). Theoretically, the low PEG

400 dispersion results in slower dissolution rates of

the paste with consequent lower release of calcium

ions compared with the use of distilled water as a

vehicle. This is relevant, considering the changes of

intracanal medication during the treatment and the

need of maintaining an alkaline pH and calcium

and hydroxyl ion release.

The mild tissue aggression caused by Calen

could be explained by the fact that the hydroxyl

ions released from this paste do not remain free

for a long time because they react with the hydro-

gen ions released from PEG 400 ionization in water

(neutralization reaction). In the commercial calcium

hydroxide paste with distilled water (Calasept), on

the other hand, the hydroxyl ions released from

calcium hydroxide dissociation are not neutralized

because there are no free hydrogen ions in the

solution. However, even though Calasept causes

an initially more severe tissue aggression than

Calen, both pastes have been shown to offer a sim-

ilar tissue repair in the later periods of evaluation

(87, 98).

Aqueous and viscous vehicles should be pre-

ferred to calcium hydroxide-based intracanal

medications. Oily vehicles are not indicated
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because they impede ion dissociation from the
paste (99).

Endodontic treatment of teeth with apical
periodontitis

Single session × multiple sessions
While some clinical and radiographic studies
have found no difference between the single- and
two-session endodontic treatments using a calcium
hydroxide-based intracanal medication (60, 62, 63,
65, 100–108), or that the single-session treatment
can be more effective (64), other clinical, radio-
graphic and histopathological studies have found
higher success when an intracanal medication
was placed between sessions (16, 86, 109–117). A
fact that is worth mentioning is that in most stud-
ies that found no difference between single- and
two-session treatments, the intracanal medication
was left in the canal for only 7 days, a period that
is considered insufficient (118), as is discussed later
in this chapter.

As emphasized before, another relevant aspect
to be discussed is that after completion of an
endodontic treatment, we should be aware that the
absence of postoperative pain or “clinical silence”
per se does not necessarily indicate treatment suc-
cess. For both primary and permanent teeth with
pulp necrosis and chronic apical periodontitis,
no endodontic treatment can be considered as
successful based only on the findings of clinical
and radiographic examinations. The results of
tomographic (clinical trials) and histopathological
(research studies) analyses must be computed as
well, as several authors have found higher success
rates of root canal treatment performed with the
use of a calcium hydroxide-based intracanal med-
ication between sessions compared with one-visit
treatment (16, 86, 112, 115, 117). Endodontic tech-
niques that reach success at all these levels should
be the ones of choice for use in clinical practice.

Intracanal medication: how to perform?
In order to obtain a deeper penetration of the
paste into the dentinal tubules, the instrumented
root canals should be filled with EDTA for 3 min
under agitation with a K-file to remove the smear
layer (119). Next, the canals should be copiously
irrigated, dried with paper points, and filled with
a calcium hydroxide-based paste in aqueous or

viscous vehicle with slight apical overflow to reach

the apical biofilm.

Duration of calcium hydroxide therapy
A minimal period of 14-21 days is necessary for

calcium hydroxide to diffuse through the regions

that may harbor microorganisms responsible for

endodontic failure (e.g., dentinal tubules, apical

cementum, and accessory/collateral canals) (112),

increasing the pH of the external apical root sur-

face and killing microorganisms and eliminating

bacterial endotoxin from these regions (112, 118,

120, 121).

Although the usual duration of an interappoint-

ment intracanal medication is 7 days, this time is

not sufficient to eliminate residual microorganisms

from the root canal system. The interappointment

intracanal medication should be maintained for, at

least, 14 days (112), which is the time necessary for

a greater release of calcium and hydroxyl ions (118)

and for these ions to penetrate deeply into the entire

dentin thickness, reaching the external apical root

cementum.

From a histopathological standpoint, the best

results of apical and apical repair are obtained after

15 and 30 days of calcium hydroxide therapy, while

the worst results are observed when an intracanal

medication is not used or is left for only 7 days. For

this reason, the calcium hydroxide paste should be

used as an interappointment intracanal medication

in teeth with pulp necrosis and apical periodontitis

for no less than 14 days.

From a mechanical and clinical perspective, new

evidence has demonstrated that removal of calcium

hydroxide by additional instrumentation in a sec-

ond appointment may lead to canal transportation

with higher incidence in curved canals (122), and

residual medication might remain in the root canal

system (123). Furthermore, calcium hydroxide has

recently been associated with reduced fracture

resistance of the dental hard tissues when applied

for more than 30 days (124, 125). The intracanal

placement of calcium hydroxide weakened the

microtensile fracture strength of teeth with an

average of 0.157 MPa per day (126). The authors

also reported a statistically significant difference

between 7 days (45.7 MPa) and 28 days (35.6 MPa)

and also between 7 and 84 days (31.8 MPa).
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Periapical radiograph × computed tomography
Apical radiolucency is the main suggestive sign of
apical periodontitis. Conventional and digital Api-
cal radiographs are the main auxiliary resources for
diagnosing and following up apical periodontitis
resolution after root canal treatment. It is gen-
erally accepted that posttreatment follow-up of
apical periodontitis for confirmation of complete
healing requires at least 4 years of radiographic
examination (127–129). Nevertheless, radiographic
findings are frequently divergent from clinical
or microscopic features in teeth with apical peri-
odontitis. These outcomes indicate that, in many
situations, apical periodontitis may persist for
several years after root canal filling, even in the
absence of clinical and radiographic signs and
symptoms (111).

These divergences result from the fact that the
radiographs produce two-dimensional images
of a three-dimensional structure, which impedes
the detection of apical lesions confined to the
cancellous bone, especially in areas with thicker
cortical bone (130–132). In addition, apical radio-
graphs provide images of teeth in the sagittal plane
(mesiodistal direction), and images in the coronal
plane cannot be obtained. This fact is a limitation
for evaluating the buccolingual extension of the
apical lesion and determining cortical bone tissue
resorption level (133–135).

Computed tomography (CT) has been widely
used in medicine since 1970 and it was grad-
ually introduced to dentistry, more specifically

to endodontics, in 1989 (136). However, the use

of this computed-assisted imaging technology

has become widespread in endodontics only in

the past few years thanks to the development of

a high-resolution tomography called cone beam
computed tomography (CBCT) (137–141). The impor-

tance of CT has been demonstrated in previous

studies in which apical radiolucencies identified

by CT were not detected by apical radiography

(142–144). Computed tomography may also pro-

duce data about pre- and postendodontic treatment

bone mineral density (145).

In a previous study, comparison of the size

of experimentally induced apical periodontitis

obtained with apical radiography and CBCT scans

showed that the tomographic evaluation detected

lesions with larger mesiodistal extension while

radiographic evaluation underestimated the size of

lesions (146) (Figure 13.9a,b). In addition, the sensi-

tivity and accuracy of CBCT for detection of apical

periodontitis has been shown to be superior to

that of conventional apical radiography (147, 148),

considering microscopic evaluation as the gold

standard (149). The divergence between CT and

conventional apical radiography could be because

of the superimposition of three-dimensional struc-

tures in the two-dimensional radiographic image,

which can mask the real size of the lesion. Con-

versely, CBCT can provide a sequence of serial

slices that allow for determining the real dimen-

sion of apical periodontitis, using a thin slice

(a) (b)

Figure 13.9 Large apical periodontitis detected by cone beam computed tomograph (CBCT) evaluation (a). Apical radiograph of
the same tooth showing the underestimated mesiodistal extension of the lesions (b).
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containing only the cancellous bone region (135,
139, 142, 150, 151).

The superiority of CBCT in the detection and
evaluation of apical periodontitis size has been
demonstrated when apical lesions with mean
mesiodistal diameter of 2.8 mm, not detected by
conventional apical radiography, could be detected
by tomographic evaluation (142). Another study
showed that during the development of apical
periodontitis, the radiographic examination did
not detect radiolucent areas 14 days after root canal
contamination, while CT detected apical radiolu-
cency in 33% of the specimens. These results were
similar to those obtained 21 days after contamina-
tion, when conventional apical radiography and
CT detected apical lesions in 47% and 83% of the
specimens, respectively (143). In teeth subjected
to endodontic retreatment, superiority of CT over
conventional apical radiography for detection of
apical lesions has been attributed to the lower
possibility of false-negative results (152).

According to Paula-Silva et al. (149), teeth with
apical disease subjected to single-visit endodontic
treatment evaluated by CBCT, apical radiogra-
phy, and histological analysis (gold standard)
showed discontinuity of the lamina dura and
radiolucent areas suggestive of apical periodon-
titis. The fact that the lesions in these teeth were
larger compared with those of the other groups
evaluated in the study allowed all diagnos-
tic methods to have a similar performance in
lesion detection, which also occurred in the teeth
with experimentally induced apical periodonti-
tis not subjected to root canal treatment. On the

other hand, in the teeth with apical periodon-

titis subjected to endodontic treatment using a

calcium hydroxide intracanal medication, dis-

continuity of the lamina dura and presence of

radiolucent areas suggestive of apical periodon-

titis were detected in 71.4% of the specimens

by apical radiography, while CBCT allowed

this detection in 100% of specimens, similar

to the microscopic evaluation. These divergent

tomographic and radiographic results could be

because of the fact that the lesions in this group

had a smaller mesiodistal extension with larger

amount of surrounding bone tissue increasing

the superimposition of sound bone structure

(Figure 13.10a,b).

A previous study showed a positive correlation

between microscopic and microtomographic mea-

surements of apical lesion size, as well as between

the area and volume of the lesions measured

by microtomography (135). On the other hand,

conventional apical radiography has shown low

reliability to detect the presence of apical lesions

and the reduction of lesion size, which could be

attributed to the fact that the buccolingual expan-

sion of the lesion in the cancellous bone cannot be

visualized in a sagittal plane (153–157). In these

situations, the increase in the lesion size can be

revealed only by volumetric measurements, as

provided by CT (130, 158).

In experimental studies, unfavorable outcomes

have been foundmore frequently in teeth subjected

to a single-session endodontic treatment compared

with those in which a calcium hydroxide intracanal

(a) (b)

Figure 13.10 Persistent apical periodontitis detection following root canal treatment is divergent in cone beam computed
tomograph (CBCT) and radiographic evaluations. Superimposition of sound bone structure indicated smaller mesiodistal
extension in the radiograph (a) compared with the CBCT scan (b).
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medication was used between two or more treat-
ment sessions (16, 111, 112, 115, 117). On the other
hand, clinical and radiographic studies in humans
for the posttreatment follow-up of root canals have
found no difference in the outcome of endodontic
treatment completed in one or two-session proce-
dures (60, 101, 102, 110, 159, 160), possibly because
of the limitations of clinical research design, espe-
cially regarding the sample size and the methods
used for apical lesion detection.

There are divergences in the literature over the
time required to confirm radiographic success or
failure after endodontic treatment. Currently, the
European Society of Endodontics recommends
a clinical-radiographic follow-up of 1 year after
root canal filling, with annual evaluation during a
period of 4 years in order to determine treatment
success or failure (161). The American Associa-
tion of Endodontists recommends a minimum
of 4–5 years for root canal treatment follow-up
(162). Considering that apical lesions confined to
the cancellous bone might pass undetected radio-
graphically during or after the follow-up period
(130–132, 153–156, 163), the use of CT might
establish new follow-up periods to determine the
tomographic success of root canal treatment. The
fact that CT is useful for determining the actual
lesion size and its spatial relationship with the
different anatomic sites indicates that this imaging
method should be considered a valid option for the
follow-up of apical lesion repair after root canal
treatment (164). Other advantages of CT over con-
ventional apical radiography includemeasurement
of bone tissue thickness at different planes, precise
location of the mandibular canal and its relation
to the tooth apexes, differentiation of lingual from
buccal root canals by coronal tooth slicing, and
detection of vertical root fractures in endodonti-
cally and nonendodontically treated teeth (135,
139, 142, 150, 165–169).

Combination of calcium hydroxide with
chlorhexidine

Chlorhexidine is a cationic bisbiguanide. Struc-
turally, its molecule consists of two symmetrical
chlorophenol rings (4-chlorophenyl) and two
bisbiguanide groups united by a central hexam-
ethylene chain that provides its hydrophilic and

hydrophobic properties (170). It presents a broad
spectrum of action (171) against gram-positive,
gram-negative bacteria, aerobes, anaerobes, yeasts,
fungi, and viruses (10, 172–176), and binds to
the mineralized tissues, with prolonged release
at specific therapeutic levels (71, 177, 178). The
antimicrobial activity of chlorhexidine is the result
of its ionic interaction with the negatively charged
bacterial cell surfaces, causing cell wall damage,
enzymatic inhibition, and irreversible loss of cyto-
plasmic content (176). An important property of
chlorhexidine is its substantivity (179–182), which
permits a sustained residual effect without causing
microbial resistance (177, 182).

The use of calcium hydroxide in combina-
tion with chlorhexidine has been investigated
as an intracanal medication (17, 23, 77, 82, 83,
115, 182–186). Although chlorhexidine alone is
not capable to inactivate the bacterial endotoxin
(53, 58, 95, 187) and dissolve necrotic tissues
(188), such a combination could produce a synergic
antimicrobial effect (7, 77, 171, 183) and increase the
antimicrobial action of themedication against resis-
tant microorganisms (7, 71, 172, 189–192). Even
at low concentrations, the efficacy of chlorhexi-
dine against the most prevalent microorganisms
in endodontic infections has been demonstrated
(193). The potential additional benefits of this com-
bination for the root canal treatment of teeth with
chronic apical periodontitis has raised scientific
interest and has been investigated in-vitro, ex-vivo,
and in-vivo (23, 115, 171, 183, 190, 194).

On the other hand, it has been demonstrated that
the addition of chlorhexidine does not increase the
antimicrobial capacity of calcium hydroxide pastes
(195), although the antimicrobial activity of calcium
hydroxide is not affected. Ercan et al. compared the
in-vitro antimicrobial activity of calcium hydrox-
ide p.a. in combination as well as alone with 2%
chlorhexidine against E. faecalis and concluded that
chlorhexidine alone was significantly more effec-
tive than when combined with calcium hydroxide
(184).

In this regard, a reasonable question to be posed
could be why the antimicrobial activity of calcium
hydroxide is maintained and the antimicrobial
activity of chlorhexidine is reduced when these
materials are combined in a single medication. A
possible answer could be related to the fact that
the antimicrobial properties of calcium hydroxide
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are directly related to its pH (196, 197), that is, its
capacity to release hydroxyl ions. According to
Haenni et al., the pH of the paste is not altered
with the addition of chlorhexidine because calcium
hydroxide is a highly alkaline substance (195). The
combination of materials does not cause alterations
on ion release, maintaining the alkaline pH and,
consequently, calcium hydroxide’s antimicrobial
activity. On the other hand, the combination with
calcium hydroxide (pH ∼12.5) inhibits the antimi-
crobial activity of chlorhexidine probably because
this bisbiguanide is deprotonated at pH 10 or
higher, which results in the reduction of solubility
and alterations on the interactionwith themicrobial
surfaces because of changes on molecule charge
(198). According to Gomes et al., the antimicrobial
action of chlorhexidine is reduced when it is com-
bined with calcium hydroxide possibly because of
chlorhexidine precipitation at high pH conditions
(199). Further physicochemical and antimicrobial
studies are required to elucidate the mechanism
involved in the potential loss of chlorhexi-
dine efficacy when combined with calcium
hydroxide.

An important and conflicting aspect refers to the
toxicity of chlorhexidine used alone as an intra-
canal medication. Although some authors have
claimed that chlorhexidine presents low toxicity
(170, 200) and beneficial effects (201–203), not
affecting collagen synthesis or surgical wound
repair, other authors have reported that chlorhex-
idine presents toxic effects to various cell types,
according to its concentration (82, 83, 204–206).
Delay of granulation tissue formation (207), induc-
tion of microcirculatory alterations (208), and delay
of tissue repair (209–211) have also been associ-
ated with the use of chlorhexidine. Some studies
have demonstrated that subcutaneous injection of
chlorhexidine at different concentrations induced
inflammatory tissue reactions (200, 212).

There have also been reports that the use of
chlorhexidine intracanal medication could affect
protein synthesis (213, 214) and cell prolifera-
tion (215) at different levels; cause endoplasmic
reticulum (ER) stress as a consequence of protein
accumulation in the ER cisterns; induce apoptotic
or necrotic cell death via ER stress; and increase
cellular stress-related protein expression (216).

It should be emphasized that these effects are
dose-dependent (211). In a previous study, the

addition of 0.4% chlorhexidine to a commercial cal-
cium hydroxide paste (Calen paste) did not result
in immunostimulatory effects, with no increase of
nitric oxide (NO) production and consequently no
cytotoxicity (82). Nevertheless, in another study,
the same calcium hydroxide paste added with
0.4% chlorhexidine did not increase the osteogenic
potential (83).

Regarding tissue compatibility, the use of a
calcium hydroxide and 1% chlorhexidine paste
as intracanal medication resulted in a significant
reduction in the mean size of the radiographic
image and improvement in the histopathological
healing of apical radiolucent images in comparison
with single-session endodontic treatment of dog’s
teeth. However, although the use of this paste
provided remarkably better results compared with
the completion of root canal treatment in a single
session, some adverse effects associated with the
chlorhexidine concentration (1%) in the paste were
observed (115).

The results of studies obtained so far indicate
that the incorporation of chlorhexidine to cal-
cium hydroxide-based intracanal medications does
not offer any additional beneficial effects and is
therefore unnecessary.

Triple antibiotic paste

Antibiotics have been used as intracanal med-
ication in root canal treatment since the 1950s
(217). However, local application of antibiotics in
endodontics has been restricted because of the
polymicrobial nature of apical alterations and the
risks of adverse effects, such as hypersensitivity,
toxicity, development of microbial resistance, and
favorable conditions for fungal growth (218–220).
In spite of this, the interest for using a combi-
nation of antibiotics as an intracanal medication
has reemerged with the introduction of a paste
containing three antibiotics. It has appeared as an
alternative conservative treatment option, espe-
cially in young permanent teeth with immature
roots, for root canal disinfection (221, 222), and
revascularization of necrotic pulps (223–227).

The triple antibiotic regimen was first tested
in-vitro by Sato et al. (228) followed by Hoshino
et al. (229). The so-called triple antibiotic paste
is prepared by mixing 20 mg of ciprofloxacin,
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minocycline, and metronidazole antibiotics with
sterile distilled water and is used as an intracanal
medication usually for 2 weeks (221).

Despite the recognized antimicrobial activity
of this paste (3, 230), it should be emphasized
that the use of antibiotic-based intracanal medi-
cations may result in clinical and biological side
effects, including crown darkening (225, 231, 232)
(Figure 13.11), development of microbial resistance
(233) and allergic reactions (234–236). In addition,
minocycline, one of the active components of the
triple antibiotic paste, has been associated with
angiogenesis inhibition (237, 238).

It should also be considered that the use of the
triple antibiotic paste is based fundamentally on
the reports of clinical cases in immature teeth with
pulp necrosis (224, 226, 227) and mature teeth with
pulp necrosis and extensive apical periodontitis
in which conventional intracanal medication had
failed (239–241).

As emphasized by Mohammadi (220) in a liter-
ature review article, indication of any medication
should be preceded by evaluation of whether
the expected benefits outweigh the risks involved
(242). Despite the claimed clinical and radiographic
success and possible undesirable side effects, few
histopathological studies have evaluated tissue
compatibility of the triple antibiotic paste (243,
244).

Yoshiba et al. (243) evaluatedpulp tissue response
to the combination of tricalcium phosphate and
triple antibiotic paste in cavities prepared in mon-
key’s teeth (whether they were left exposed or
not) to the oral cavity for 24 h. After 4 weeks, a
well-defined inflammatory infiltrate was observed
without evidence of mineralized tissue deposition

Figure 13.11 Crown discoloration as the result of a
revascularization procedure performed with triantibiotic
intracanal medication.

in all teeth, regardless of the exposure to microbial
contamination. This indicates that the paste pro-
moted an effective disinfection of the pulp tissue,
without destroying the healthy tissue. However,
mineralized tissue formation was delayed by the
mixture of antibiotics, compared with the use of a
calcium hydroxide paste.

Silva et al. (244) evaluated in-vivo the apical and
apical repair in immature dog’s teeth with exper-
imentally induced apical periodontitis after root
canal instrumentation and intracanal medication
with the triple antibiotic paste compared with the
use of EndoVac. The authors found a significantly
more intense inflammatory cell infiltrate and a less
advanced repair process when the paste was used
(Figure 13.12a,b).

A recent study tested the hypothesis that intra-
canal medications at high concentrations would be
toxic to the human stem cells of the apical papilla
(245). The authors concluded that the antibiotics at
high concentrations present in the triple antibiotic
paste had a detrimental effect on cell survival and
that calcium hydroxide at all tested concentrations
was conducive with the survival and proliferation
of the human stem cells of the apical papilla. These
results reinforce the importance of using intracanal
medications at concentrations that produce a bac-
tericidal effect without harming the dental papilla
stem cells in order to permit regenerative endodon-
tic procedures. It seems reasonable to assume that
as root canal disinfection can be achieved with the
use of biological medications that do not cause side
effects, the use of the triple antibiotic paste is unde-
sirable and unnecessary.

Tricresol formalin/formocresol

Tricresol formalin is a formaldehyde and cresol-
based compound that, because of its chemical
bond with proteins, has a bactericidal action but
is also a highly irritating substance to live tissues.
This medication acts both by direct contact and at
distance, reaching the apical tissues and causing
adverse reactions. Formaldehyde recognizably
causes strong harmful effects in contact with the
cells (246).

Although formaldehyde-based materials had
been largely used in dentistry, the International
Agency for Research on Cancer (IARC), a branch of
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(a) (b)

Figure 13.12 Intense inflammatory cell infiltrate in apical periodontitis of immature teeth after intracanal medication with the
triple antibiotic paste (a, b). Hematoxilin and eosin.

the World Health Organization, issued an official

statement in June 2004 classifying formaldehyde as

definitely carcinogenic to humans, contraindicat-

ing its use in contact with live tissues, supported

by research-based evidence evaluated by 26

researchers from 10 countries (247). In June 2011,

the National Toxicology Program—Report on Car-

cinogens stated that “formaldehyde is known to be

a human carcinogen based on sufficient evidence

of carcinogenicity from studies in humans and

supporting data on mechanisms of carcinogene-

sis.” These data suggest that the use of tricresol

formalin and formocresol should be discontinued,

as proposed by Lewis (248).

In addition, the clinical use of formocresol

for pulpotomy in children causes chromosomal

breaks (isochromatid gaps, chromatid breaks,

isochromatid breaks, total aberrations, and other

chromosomal alterations). In view of these results,

and considering that genotoxicity is cumulative

with age and that pulpotomies are usually per-

formed in very young patients aged 5–10 years,

these children might be more vulnerable to future

health hazards, and thus caution is advised for

the use of formocresol in pediatric dentistry (249).

Therefore, although formocresol and its deriva-

tives have been used as intracanal medications for

a long time, they should no longer be indicated

because of their systemic distribution and their

potential adverse effects such as allergies and

carcinogenesis (2).

Root canal disinfection—future
perspectives

New techniques have been proposed to promote
a synergic effect to the use of sodium hypochlo-
rite during biomechanical canal preparation in
permanent and primary teeth, among which
Antimicrobial Photodynamic Therapy (APDT) and
Drug Delivery Systems stand out.

Antimicrobial photodynamic therapy
(APDT)

aPDT, also known as Light-Activated Disinfection
(LAD), Antimicrobial Photodynamic Chemother-
apy and Photoactivated Disinfection, involves the
irradiation of a nontoxic light-sensitive compound
(known as photosensitizer) with a light of specific
wavelength matched to the peak absorption of
the photosensitizer, which is applied on the target
tissue. Absorption of light by the photosensitizer
results in conversion of existing oxygen into reac-
tive oxygen species, such as singlet oxygen, which
are highly reactive and act at different sites of the
bacteria, such as nucleic acids, plasma membrane
proteins, and cell wall, causing irreversible damage
that leads to their death (250–252). This photody-
namic inactivation mechanism results in a broad
spectrum of antimicrobial action and low risk of
microbial resistance development (253).

The most frequently used light sources are laser
and light-emitting diode (LED) (254–258), while
the most common photosensitizing drugs used in
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aPDT are toluidine blue (256), methylene blue (253,

259), phenothiazine chloride (257), erythrosine or

tetraiodide fluorescein (260, 261), malachite green

or aniline green (262, 263), and rose Bengal (261,

264).

There is not yet any standardization in the litera-

ture with respect to the type of light source or to the

type and concentration of photosensitizing drugs,

as few studies have investigated their effects on

the wide range of microorganisms. A recent study

(262) evaluating oxygen singlet production and

Streptococcus mutans viability after exposure to six

photosensitizing drugs and two light sources found

varied levels of antimicrobial action, with better

photodynamic inactivation of the microorganism

with toluidine blue and malachite green.

Vilela et al. (263) have demonstrated that mala-

chite green, toluidine blue, and methylene blue

photosensitizers can have different actions on

the photodynamic inactivation of Staphylococcus
aureus and Escherichia coli, depending on drug

concentration during therapy. In addition, aPDT

efficacy could be affected by the presence of tissue

inhibitors (265). Shrestha and Kishen (253) inves-

tigated the antimicrobial action of aPDT using

methylene blue and rose Bengal photosensitizers

on culture medium containing E. faecalis and in the

presence of various tissue inhibitors such as dentin,

dentin matrix, pulp tissue rests, and bacterial endo-

toxin. These authors observed that although aPDT

was more effective using methylene blue pho-

tosensitizer than rose Bengal, the photodynamic

inactivation in both protocols was reduced in the

presence of tissue inhibitors.

Photosensitizing drugs should also present high

selectivity to eliminate microorganisms without

causing deleterious effect to the viability of host’s

cells (256, 266). Goulart et al. (264) demonstrated

that aPDT using rose Bengal photosensitizer

caused a substantial decrease of Aggregatibacter
actinomycetemcomitans viability in planktonic and

biofilm cultures, without affecting the viability

of gingival fibroblasts. On the other hand, while

this photosensitizer was efficient to eliminate S.
aureus, it also caused morphological alterations

and reduced the viability of neutrophils. These

side effects were not observed when methylene

blue and toluidine blue photosensitizers were

used (259).

The aPDT has been used for the photokilling of
bacteria in several areas of Dentistry as an adjuvant
in the treatment of Candida albicans infections (267),
oral carcinomas (268), caries lesions (269, 270),
periodontal disease (271, 272), and peri-implantitis
(273). In endodontics, aPDT has been widely tested
in-vitro and in-vivo for root canal disinfection as
an adjuvant to the standard endodontic treatment,
with promising and encouraging preliminary
results (253–258, 274, 275). In a recent study in
dog’s teeth (257), it was observed that although
the expected apical closure by mineralized tis-
sue deposition was not achieved, the absence of
inflammatory cells, moderate neoangiogenesis, and
fibrogenesis in the periapex of teeth subjected to
aPDT suggests that this can be a promising supple-
mental therapy to cleaning and shaping procedures
in teeth with pulp necrosis and apical peri-
odontitis subjected to single-session endodontic
treatment.

There is also no consensus on the type of light
source to be used for activating the photosensitiz-
ing drug, and different devices are used, including
light-curing units. Recent studies have evaluated a
system developed for photodynamic applications,
consisting of a red LED system to be used with
a specific photosensitizer, and found adjunctive
effects of aPDT in periodontal treatment (276) and
lack of cytotoxicity to human periodontal ligament
fibroblasts (277).

As shown above, although recent studies have
demonstrated the efficacy of aPDT as an adjuvant
to the standard root canal treatment, further studies
are required to establish parameters such as type,
intensity, and wavelength of the light source, type
and concentration of the photosensitizer, and appli-
cation time, in order to obtain an effective antimi-
crobial activity without damage to the host’s cells
and tissues.

Drug delivery systems

Drug delivery systems (DDS) have been used
widely to increase the pharmacological effect of
different drugs, reducing their side effects as,
in most forms of administrations, only a small
amount of the administered dose actually reaches
the infected target site, while the majority of the
drug distributes throughout the rest of the body
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according to its physicochemical properties (278).
For this reason, nanoparticles, solid polymer, and
colloidal particles with diameters ranging from 1
to 1000 nm have been evaluated as drug carriers
in root canal disinfection procedures. Natural or
synthetic polymers can be used for the fabrica-
tion of nanoparticles and can be denominated
nanospheres or nanocapsules, depending on the
preparation process (278). Nanoparticles can be
introduced into the dentinal tubules during root
canal treatment by ultrasound activation (253, 279).

Biodegradable polymer nanoparticles present
advantages over conventional materials, such as
broad spectrum of antimicrobial activity, tissue
compatibility, and long-term stability (253, 280,
281).

Currently, chitosan nanoparticles stand out
among the most employed nanoparticles. Chi-
tosan is a natural water-soluble polymer, coming
from the deacetylation of chitin, which is obtained
mainly from the exoskeleton of crabs, shrimps,
and lobsters, but is also found in some fungi
and yeasts. This polysaccharide combines ideal
properties of a drug carrier, namely tissue compat-
ibility, biodegradability, bioadhesion, no toxicity
to the human body, and low cost. Because of these
properties, chitosan has been widely explored for
pharmacological applications (278, 282), namely
parenteral administration of antifungal drugs and
vaccines, administration of insulin, and is also
applicable for mucosal routes of administration,
that is, oral, nasal, and ocular mucosa, which are
noninvasive routes (278). Its mechanism of action
consists of an electrostatic interaction with the bac-
terialwall, which increasesmembrane permeability
and results in the release of cellular components,
which culminate in the death of bacteria (253, 283).

It is well accepted in dentistry that nanoparticles
are effective drug carriers against the most preva-
lent microorganisms in endodontic infections, such
as E. faecalis (281, 284, 285). In addition to increasing
the antimicrobial activity, chitosan nanoparticles do
not alter the physical properties of the materials,
which they are incorporated to, like zinc oxide and
eugenol and mineral trioxide aggregate (284, 286).

In this regard, Lee et al. (287) evaluated the use
of chitosan nanoparticles to assist in the sustained
release of chlorhexidine in the root canal system,
thereby demonstrating that this is a promising com-
bination of materials for more effective root canal

disinfection. Ballal et al. (288) evaluated calcium ion
release and pH alteration after calcium hydroxide
was incorporated into chitosan nanoparticles in
extracted human teeth 30 days after root canal
filling. From the obtained results, those authors
concluded that the chitosan nanoparticles used as
calcium hydroxide carriers were able to provide a
slow release of calcium ions for a prolonged period
of time and maintain an adequate pH. As chitosan
has various other biological properties, it could be
a promising vehicle for calcium hydroxide-based
materials for the sustained release of calcium ions
in the root canal system.

The use of nanoparticles that composed of poly
(D,L-lactic-co-glycolic acid) (PLGA) copolymers
has also been evaluated for root canal disinfec-
tion during endodontic treatment. This carrier is
quite a promising bioabsorbable polymer because
it undergoes hydrolytic degradation, generating
products that are absorbed by the body, such as
lactic and glycolic acids. PLGA nanoparticles have
low toxicity, low allergenic potential, and excellent
tissue compatibility (289–295). In the same way
as chitosan nanoparticles, the efficacy of PLGA
nanoparticles as carriers of materials to reach the
entire root canal system has been demonstrated
(285, 287, 295). However, like aPDT, their antimi-
crobial activity may be influenced in different
ways by the presence of tissue inhibitors, such
as dentin, pulp tissue, dentin matrix, and bovine
serum albumin (BSA) remnants (253).
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Introduction

Inactivating biofilm bacteria and their by-product
in the root canal systems is one of the main goals
in root canal disinfection. In this context, bacte-
ria existing as a biofilm pose a major challenge
as they confer them greater immunity against
antimicrobials and disinfectants (Figures 14.1 and
14.2). Disruption of the biofilm polymeric struc-
ture and killing of the resident microbes would
provide a comprehensive approach in improving
root canal system disinfection. Different antimi-
crobials and/or treatment strategies either single
or in combination could be applied to eliminate
biofilms (Figure 14.3). It includes the application of
antimicrobials that (i) produces slow destruction of
the biofilm structure, (ii) destroys persister cell or
quorum sensing signals in a biofilm, (iii) diffuses

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

into the biofilm structure producing biofilm bacte-
rial killing, (iv) is used in combination with other
strategies that enhance its diffusion into the biofilm
structure, and (v) destroys both the biofilm matrix
and resident bacteria in a biofilm structure (1).

Recently, antibiofilm strategies are also directed
toward preventing biofilm formation. Toward this
purpose, biomaterial surfaces are modified with
chemicals or surface preparations to hinder bacte-
rial adherence and subsequently biofilm formation
(3, 4). Considering the nature of challenges offered
by the root canal environment and microbes, ideal
disinfection strategies should eliminate the biofilm
structure and destroy the resident bacteria com-
pletely even from the uninstrumented portions and
anatomical complexities of the root canal system.
During this process, it is crucial that the therapeutic
method does not cause any physical, mechanical,
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Surface (biotic or inert)

1

2

3

4

5

Biofilms resist antimicrobials due to
1. Decreased penetration: presence of extracellular polysaccharide
2. Decreased efficacy: altered environment (low O2)

3. Trapped and destroyed by the enzymes
4. Expression of genes: efflux pumps
5. Inactive: Persister cells

Actively growing biofilm bacteria on the surface
   Biofilm persister bacteria

Antimicrobials
Antimicrobial neutralizing enzyme 

Figure 14.1 Schematic diagram showing
different methods by which bacteria in a biofilm
gain resistance against antimicrobials.

(a) (b)

Figure 14.2 Histopathologic evaluation of a root-end section from a retreatment case with symptoms of persistent infection. (a)
The overview of the mesiobuccal root tip. Three ramifications are present. Soft tissue does not appear in close contact with the
root tip. This is an artifact caused by partial detachment during surgical procedure (Taylor’s modified Brown and Brenn, original
magnification ×25). (b) Ramification on the right side in (arrow). Its lumen is filled with a large biofilm arranged against
inflammatory cells (Taylor’s modified Brown and Brenn, original magnification×400). (Ricucci et al. (2). Reproduced with
permission of Elsevier.)

and/or chemical changes to the root dentin.

Moreover, inadvertent seepage of antimicrobials

into the apical region should not cause cytotoxic

effects in the apical tissues. Different emerging

disinfection methods that are developed and tested

in endodontics are discussed in this chapter.

Antibacterial nanoparticles
Nanoparticles are particles with at least three of
its external dimensions in the nanoscale. Typically
nanoscale size ranges from 1 to 100 nm.

The quantum size effect of nanoparticles pro-
vides them unique physicochemical properties
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that are different from their bulk or powder coun-
terparts. One of the key features of antibacterial
nanoparticles is the broad spectrum of antimicro-
bial activity and far lower propensity to induce
microbial resistance than antibiotics. The antibac-
terial activity of nanoparticles also depends on
the material (i.e., organic/polymeric or inor-
ganic/metallic), size/surface area, and charge
density (5). The electrostatic interaction between
positively charged nanoparticles and negatively
charged bacterial cells and the accumulation of
large number of nanoparticles on the bacterial
cell membrane has been associated with the loss
of membrane permeability and rapid loss of
membrane function.

Heavy metal ions are known to have different
effects on bacterial cell functions (6–8). Copper
ions induced oxidative stresses (9) and affected the
redox cycling, resulting in cell membrane andDNA
damages. Zinc ions, above the essential threshold
level, inhibited bacterial enzymes including dehy-
drogenase, which in turn impeded the metabolic
activity (10). Silver ions inactivated proteins and
inhibited the ability of DNA to replicate (11).
Metallic nanoparticles synthesized from powders
of silver (Ag), copper oxide (CuO), and zinc oxide

(ZnO) are currently used for their antimicrobial
activity (12).

The initial interaction of microorganism with a
tissue or biomaterial surface is adherence and is
recognized to be an important step in the estab-
lishment of biofilm-mediated infections (13–15).
Bacterial adherence experiments have highlighted
that endodontic irrigants reduced the posttreat-
ment adherence of Enterococcus faecalis to root
dentin. Nevertheless, chemicals that alter the
physicochemical properties of dentin may influ-
ence the nature of bacterial adherence and adhesion
force to dentin. Final irrigation with ethylenedi-
aminetetraaceticacid (EDTA) following sodium
hypochlorite (5.2%) produced minimum reduction
(33%) in the bacterial adherence to root dentin.
EDTA (17%, pH 7.3) after 5min application pro-
duced 20–30 μmzone of demineralization in dentin
(16, 17). The exposed collagen fibers in this dem-
ineralized dentin served as an excellent substrate
for the binding of E. faecalis. Thus care should
be practiced to flush the root canal with sodium
hypochlorite as the final irrigant to minimize the
propensity of bacterial adherence (18, 19).

The quantum size effect of nanoparticles permits
them to exhibit superior interaction with bacteria
and dentin substrate. When cationic nanoparticles
in an aqueous suspension are allowed to settle onto
dentin surface, they adhered to the dentin surface
by electrostatic interaction. Although this inter-
action between nanoparticles and dentin is weak
and easily disrupted, they can impede bacterial
recolonization and biofilm formation (18). Differ-
ent studies pertaining to the use of nanoparticles
for root canal disinfection has been summarized
in Table 14.1 (3, 20–26). Among the polymeric
nanoparticles, chitosan has been researched exten-
sively owing to its excellent antimicrobial and
antifungal activities. Chitosan is a natural nontoxic
polymer derived by the deacetylation of chitin.
Though the exact mechanisms of antibacterial
action of chitosan and its derivatives are still not
vivid, the electrostatic interaction between the
positively charged chitosan nanoparticles and
negatively charged bacterial cell membrane is
believed to alter bacterial cell permeability and
loss of function (27). A recent study examined the
antimicrobial properties of ZnO and resin based
root canal sealers loaded with chitosan and ZnO
nanoparticles (3). This study highlighted that the
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Table 14.1 Summary of relevant studies carried out using antimicrobial nanoparticles in endodontics.

No Author/date Objectives and materials Methodology Conclusion

1 Waltimo et al. (2007) To test the hypothesis that
nanometric bioactive
glass 45S5 releases more
alkaline species, and
consequently has a better
antimicrobial effect, than
the currently available
micron-sized 45S5
bioactive glass

Ionic dissolution profiles
were monitored in
simulated body fluid.
Antimicrobial efficacy
was assessed against
clinical isolates of E.
faecalis (planktonic form)

Micron to nanosize
treatment materials afforded
a 10-fold increase in silica
release and solution pH

Substantially increased
killing efficacy

2 Kishen et al. (2008) (1) To investigate the
physical and antibacterial
properties of different
nanoparticulates and
nanoparticulates-mixed
zinc oxide-
eugenol-based
endodontic sealer

(2) To examine the ability
of different
nanoparticulates-treated
dentin to prevent
adherence of E. faecalis

E. faecalis in planktonic

Zinc oxide
nanoparticulates, chitosan
(CS) nanoparticulates, a
mixture of zinc oxide and
CS nanoparticulates, and
zinc oxide
nanoparticulates with
multilayered coating of
CS were tested

Significant reduction in the
adherence of Enterococcus
faecalis to
nanoparticulates-treated
dentin

CS-highest antibacterial

Combination-highest
leaching property

3 Waltimo et al. (2009) To assess the continuous
release of alkaline species
and antibacterial effect of
Bioactive
glass-Nano/Micron
combination

Antimicrobial
effectiveness was tested in
extracted human
premolars mono-infected
with 3 weeks old E.
faecalis biofilm

Nano BAG did not show
any antibacterial efficacy

4 Mortazavi et al. (2010) To evaluate the
antibacterial effect of
bioactive glass
nanopowders (58S, 63S,
and 72S) of different size
and compositions

The antibacterial activity
was studied using
Escherichia coli,
Pseudomonas aeruginosa,
Salmonella typhi, and
Staphylococcus aureus.
Cytotoxicity of the
samples was evaluated
using mouse fibroblast
L929 cell line

Antibacterial activity
decreased with decrease in
size and showed no
cytotoxicity

5 Pagonis et al. (2010) To study the in-vitro
effects of
poly(lactic-co-glycolic
acid) (PLGA)
nanoparticles loaded with
the photosensitizer
methylene blue (MB) and
light against Enterococcus
faecalis (ATCC 29212)

3 days old E. faecalis
biofilm in root canals

E. faecalis species were
sensitized in planktonic
phase and in
experimentally infected
root canals of human
extracted teeth with
MB-loaded nanoparticles

Significant reduction of
biofilm

Colony forming units (CFU)
levels were significantly
lower than controls and
MB-loaded nanoparticles
without light PLGA
nanoparticles encapsulated
with photoactive drugs may
be a promising adjunct in
antimicrobial endodontic
treatment
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Table 14.1 (Continued)

No Author/date Objectives and materials Methodology Conclusion

6 Chogle et al. (2011) To evaluate two
nanoparticle-enhanced
polymer root-end filling
materials (NERP1 and
NERP2) on the initial
apical seal as compared
to a polymer-based
commercial compomer

C18 organoclay

Dual-chamber leakage
apparatus and inoculated
coronally with
Enterococcus faecalis

Turbidity of the apical
broth was assessed daily
for 4 weeks as a sign of
initial leakage

The addition of
C18-nanoparticles to a
monomer matrix
significantly reduced apical
microleakage in an in-vitro
environment

7 Shrestha (Kishen*) et al.
(2010)

To test (1) the efficacy of
chitosan (CS-np) and zinc
oxide (ZnO-np) in
disinfecting and
disrupting biofilm
bacteria and (2) the
long-term efficacy of
these nanoparticulates
following aging

E. faecalis in planktonic
and biofilms

• Total elimination of
planktonic

• Significant reduction of
biofilms

• Retained antibacterial
property after aging

8 Shrestha and Kishen
(2012)

CS in the presence of
tissue inhibitors

E. faecalis in planktonic Pulp and bovine serum
albumin (BSA) significantly
inhibited the antibacterial
effect

addition of antibacterial nanoparticles in root canal

sealers would improve the direct (based on direct

antibacterial assay) and diffusible antibacterial

effects (based on a membrane-restricted antibac-

terial assay) in root canal sealers. Studies also

showed that the application of chitosan nanopar-

ticles reduced the adherence of E. faecalis to root

dentin.

Root dentin treated with chlorhexidine and

subsequently with nanoparticulate showed the

maximum reduction (97%) in bacterial adher-

ence (3). Antibacterial substantivity have been

highlighted after using 2% chlorhexidine gel (28);

however, chlorhexidine did not entirely remove

bacteria from the dentinal tubules of teeth that

were infected with E. faecalis (29). Addition of

nanoparticles into the root canal sealers showed

improved antibacterial property and did not affect

the flow characteristics of the root canal sealer.

Also, ZnO nanoparticles were able to diffuse out

from the sealer and exert antibacterial activity,

which is definitely advantageous in a posttreated

root canal environment (3). These polymeric and

metallic nanoparticles were also able to eliminate

bacterial biofilm and withstand the effect of aging

for 90 days (conditioningwith tissue fluids) on their

antibacterial properties. The planktonic E. faecalis
were totally eliminated in contrast to the biofilm

bacteria. Longer duration of interaction and higher

concentration of nanoparticles were required to

reduce the biofilm bacteria in significant numbers

(Figure 14.4) (22).

Microparticles and nanoparticles of bioactive

glass received considerable interest in root canal

disinfection following its antibacterial proper-

ties. The bioactive glass consists of SiO2, Na2O,

CaO2, and P2O5 at different concentrations. The

antibacterial mechanism of bioactive glass has

been attributed to a combination of several factors

such as (i) high pH, (ii) increase in osmotic effects,

and (iii) Ca/P precipitation (30). The feasibility of

using bioactive glass for root canal disinfection has

been tested in-vitro (31–33). However, bioactive

glass showed shortcomings such as significantly

less antibacterial effect when compared with cal-

cium hydroxide (32) and ineffective in preventing
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(a) (b)

(c) (d)

(e) (f)

Figure 14.4 The three-dimensional confocal laser scanning microscopy (CLSM) reconstruction of Enterococcus faecalis (ATCC
29212) biofilm (a, b) and after treatment with antibacterial ZnO-np (c, d) and CS-np (e, f). The number of live bacterial cells was
reduced significantly, and the three-dimensional structure was also disrupted. (b, d, and f show the sagittal sections of the biofilm
structure) (original magnification, 60×). (Shrestha et al. (22). Reproduced with permission of Elsevier.)

recontamination of instrumented root canals (31).

45S5 bioactive glass suspensions/slurries for root

canal disinfection should combine the ability to

induce high pH with the capacity to continuously

release alkaline species (21).

The bioactive glass nanometric slurry with

a 12-fold higher specific surface area than the

micrometric counterpart was expected to possess

better antibacterial properties. Nevertheless, the

microparticles of bioactive glass produced consid-

erably higher alkalinity and antimicrobial efficacy

and this did not support the previous report by

the same group that showed higher antibacterial

efficacy with the shift from micron- to nanosized

treatment materials (20). In another related applica-

tion, bioactive glass was used to promote mineral

deposition within the root canal, which could

ultimately replace the use of endodontic sealers.

Toward this end, a combination of polyisoprene or

polycaprolactone and nanometric bioactive glass

45S5 was employed. Incorporation of bioactive

glass fillers into polyisoprene and polycaprolac-

tone rendered the resulting composite material

bioactive and permitted improved mineraliza-

tion (34). These initial observations need further

research to apply the composite of polyisoprene,

polycaprolactone, and bioactive glass as a “single”

root canal filling material.
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The studies so far showed that most tested
nanoparticles possess high antibacterial proper-
ties when compared to their powder counterpart.
Though they have the ability to diffuse antimi-
crobial components deep into the dentin tissue,
additional research is needed to study their ability
to inactivate bacterial biofilms in the anatomical
complexities and uninstrumented portion of the
root canal system. Their interaction with host
tissues/immune cells also requires further inves-
tigations. Nevertheless, the successful application
of nanoparticles in endodontic disinfection will
depend on both the effectiveness of antimicrobial
nanoparticles and the delivery method used within
the root canal system.

Antimicrobial photodynamic therapy

Photodynamic therapy applies a photosensitizer,
that is, a light sensitive chemical at extremely low
and nontoxic concentration, which, when activated
with a specific wavelength of light, produces acti-
vated oxygen radicals that cause toxic effects on
the bacterial cells.

Antimicrobial Photodynamic Therapy (APDT)
involves two specific steps for achieving disinfec-
tion. Step-1 is the photosensitization of the infected
tissue with photosensitizer to allow uptake into the
bacterial cells and Step-2 is the irradiation of the
photosensitized tissue to result in the destruction
of bacteria and infected tissue. The light should be
at a specific wavelength, which corresponds to the
absorption wavelength of the photosensitizer used.
The photosensitizer in the triplet state is extremely
reactive, which reacts further by one or both of the
following pathways to destroy the cell. (1) Type I
reaction: the photosensitizer triplet state can react
with a target, other than oxygen by hydrogen or
electron transfer resulting in radical ions that can
react with oxygen, yielding cytotoxic species such
as hydrogen peroxide, superoxide anion, hydroxyl,
and lipid derived radicals. (2) Type II reaction: the
photosensitizer triplet state can transfer the exci-
tation energy to ground state molecular oxygen
to produce excited state singlet oxygen (1O2) (35)
(Figure 14.5).

Singlet oxygen is a strong oxidizing agent and
thus highly reactive, with a lifetime of less than
0.04 μs in a biological environment and a radius of

action of less than 0.02 μm (36). The reactions of

singlet oxygen with the cellular targets lead to cell

death. The two basic mechanisms that have been

proposed to account for this lethal damage to the

bacterial cell are DNA damage and cytoplasmic

membrane damage. APDT on gram-positive and

gram-negative bacteria have reported breaks in

both single and double-stranded DNA and the

disappearance of the plasmid supercoiled fraction

(37, 38). Previous studies have shown that the

photo-oxidative effect caused by phenothiazinium

photosensitizer in bacteria could lead to damage

of multiple targets in bacterial cells such as DNA

(37), membrane integrity (39), protease activity,

and lipopolysaccharide (LPS) (40). George and

Kishen (41) reported functional impairment of cell

wall, extensive damage to chromosomal DNA,

and degradation of membrane proteins following

methylene blue mediated APDT of E. faecalis. These
findings support the hypothesis that APDT can be

a feasible alternative to antibiotics as the mode

of action is markedly different from that of most

antibiotics.

In endodontic literature, Meire et al. (42) and

George and Kishen (43, 44) used APDT to enhance

the root canal disinfection. They showed that

biofilms of E. faecalis could be effectively killed by

APDTwith photosensitizer such as methylene blue

and toluidine blue O (TBO) along with red light.

Soukos et al. (45) conducted APDT experiments

on a range of endodontic pathogens (methylene

blue as photosensitizer) and reported complete

elimination of all bacteria except E. faecalis (53%).

In yet another study, significant antibacterial effect

on suspensions of Streptococcus intermedius, Pep-
tostreptococcus micros, Prevotella intermedia, and

Fusobacterium nucleatumwere reported by Williams

et al. (46) following APDT with TBO and red light.

Some of the tissue specific challenging factors in the

application of APDT for endodontic disinfection

are the penetration of the activating light energy

into the infected tissue, penetration of optimum

photosensitizer concentration into the infected tis-

sue, limited availability of environmental oxygen

in the infected tissue, the ability of excess photo-

sensitizer to induce discoloration of dentin, and

reduction or neutralization of antimicrobial activ-

ities following the presence of tissue and serum

within the root canals.
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Figure 14.5 Schematic diagram of possible mechanism of photodynamic therapy where the excited photosensitizer (PS) after
light irradiation could follow different pathways to return to its stable ground state. The PS on photoactivation absorbs a photon
and goes to the excited singlet state (S1). The S1 can come back to the ground state by releasing fluorescence or relax back to
excited-triplet PS state (T1). The long-lived T1 state can phosphoresce and come back to S0. Or else T1 can interact with
molecular oxygen following two specific pathways Type I and Type II mechanism, resulting in the generation of reactive oxygen
species or singlet oxygen, respectively. The singlet oxygen generated in Type II mechanism then interacts with biomolecules to
produce the resultant PDT effect (photoproduct).

In an approach to improve the antimicrobial

efficacy of APDT in root canal system (tissue

specific approach), George and Kishen dissolved

methylene blue in different formulations: water,

70% glycerol, 70% polyethylene glycol, and a

mixture of glycerol:ethanol:water (MIX) in a ratio

of 30:20:50, and analyzed for the photophysical,

photochemical, and photobiological characteristics

(43). They showed that aggregation of methylene

blue molecules was significantly higher in water

when compared to other formulations. Other than

this, the MIX based methylene blue formulation

had effective penetration into dentinal tubules,

enhanced singlet oxygen generation, which in

turn improved bactericidal action. A significantly

higher impairment of bacterial cell wall and exten-

sive damage to chromosomal DNA was observed

when methylene blue in a MIX based formulation

was used, when compared to water (41). The same

group also showed that the incorporation of an

oxidizer and oxygen carrier with photosensitizer

formulation in the form of an emulsion would

produce significant photo-oxidation capabilities,

which in turn facilitated comprehensive disruption

of matured endodontic biofilm structure (44).

The selectivity of APDT toward microbial cells

elimination over host cells, at the suggested pho-

tosensitization periods and light fluence, presents

itself as a preferable choice among antibacterial

alternatives. Soukos et al. compared the effect of

APDT using a combination of TBO and red light

against Streptococcus sanguis and human gingival

keratinocytes and fibroblasts. They reported no

reduction in the human cell viability whereas the

bacteria were effectively killed (47). Soncin et al.
reported the selective killing of Staphylococcus
aureus over human fibroblasts and keratinocytes

(four to sixfold) when subjected to APDT using

cationic pthalocyanine and relatively low light flu-

encies (48). George and Kishen (49) demonstrated

a 97.7% killing of E. faecalis compared to a 30%

human fibroblast dysfunction following methylene

blue mediated APDT. All these in-vitro studies

suggested the targeted killing efficacy of APDT.

Conjugating photosensitizer to various agents or

chemical moieties can result in improved photosen-

sitizers for APDT. These modified photosensitizers

are expected to bind to the outer membrane of bac-

teria and on activation generated reactive oxygen

species, which then diffused into cells, resulting
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in cell death (50, 51). Therefore, photogenerated
oxidative species is confined to the cell wall and
its vicinity, which is a highly susceptible domain
for photodynamic action. Soukos and coworkers
formed a hypothesis that by covalently conjugating
a suitable photosensitizer to a poly-l-lysine chain,
a bacteria-targeted photosensitizer delivery vehi-
cle could be constructed that would efficiently
inactivate both gram-positive and gram-negative
species (51). This was demonstrated by preparing
a conjugate of chlorin (e6) and a poly-l-lysine chain
(20 lysine residues), which after 1min incubation
and illumination with red light, killed greater
than 99% of the gram-positive Actinomyces visco-
sus and gram-negative Porphyromonas gingivalis
(51). Photosensitizer conjugated with positively
charged chitosan has also been shown to be highly
effective in removing biofilms of gram-positive
and gram-negative bacteria (52). Shrestha et al. (53)
showed that the rose-bengal conjugated chitosan
presented a synergistic effect of the antimicrobial
polymer chitosan and singlet oxygen generated
following photoactivation.

Tissue remnants and serum products compro-
mised the antimicrobial efficacy of not only the
common endodontic irrigants (54), but also the
APDT efficacy (23). Most studies concerning
the APDT of microbial pathogens use deionized
water or phosphate buffered saline to dissolve
the photosensitizer. In some studies, photosensi-
tizer was dissolved in brain heart infusion broth
wherein reduced bactericidal effect with the tested
photosensitizer was reported. This reduction in
antibacterial effect was attributed to the presence
of serum proteins in the broth (45, 55). Constituents
of the infected root canal such as tissue rem-
nants (pulp), serum, and dentin matrix have also
been shown to significantly reduce the APDT
effect in-vitro (23). This is either because of the
cross-linking action or the compromised half-life
of singlet oxygen in the presence of proteins. Light
sources used for APDT can be coherent (lasers) or
noncoherent (lamps). The choice of light source
is dictated by the location, required light dose,
and the choice of photosensitizer. Laser provides
monochromatic, coherent, and collimated light,
offering a wide range of output power. Laser light
can be easily coupled into a fiber optic cable, which
can serve as a delivery system (probe) while irra-
diating complex anatomy such as a root canal.

Nd:YAG, KTP, HeNe, GaAlAs and diode lasers,
light emitting diodes (LEDs), and xenon-arc lamps
have been employed for APDT. The superiority of
one type of light source over the other has not been
clearly demonstrated and hence the use of lasers or
lamps depends on the specific application (56).

Different in-vivo studies that examined the
efficacy of APDT in root canal disinfection has
been summarized in Table 14.2 (57–60). These
studies concluded that a combination of chemo-
mechanical preparation and APDT would bring
about maximum reduction in microbial loads.
Currently research is directed toward potential
antibiofilm efficacy of APDT by combining the
advantages of photodynamic effect with bioactive
microparticles (52, 53, 61) and nanoparticles (26).
Further research is mandatory to improve the
antibiofilm efficacy of APDT in the presence of
tissue inhibitors, to optimize light delivery within
the root canal, to optimize new photosensitizers,
and/or to formulate applications within the root
canal. A standardized protocol for photosensi-
tization and light activation is paramount for
endodontic disinfection.

Lasers assisted root canal disinfection

A laser is a device that emits electromagnetic
radiation through a process of light amplification
based on stimulated emission of photons. The light
emitted from a laser device has all the photons
in a coherent state (usually with the same fre-
quency and phase) and produces lethal effect on
bacteria.

Different types of lasers may produce different
effects on the same tissue, and the same laser
may have varying effects on different tissues. The
nature of laser–tissue interaction is influenced
by (i) the properties of laser such as wavelength,
energy density, and pulse duration. (ii) The opti-
cal characteristics of the tissue such as reflection,
absorption, transmission, and scattering. Gener-
ally, the laser effects on a tissue will depend on
its interaction with the tissue and the depth of
penetration. Nevertheless, the parameters to be
controlled during operation are (i) applied power
(power density), (ii) total energy applied over a
given area of tissue (energy density), (iii) rate and
duration of laser irradiation (pulse repetition), and
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Table 14.2 Summary of relevant in-vivo studies carried out using antimicrobial photodynamic therapy.

No Author/date Objective and materials Methodology Conclusion

1 Bonsor et al. (2006) Aimed to evaluate the
antimicrobial efficacy of
root canal disinfection by
combining conventional
endodontic treatment
with PDT

Clinical study on 32 root
canals from 14 patients

Irrigation with 20% citric
acid and 2.25% sodium
hypochlorite

PDT with TBO and diode
laser (12.7mg/l, 100mW,
120 s)

Samples collected by filing

Cleaning and shaping
resulted in complete
bacterial killing in 86.7% of
samples

Combination of cleaning
and shaping+PDT resulted
in complete bacterial
killing in 96.7% of samples

2 Bonsor et al. (2006) Aimed to compare the
effect of a combination of
20% citric acid and PDT
with the use of 20% citric
acid and 2.25% sodium
hypochlorite on bacterial
load in prepared root canals

64 patients were used

Procedure similar to
previous study

Combination of 20% citric
acid and PDT resulted in
complete bacterial killing
in 91% of samples

20% citric acid and 2.25%
sodium hypochlorite
resulted in complete
bacterial killing in 82% of
samples

3 Garcez et al. (2008) Aimed to analyze the
antimicrobial effect of PDT
in association with
endodontic treatment

20 patients were selected

First session of cleaning and
shaping+PDT

At the end of first session,
the root canal was filled
with Ca(OH)(2), and after 1
week, a second session of
PDT was performed

Irrigation with 2.5% sodium
hypochlorite, 3% hydrogen
peroxide, and 17% EDTA

PDT with polyethylenimine
(PEI) chlorin (e6 [ce6])
conjugate (2min, 9.6 J,
240 s)

Paper point sampling

First session produced
98.5% bacterial reduction
(1.83 log reduction)

Second session produced
99.9% bacterial reduction
(1.14 log reduction)

Second session PDT was
observed to be more
effective than first session

4 Garcez et al. (2010) Studied antimicrobial effect
of PDT combined with
endodontic treatment in
patients with necrotic pulp
infected with microflora
resistant to a previous
antibiotic therapy

30 teeth from 21 patients
with apical lesions that had
been treated with
conventional endodontic
treatment and antibiotic
therapy were selected

PDT used polyethylenimine
chlorin(e6) as a
photosensitizer and a diode
laser (40mW, 4min, 9.6 J)

Endodontic therapy alone
produced a significant
reduction in the number of
microbial species (only
three teeth were free of
bacteria)

The combination of
endodontic therapy with
PDT eliminated all
drug-resistant species and
all teeth were bacteria-free
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(iv) mode of energy delivery (continuous/pulsed
energy; direct/indirect tissue contact) (62).

Currently, lasers are employed in root canal
disinfection mainly to enhance the degree of micro-
bial elimination subsequent to the cleaning and
shaping procedure. Laser assisted root canal dis-
infection requires the root canals to be prepared
(shaped) as the parameters of the laser used for
disinfection does not produce marked ablative
effects on dentin tissue (62, 63). Infrared lasers
such as CO2, Nd:YAG, diode, and Erbium lasers
have been applied for endodontic disinfection. The
bactericidal effect of lasers depends on the wave-
length characteristics and laser energy used, and in
most case, their thermal effects are counted on. The
laser induced thermal effect will produce alteration
in the bacterial cell wall, leading to changes in
osmotic gradients, swelling, and cell death. The
gram-negative bacteria showed a higher resistance
against laser irradiation than gram-positive bacte-
ria. This higher resistance of gram-negative bacteria
was attributed to their cell wall characteristics (62).

The delivery of laser energy throughout the
root canal system and absorption of laser energy
by dentin tissue are important issues to consider
in laser assisted root canal disinfection (64). This
will influence the degree of structural alteration in
dentin and elimination of bacterial biofilm from
root canal system. In a study, to increase the effect
of disinfection in the infected root canals, black
Indian ink or 38% silver ammonium solution was
placed in the root canal before irradiating with
pulsed Nd:YAG laser (1064 nm). They reported
disinfection rates of 80–90% with Nd:YAG laser
within the primary root canal (65). Schoop et al.
(64) showed that the Nd:YAG laser presented a
bacterial reduction of 85% at 1mm depth within
the dentin when compared to diode laser (810 nm),
which produced 63% bacterial reduction at a depth
of 750 μm into the dentin. Bergmans et al. tried
to define the role of the laser as a disinfecting
tool by using Nd:YAG laser irradiation on certain
endodontic pathogens in-vitro. They concluded
that Nd:YAG laser irradiation is not an alternative
but a possible supplement to existing protocols for
root canal disinfection (66). The bactericidal effect
of Erbium laser in root canal model was observed
to be inferior to that of Nd:YAG laser. The thermal
energy produced by the Erbium laser is absorbed
mostly by the surface structure because of their

high affinity to water molecules, thus exerting
higher bactericidal effect on the surface of the root
canal wall (67). Contradictory finding supporting
the superior antibacterial effect of Er:YAG laser
in combination with hypochlorite as compared to
Nd:YAG laser has been shown in a study (68).

Despite all these studies, it was suggested that
endodontic pathogens grow, as biofilms are dif-
ficult targets to eradicate even on direct laser
exposure. In addition to this, there are several lim-
itations that may be associated with the intracanal
use of high-power lasers that cannot be overlooked.
The emission of laser energy from the tip of the
optical fiber or laser guide is directed along the
root canal and not necessarily laterally to the root
canal walls. Thus it is almost impossible to obtain
uniform coverage of the canal surface using a
laser (69, 70). The safety of such a procedure is
another limitation, as potential thermal damage
to the apical tissues is possible. Direct emission of
laser irradiation from the tip of the optical fiber
in the vicinity of the apical foramen may result in
the transmission of irradiation beyond the apical
foramen, which may adversely affect the support-
ing apical tissues. This effect can be hazardous in
teeth with close proximity to the mental foramen
or to the mandibular nerve (70). A modified beam
delivery system has been tested for Er:YAG laser.
This system consists of a hollow tube allowing
lateral emission of the radiation (side firing), rather
than direct emission through a single opening at
its terminal end (70). This new endodontic side
firing spiral tip was designed to fit the shape and
volume of root canals prepared by nickel–titanium
rotary instrumentation. It emits the Er:YAG laser
irradiation laterally to the walls of the root canal
through a spiral slit located all along the tip. The tip
is sealed at its far end, preventing the transmission
of irradiation to and through the apical foramen
of the tooth (71). This tip improvement is aimed
at improving the ability of laser to penetrate and
destroy the microbes in the lateral walls of the root
canal and dentinal tubules.

The antibiofilm effect of Er:YAG laser on in-vitro
monospecies biofilm of Actinomyces naeslundii,
E. faecalis, Lactobacillus casei, Propionibacterium
acnes, F. nucleatum, P. gingivalis, and Prevotella
nigrescens grown on hydroxyapatite disks for 21
days (aerobically for 7 days and anaerobically for
14 days) was investigated (72). It was reported that
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Er:YAG irradiation produced significant reduc-
tion in the numbers of viable cells in most of the
biofilms tested. Nevertheless, complete elimination
of biofilm structure/bacteria was not possible.
Er:YAG laser irradiation at all tested energy den-
sities could not disinfect L. casei biofilm cells. It
was mentioned that the L. casei decalcified the high
availability (HA) disks at a depth of about 200 μm
and invaded the porous decalcified layer. It was
speculated that the laser could not reach the base
of the decalcified layer inhabited by L. casei cells
(72). It is important to realize the surface degra-
dation and microbial penetration, deep within the
anatomical complexities and dentinal tubules in
an endodontically infected tooth. The antibiofilm
actions of the Er:YAG laser are influenced by the
water content, components of extracellular matrix,
cell density, and absorption properties. The tem-
perature increase during irradiation ranged from
7.3 ∘C at 20mJ to 40.2 ∘C at 80mJ. In another study,
Yavari examined the ability of high-power settings
of Er, Cr:YSGG laser irradiation (2 and 3W output
powers for 16 s) to eradicate in-vitro monospecies
biofilm of E. faecalis (48 h). It was concluded that
though 2- and 3-W of Er, Cr:YSGG laser showed
antibacterial properties on E. faecalis in root canal
models, their effect was less remarkable than that
of NaOCl solution (73). Similar comparison of two
different lasers Er:YAG and Nd:YAG with NaOCl
was tested on a relatively young E. faecalis biofilms.
Meire et al. (74) confirmed that even though Er:YAG
laser treatment (100mJ pulses) showed strong
reductions of biofilm bacteria, NaOCl proved to be
the most effective in biofilm elimination (74).

The changes in the ultrastructure of radicular
dentin as a concomitant/adverse effect to root
canal disinfection have been reported. The use of
near- and midinfrared lasers produced character-
istic thermal effects on dentin when used in a dry
root canal. Human dentin presents low absorption
coefficients in the near-infrared range. Nonetheless,
Nd:YAG laser irradiation is still able to melt the
dentin surface (75). Moriyama et al. showed that
morphological changes in dentin are induced by
Nd:YAG laser irradiation following laser induced
thermal processes. In this case, the smear layer is
only partially removed and the dentinal tubules
are primarily closed because of the melting of
inorganic dentin material, and cracks are formed.
Longer pulses produce more evident effects of

deeper resolidified structures because of the larger
volume of melted material. Thus increasing the
number of pulses may result in a more regular sur-
face. Nonetheless, high number of thermal cycles
may lead to cracks (76).

During photothermal interaction, the tissue
molecules absorb photons, resulting in the gen-
eration of heat, which is dissipated into the
tissue. As the tissue needs some time to propa-
gate the heat, longer pulses will result in higher
temperatures in deeper regions of the tissue,
whereas for shorter pulses using the same aver-
age energy, higher temperatures are observed at
the surface (77). The thermal damage in tissue
is a temperature/time-dependent process. The
resultant confinement of thermal stress would
depend on the laser pulse duration and the tis-
sue absorption coefficient (μa). The use of longer
pulses will lead to longer interaction times, result-
ing in more evident thermal effects (78). Presence
of water/irrigation solutions limits the thermal
interaction of laser beam on dentinal wall. The
irradiation of root dentin with diode laser (2.5W,
15Hz) and Nd:YAG laser (1.5W, 100mJ, 15Hz)
after irrigation with the irrigating solution produce
better dentin morphology (79, 80). It was also
shown that the presence of water in root canal
space prevented undesirable effects on dentin dur-
ing the application of Erbium laser (81). Table 14.3
summarizes relevant clinical studies that examined
the antimicrobial efficacy of high-power laser in
endodontics (82, 83). There is no strong evidence
currently available to support the application of
high-power laser in endodontic disinfection.

Understanding liquid irrigant laser interaction
is a new area of research interest. This concept
forms the basis for laser-activated irrigation and
photon-initiated photoacoustic streaming in root canal
disinfection (84–86). The mechanism of interaction
of Er, Cr:YSGG laser with liquid irrigant in the root
canal is attributed to efficient absorption of themid-
infrared wavelength light by water. The aspects of
laser-activated irrigation and photon-initiated photoa-
coustic streaming are covered elsewhere in this book.

Ozone

Ozone (O3) is an energized, unstable gaseous form
of oxygen that dissociates readily back into oxygen
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Table 14.3 Summary of relevant in-vivo studies carried out using laser assisted disinfection.

No Author/date Objective and materials Methodology Conclusion

1 Koba et al. (1999) Evaluated the postoperative
symptoms and healing after
root canal treatment with
pulsed Nd:YAG laser

44 teeth from 38 patients

Radiological evaluation
used to assess the reduction
of apical lesions at 3 and 6
months

Nd:YAG (1W, 15 pps for
1 s)

5% NaOCl and 3% H2O2
used to disinfect (control)

No significant differences
were found between the
groups regarding apical
healing

2 Dostá lová et al. (2002) Studied the ability of
Er:YAG laser radiation with
a movable waveguide to
disinfect root canals

Root canal of 44 premolars
and molars were treated
using a step-back
technique; 10 teeth were
then treated with calcium
hydroxide; 22 teeth were
irradiated with the
waveguide

5.25% NaOCl used to
disinfect (control)

Er:YAG (100mJ, 30
pulses, repetition rate
4Hz)

Before and after
treatment, the
colony-forming units
were counted to
determine 21 different
microorganisms

Conventional treatment
was effective in 60% of
the root canal

Application of calcium
hydroxide was effective in
80% of the root canal

Er:YAG laser irradiation
via movable waveguide
was effective in 100% of
the root canal

3 Leonardo et al. (2005) Evaluated the antimicrobial
effect of Er:YAG laser
applied after the cleaning
and shaping of root canals
of dog’s teeth with apical
periodontitis

40 root canals of dogs’
premolar teeth with apical
lesions were used

Group I-cleaning and
shaping only

Group II-cleaning and
shaping and Er:YAG laser
application (63-mJ
output/15Hz).

After coronal sealing, the
root canals were left
empty for 7 days before
microbiological analysis

Er:YAG laser applied after
cleaning and shaping did
not reduce
microorganisms in the
root canal system

(O2), liberating a reactive form of oxygen, the sin-

glet oxygen (O1), which is capable of oxidizing the

cells.

Ozone is an unstable, allotrope of oxygen that

is formed naturally in the ozone layer from atmo-

spheric oxygen by electric discharge or exposure

to ultraviolet radiation. Ozone presents a broad

range of antibacterial efficacy without developing

drug resistance (87, 88). Ozone gas is currently

used clinically for endodontic treatment. But, the

results of studies on its efficacy against endodontic

pathogens have been inconsistent. This incon-

sistency is attributed to the lack of information

about the optimum duration of application and

concentration to be used within the root canal

(89–91). In order to achieve a concentration,

which is relatively nontoxic toward apical and

oral mucosal tissues, the ozone gas concentration

currently used in endodontics is 4 g/m3. This

concentration has been shown to be slightly less

cytotoxic than NaOCl (2.5%). Aqueous ozone (up

to 20 μg/ml) showed essentially no toxicity to oral

cells in-vitro (92–94).
Ozone demonstrated substantial antibacte-

rial effect in-vitro when tested against E. faecalis.
Hems et al. (91) tested ozone against E. faecalis,
in both planktonic and biofilm cultures (48 h old
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biofilm grown on cellulose nitrate membrane fil-

ter). Different interaction time ranging from 30

to 240 s was applied in both cultures. It was con-

cluded that ozone had an antibacterial effect on

planktonic E. faecalis cells and those suspended

in fluid, but little effect when embedded in a

biofilm structure. Its antibacterial efficacy was

not comparable with that of sodium hypochlorite

under the conditions tested in this study (91, 92).

Another study assessed the antimicrobial efficacy

of aqueous (1.25–20 μg/ml) and gaseous ozone

(1–53 g/m3) as an alternative antiseptic against

endodontic pathogens in suspension and a biofilm

model (95). E. faecalis, Candida albicans, P. micros,
and Pseudomonas aeruginosa were grown in plank-

tonic culture or in monospecies biofilms in root

canals for 3 weeks. The antibacterial efficacy of

ozone in the gaseous and aqueous forms depended

on the concentration, strain, and time of interaction

against the tested microorganisms in suspension

and the biofilm test model.

Pseudomonas fluorescens as planktonic and

biofilms were tested in another study. Plank-

tonic form was completely eliminated by low

concentrations of ozone (0.1± 0.3 ppm) within 15

or 30min contact time. The disinfectant action

of ozone on biofilm models was less effective

with only a decrease of two orders of magnitude,

and increased contact time was not helpful (96).

Kuştarci et al. evaluated the antimicrobial activ-

ity of potassium-titanyl-phosphate (KTP) laser

and gaseous ozone in experimentally infected

root canals. It was found that both KTP laser and

gaseous ozone have a significant antibacterial

effect on infected root canals, with the gaseous

ozone being more effective than the KTP laser.

However, 2.5% NaOCl was superior in its antimi-

crobial abilities compared with KTP laser and

gaseous ozone (97). Table 14.4 enlists relevant

antimicrobial studies carried out using ozone. A

recent study has claimed that ozone dissolved in

oil can be used as an intracanal medicament (98).

Studies on the effect of surface tension on the flow

characteristics of ozonized oil, chemical stability of

ozonized oil, and their interaction with root dentin

and obturating material is justified before ozone

can be applied in endodontics (99).

Table 14.4 Summary of relevant antimicrobial studies carried out using ozone.

No Author/date Objective/methodology Conclusion

1 Estrela et al. (2007) To determine the antimicrobial
efficacy of ozonated water, gaseous
ozone, 2.5% sodium hypochlorite,
and 2% chlorhexidine in human
root canals infected by E. faecalis for
60 days

The irrigation of infected human
root canals with ozonated water,
2.5% NaOCl, 2% chlorhexidine,
and the application of gaseous
ozone for 20min were not sufficient
to inactivate E. faecalis

2 Hems et al. (2005) To evaluate the potential of ozone as
an antibacterial agent using E.
faecalis. The antibacterial efficacy of
ozone was tested against both broth
and biofilm cultures. Ozone was
sparged for 30, 60, 120, and 240 s

NaOCl was found to be superior to
ozonated water in killing E. faecalis
in broth culture and in biofilms

3 Nagayoshi et al.
(2004)

To evaluate the effect of ozonated
water against E. faecalis and S.
mutans infected dentin of bovine
incisors

Ozonated water application might
be useful for root canal irrigation

4 Kuştarci et al. (2009) To evaluate the antimicrobial activity
of potassium-titanyl-phosphate (KTP)
laser and gaseous ozone in
experimentally infected root canals
(E. faecalis for 24 h)

2.5% NaOCl was superior in its
antimicrobial abilities compared
with KTP laser and gaseous ozone
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The reduced effectiveness of ozone against ses-
sile bacteria when compared to planktonic bacteria
is because of the characteristics of biofilm (96). The
polymeric layer may form a physical/chemical
barrier preventing deeper penetration of the dis-
solved ozone into the biofilm structure (100). In
addition, blockage of water channels in biofilm
by the oxidation products of ozone may impede
further penetration of ozone to the inner layers of
biofilm structure (101). In a systematic review by
Azarpazhooh and Limeback, ozone has been high-
lighted for its biocompatibility with human oral
epithelial cells, gingival fibroblast, and periodontal
cells, though conflicting evidence of antimicrobial
efficacy of ozone in root canal disinfection cannot
not be overlooked (102).

Conclusion

Current understanding emphasizes the fact that
endodontic disease is a biofilm-mediated infection,
and the elimination of bacterial biofilm from the
root canal system remains to be the primary chal-
lenge in the management of endodontic disease.
In the haste to introduce newer and advanced
antibacterial strategies, it is important not to
neglect potential constraining factors associated
with their application in root canal disinfection.
The key to the successful application of newer
antibacterial strategies in root canal disinfection
is to address all the challenges prevailing in root
canal system in entirety rather than focusing only
on the antibacterial aspect.
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Introduction

Apical lesions are radiolucent lesions that appear in
the bone surrounding portals of exit from infected
root canal systems. Because most lesions of this
type occur in the apical area, and for the conve-
nience of the reader, the term apical lesion is used
in this chapter. Many but not all apical lesions will
heal in response to adequate debridement, disinfec-
tion, and obturation of the root canal. Such healing
may be a prolonged process, and some lesions will
fail to heal. To understand why the healing process
is often prolonged and why some lesions fail to
heal, the nature of these lesions and the processes
leading to their development must be understood.
Because the healing of apical lesions occurs via the
regrowth of bone into the area, an understanding
of the osteogenic signals that lead to and control
the apposition of new bone is also important.

Some apical lesions fail to respond to intracanal
endodontic treatment. However, many of them
will heal after subsequent apical surgery has been
applied. The reasons for such failures are discussed
in an attempt to understand why apical surgery

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

does lead to healing in many cases that originally
failed to heal. This discussion is extended beyond
the simple concept of a retrograde approach to the
root canal system, to include the eradication of
extraradicular infection and the removal of cystic
formations and other factors, the elimination of
which may represent additional factors contribut-
ing to the success of apical surgical intervention.

What is the apical lesion?

A protective host response with a price tag

Apical lesions represent a protective activity of the
host response that is successful most of the time.
Nevertheless, this protection has a price tag, which
is destruction of the surrounding apical bone.
Bone destruction is one of the primary indicative
signs of an apical lesion. The gradual disappear-
ance of the bone defect that was caused by this
destructive response is commonly used as a major
clinical sign and tool tomonitor the healing of these
lesions (1–6).
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The protective response

The apical lesion represents a successful attempt
of the host to prevent highly pathogenic bacteria
present in the infected root canal from spreading
into the adjacent bone and to other more remote
places in the body (Figure 15.1). Some bacterial
species that are often found in the apical part of
the infected root canals, such as Porphyromonas
gingivalis, Fusobacterium nucleatum, and Prevotella
nigrescens, are extremely pathogenic (7, 8). Some
strains of P. gingivalis can kill a mouse into which
they are injected within 24 h (8), while other
strains may cause severe spreading abscesses at
the site of injection (7, 8). Furthermore, cooperation
between strains of F. nucleatum and P. gingivalis
in the form of coaggregation (9) may make these
strains 1000 times more pathogenic than each one
alone (10). Osteomyelitis of the maxilla or the
mandible is extremely rare. The protective mecha-
nisms in the apical lesion are highly effective and
contain the hazardous bacteria within the lesion in
most cases. Occasional failuresmay occur, resulting
in the development of an acute abscess.

The host response to bacteria is mediated by
several processes: (i) the effective recruitment
of polymorphonuclear granulocyte neutrophils
(PMNs) to the site of bacterial penetration;
(ii) effective opsonization with both specific
immunoglobulin G (IgG) (11) and the complement
component C3b; and (iii) effective phagocytosis of
the bacteria, followed by intracellular killing by
oxidative mechanisms. The host response in the
apical lesion may be viewed as a complex mech-
anism for the recruitment of PMNs to the site at
which the bacteria emerge from the root canal and
for assisting the PMNs in effective phagocytosis of
these bacteria (Figure 15.1) (12–14).

Prolonged exposure of the host to bacteria resid-
ing in the infected root canal is likely to result in the
production of specific immunoglobulins against
these bacteria. IgG specific to root canal bacteria
have been found in human apical lesions (15–17).
Although these specific IgGs may come from the
systemic sensitization of the host, local production
of such IgGs by plasma cells present in human
apical lesions has also been reported by Baumgart-
ner and Falkler (18) (Figure 15.1). Thus, bacteria
emerging from the root canal are likely to encounter
specific IgGs that attach to their surfaces. Such

attachment will in turn activate the complement
system, resulting in the generation of three signals:
(i) the C3b elements of the complement system will
attach to the surface of the bacteria and, together
with the already attached IgG, will serve as effec-
tive opsonizationmediators that permit subsequent
phagocytosis by PMNs; (ii) the C3a and C5a com-
plement components will cause the degranulation
of local mast cells, which will release vasoac-
tive amines; these released agents will cause the
increased permeability of blood vessels in the area,
in turn resulting in an increased supply of com-
plement and specific IgG in the area; and (iii) C5a
molecules will serve as a chemotactic signal for
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Figure 15.1 Host response in apical granuloma. The aim of
the host response is to kill bacteria emerging from the infected
root canal. To serve this aim, specific IgGs are required. These
IgGs may be produced locally by activation of B-lymphocytes,
which then become plasma cells secreting the IgG. This
process requires prior local activation of antigen-specific
T-lymphocytes. Activated lymphocytes produce an array of
cytokines, some of which are required for B-lymphocyte
activation and maturation to plasma cells. Gamma-interferon
is another T-lymphocyte-derived cytokine that activates local
macrophages and causes them to produce IL-1, which in turn
induces the expression of attachment molecules on local
endothelial cells. This causes PMNs to attach to the local
endothelium, making them available for recruitment by
chemotaxis to the site where bacteria emerge. Two of the
cytokines produced by locally activated lymphocytes and
macrophages, TNFβ and IL-1β, are the primary signals that
induce local osteoclastic bone resorption. Such bone
resorption may be viewed as a destructive side effect of the
local activity of the host response.
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PMNs, directing them from the vicinity of the local
blood vessels to the site of bacterial penetration.

PMNs normally circulate in the bloodstream and
must be “told” where to exit the blood vessels so
they can reach the invading bacteria. Interleukin-1
(IL-1),which is produced by activatedmacrophages
in the apical lesion (19–21), serves as such a sig-
nal (Figure 15.1). When capillary endothelial cells
are exposed to IL-1, they express attachment
molecules such as ICAM-1 (inter cellular adhesion
molecule-1) on their surfaces (22–25). PMNs in
the blood bind to these attachment molecules and
thus become concentrated and “marginated” in
the area in which they are required. Guided by
the concentration gradient of C5a molecules, the
PMNs migrate into the tissue and move in the
direction of the bacteria in a process known as
directed chemotactic movement. It is important to note
that PMNs are not resident cells of the apical tissue.
Every PMN observed in a histological section of
the tissue has been “captured” during the process
of such chemotactic migration (13).

Once PMNs reach the bacteria, specific receptors
for C3b and for the Fc portion of IgG allow the PMN
to attach to opsonized bacteria that carry this dual
signal on their surfaces. The PMN then internalize
the bacteria through a process of phagocytosis,
followed by the oxidative killing of the bacteria
within the PMN.

Macrophage activation is essential for the local
production of IL-1. Such activation is mediated
by the cytokine gamma-interferon (γ-INF), which
is produced by activated T-lymphocytes within
the lesion (26–31) (Figure 15.1). The activation
of T-lymphocytes is antigen-specific. Bacteria
emerging from the root canal are phagocytized
by antigen-presenting cells in the lesion, which
process their specific antigens and present them
to antigen-specific T-lymphocytes. This antigen
presentation signal, together with IL-1, which is
also produced by the antigen-presenting cells,
causes the T-lymphocytes to become activated
and produce many cytokines, one of which is γ
INF, which is essential in turn for the activation
of the macrophages. Other cytokines produced
by the activated T-Lymphocytes such as IL-4,
IL-5, and IL-6 are essential for the proliferation
of antigen-specific B-lymphocytes and their mat-
uration to plasma cells that will produce the
antigen-specific IgG (Figure 15.1).

Thus, the apical lesion may be viewed as a com-
plex mechanism that is designed to facilitate and
support a single primary target: the phagocytosis
and killing of bacteria by PMNs (13).

Development of apical lesions

The body’s response to the bacteria emerging
from the apical foramen is initiated in the adja-
cent periodontal ligament in the form of apical
periodontitis. This response, which is aimed at
containing and killing the bacteria, also causes
local damage to the host in the form of bone resorp-
tion (Figure 15.1). Among the cytokines that are
produced by the cells of the apical inflammatory
response, IL-1β and tumor necrosis factor β (TNF β)
have the capacity to activate local osteoclastic bone
resorption. The first (IL-1β) is produced mainly by
activated macrophages, while the second (TNF β)
is a product of activated T-lymphocytes.

IL-1β and TNF β are the primary causes of the
local apical bone resorption (32). When lining cells
of the bone are exposed to these cytokines, they
express on their surfaces a signaling molecule,
the receptor activator of nuclear factor kappa
β-ligand (RANKL) (33–38). This ligand engages
the RANK receptor, which is present on the surface
of the neighboring preosteoclasts and osteoclasts,
thus causing the maturation of preosteoclasts into
mature osteoclasts and the activation of existing
osteoclasts, which express ruffled borders and
begin the bone resorbing actively (39–44).

The resulting local bone resorption is first radio-
graphically expressed as a widening of the apical
periodontal space; this space gradually increases,
eventually resulting in a radiolucent lesion in the
apical bone, that is, an apical lesion.

Apical bone resorption may thus be consid-
ered a side effect of the protective host response
(Figure 15.1). The activation of an effective host
response that is aimed at eliminating harmful bac-
teria results in the local production of cytokines that
cause resorption of the surrounding bone (12, 13).

Granuloma versus abscess

Lesions of apical periodontitis usually con-
tain inflammatory tissue in which lympho-
cytes, macrophages, and the resident cells of
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Figure 15.2 Apical granuloma. Histological section of an
apical granuloma. Green arrow: Lymphocyte. Yellow arrow:
Macrophage. Blue arrow: Fibroblast.

Figure 15.3 PMNs in an apical granuloma. Histological
section of an apical granuloma. Blue arrow: PMN.

the periodontium, fibroblasts, are the dominant
cells (Figure 15.2) (12, 45–49). Inflammatory lesions
with such constituents are termed granulomas.
Varying numbers of PMNs (Figure 15.3) may be
found in granulomatous lesions, mainly adjacent to
the apical foramen. It should be kept in mind that
while lymphocytes, macrophages, and fibroblasts
are long-lived cells, PMNs are not.

Any PMN observed in a lesion of apical peri-
odontitis is recruited from the bloodstream and is

in the process of migrating to the site of bacterial
penetration, guided by chemotactic signals that
consist of C5a components of the complement
system. Every such PMN will die a prepro-
grammed death within 24–48 h of leaving the
bloodstream (50).

When PMNs die, the proteolytic enzymes con-
tained within them are released. These enzymes
attack and damage or destroy the collagen and
hyaluronic acid components of the connective
tissue matrix (51). As long as the number of PMNs
reaching the apical site per day is limited, the
damage to the tissue is effectively repaired by local
macrophages. The macrophages phagocytize the
damaged tissue components and the remains of
dead bacteria released from the PMN, thus per-
forming a “cleanup” function. The macrophages
also signal the fibroblasts to form new collagen and
hyaluronic acid, resulting in the repair of the dam-
age caused by the enzymes released from the dead
PMNs. Conversely, if excessive numbers of PMNs
reach the site, massive proteolysis of tissue compo-
nents may occur, which is beyond the “cleanup”
and repair capacity of the macrophages in the area.
Under such conditions, local liquefaction of the
tissue occurs and pus forms (13).

The appearance of an abscess within a granu-
loma may be viewed as the result of a disturbance
of the equilibrium between the damage caused by
the released PMN enzymes and the cleanup and
repair capacity of themacrophages (12, 13). Because
the number of macrophages in the lesion is more or
less stable, any event that results in massive recruit-
ment of PMNs is likely to induce an abscess within
the granuloma. Such an event may be transient in
nature, such as accidental pushing of bacteria into
the apical lesion by an endodontic file. In such a
case, the abscess will eventually subside, and with
time, the macrophages will remove the damaged
tissue and induce repair by fibroblasts. In other
cases, there may be a persistent and continuous
influx of large numbers of PMNs. This can occur
when bacteria that have phagocytosis-evading
mechanisms (7, 52–55) or bacteria that collaborate
with other bacteria to form aggregates or biofilms
(10, 56–59) are present in the root canal (see below).
In such cases, the continuous influx of PMNs will
result in continuous and persistent formation of
pus and in the development of a chronic abscess
with a permanently draining sinus tract.
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Figure 15.4 Epithelial proliferation in an apical granuloma.
Strands of epithelium in an apical granuloma. Some strands
were cut longitudinally; others were cut diagonally, giving the
impression of isolated isles.

Apical granulomas often contain epithelial ele-
ments originating from the rests of Malassez (60)
(Figure 15.4). This epithelium may proliferate in
response to root canal infection (20, 21, 61–65) or
overinstrumentation and filling beyond the apex
of the tooth (66). Such proliferation may eventually
lead to development into cystic formations (see
below).

The lumen of such cystic formations may or
may not be infected, and they may be either bay
(pseudo) cysts or true cysts (62, 67) (see below).

How does an apical lesion heal?

Basic concepts of osteogenesis

Bone formation in the apical area, as well as else-
where in the body, is dependent on the activity
of osteoblasts, the bone-forming cells. Osteoblasts
originate as mesenchymal stem cells in the bone
marrow (Figure 15.5). Under the influence of
bone morphogenic proteins (BMPs), these stem
cells are induced to differentiate and give rise
to spindle-shaped osteoprogenitor cells. Growth
factors such as transforming growth factor β
(TGFβ), fibroblast-derived growth factor (FGF),
BMPs, platelet-derived growth factor (PDGF), and
colony-stimulating factor (CSF) can induce and/or
increase the proliferation of and are chemotactic
to osteoprogenitor cells (68). Osteoprogenitor cells

Osteoprogenitor cells

Chemotaxis

Proliferation

Differentiation

PDGF

EGF

IGF

TGFβ

Osteoprogenitor cells

Stem cells

Induction

BMP

Osteoblasts

BMP

Figure 15.5 Apposition of new bone. Osteoprogenitor cells
are required for the formation of new osteoblasts and new
bone. Osteoprogenitor cells originate as bone marrow
mesenchymal stem cells that are induced by BMPs to become
osteoprogenitor cells. Certain growth factors, including
epidermal growth factor (EGF), insulin-like growth factor (IGF),
TGFβ, and PDGF, are chemotactic to the osteoprogenitor cells
and cause them to proliferate. Consequently, spindle-shaped
osteoprogenitor cells accumulate next to the future site of
bone apposition. BMPs cause the final differentiation of the
osteoprogenitor cells into cuboidal, metabolically active
osteoblasts that line the bone surface and produce osteoid
(shown in pink) that will later mineralize and turn into bone
(shown in purple).

may accumulate at a future site of bone formation
by local proliferation, by the chemotactic attraction
of osteoprogenitor cells from adjacent sites, or both
processes (68) (Figure 15.5).

BMPs induce the final differentiation of the
osteoprogenitor cells into cuboidal, metabolically
active osteoblasts that line the bone surface and
begin the process of bone apposition (68). The
osteoblasts secrete collagen and BMPs as well as
several growth factors and form the osteoid that
will eventually mineralize and form bone. When
osteoid apposition is completed, the osteoblasts
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differentiate into flat lining cells that cover the new
bone.

Sources of osteogenic factors in the apical
lesion

The tissues of the apical lesion and the surround-
ing bone are rich sources of the cells and signals
required for the generation of active osteoblasts.
Osteoprogenitor cells are found in the bone
marrow, from which they can be attracted by
chemotactic signals (68). Osteoprogenitor cells
were also demonstrated to be present within the
apical granulomas (69). Macrophages, which are
abundant in apical granulomas, are a rich source of
signals such as TGFβ, FGF, PDGF, and CSF, which
are required for the recruitment and proliferation
of osteoprogenitor cells. Platelets in blood clots
formed after apical surgery are a particularly rich
source of PDGF. BMPs, which are required for
the final maturation of osteoblasts, are released
locally from the resorbing bone matrix and are
produced by neighboring osteoblasts (68). Thus,
the apical granuloma and its surrounding bone are
rich sources of components that together represent
substantial osteogenic potential.

The remodeling process

Bone apposition is not a continuous process. The
initially formed bone will eventually be resorbed
and replaced by new bone formations in cycles
of a process known as bone remodeling. Evidence
for such resorption–apposition cycles can later
be seen in the bone in the form of apposition
lines (Figure 15.6a). Thus, one may envision the
process of bone healing in the apical lesion as
involving repeated cycles of apposition and remod-
eling. Such process is schematically illustrated in
Figure 15.6b,c.

Healing of the apical lesion

The persistence of an apical lesion and its size
are likely to be an expression of the local bal-
ance between the osteoclastic activity within the
lesion and the osteogenic potential that surrounds
it (Figure 15.7). The bacteria emerging from the

(a)

(c)

(b)

Figure 15.6 Bone remodeling. The process of bone
formation occurs in cycles of formation and resorption that
determine the final bone structure. (a) Reversal lines in bone
representing cycles of resorption and apposition within the
bone. (Reproduced with permission of Prof. Miron Weinreb,
Tel Aviv University.) (b) Schematic presentation of the
formation of bone trabeculae. Pink: Recently formed bone.
Purple: Older calcified bone, with resting lines representing
older bone resorption and apposition cycles. (Adopted from
Aanan et al. (70). Reproduced with permission of Lippincott
Williams & Wilkins.) (c) Schematic representation of bone
formation in an apical lesion.
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Figure 15.7 Osteoclastic versus osteogenic potential in an
apical granuloma. The cytokines TNFβ and IL-1β, which are
produced by activated T-lymphocytes and activated
macrophages in the lesion, serve as the primary main signals
that induce osteoclastic bone resorption in an apical
granuloma. The surrounding bone is a rich source of
osteoprogenitor cells that, together with locally produced EGF,
IGF, TGFβ, PDGF, and BMPs, provide osteoblastic potential.
Once bacteria are eliminated from the root canal, gradual yet
slow reduction of the local production of TNFβ and IL-1β
occurs, and the osteogenic potential begins to dominate,
causing healing of the lesion by new bone apposition.

infected root canal provide a stimulus for acti-
vation of T-lymphocytes and macrophages thus
maintaining the osteoclastic signals in the lesion.
When these bacteria have been eliminated by root
canal treatment and the canal has been properly
sealed, this stimulus ceases to exist, and with time,
the response to the bacteria subsides. The osteo-
clastic activity, initiated by IL-1β and TNFβ, will
then diminish, and the surrounding osteogenic
potential will take over (Figure 15.7). The gradual
apposition of new bone, followed by its remodeling
and further cycles of apposition, will eventually
result in the healing of the bone defect that was
initially caused by the response to the bacteria, and
the apical lesion will heal (Figure 15.6c).

How long does it take the lesion to heal?

Several large-scale follow-up studies indicate that
74–85% of apical lesions heal within 48 months
(1, 2, 4–6).

Ørstavik’s study (1) found that 85% of such
lesions healed within 48 months. Of the lesions
that eventually healed, only 50% were healed or in
a process of healing at 6 months after treatment,
namely 42.5% of the total number of lesions that
were studied (50% of 85%). At 12 months, 88% of
the lesions that eventually healed were healed or
in the process of healing, namely 75% of the total
number of lesions (88% of 85%) (1).

Thus, healing of an apical lesion is a rather pro-
longed process. If a cavity of similar size is surgi-
cally formed in the bone, healing occursmuchmore
rapidly (71).

Why does healing often take so long?

Macrophage activation

Activated macrophages and activated lympho-
cytes are the primary sources of IL-1β and TNFβ
cytokines, which represent the main osteoclast-
stimulating activity in the apical lesion (32)
(Figure 15.1). Animal studies have shown that
macrophage activation that is induced, for example,
by the subcutaneous injection of streptococcal cell
wallsmay persist for a very long period of time (72).

A potential explanation for the extended time
required for apical lesions to heal may be the per-
sistence of an activated state of macrophages and
lymphocytes within the lesion. Such an activated
state may outlive its biological purpose as a pivotal
element of the host’s defensive response in the area
of the lesion (12, 13). As long as such activation
persists and these cytokines are produced, the
osteoclastic potential of the lesion persists, keeping
the vast surrounding osteogenic potential at bay.
When the osteoclastic activity subsides, the lesion
finally heals (12, 13).

Potential pharmacological intervention
sites

A better understanding of the processes that are
involved in the production and effects of the
bone-resorbing cytokines may in the future per-
mit pharmacological intervention in the balance
between osteoclastic and osteogenic activities in
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the apical lesion and make it possible to favor-
ably affect the kinetics of the healing process.
Several potential targets for such pharmacological
intervention are the local production and release
of cytokines that induce osteoclastic activity (27,
73–76), the receptors for these cytokines on local
target cells (77) and the bone-resorbing activity of
the osteoclasts themselves (12, 13).

The effect of apical debridement

Another approach to enhancing the kinetics of the
healing of apical lesions is the mechanical removal
of the granuloma. A study by Kvist and Reit (71)
compared the healing of apical lesions after retreat-
ment and after apical surgery. The apical surgery
used in that study did not include retrograde fill-
ing. Although healing after 48 months was similar
in the two groups, healing after 12months was sub-
stantially greater in the group in which the apical
lesions were surgically removed (71).

A more recent study applied a microinvasive
method to remove the bulk of the tissues from
apical lesions with no open-flap surgery (78, 79)
(see below). When the apical tissue was removed
and allowed to be replaced by a blood clot that, in
turn, developed into fresh, “uncommitted” granu-
lation tissue, the healing kinetics were substantially
enhanced (see below).

Taken together, these two studies support the
idea that residual activated cells of the apical tissue
remaining in the bony crypt of the lesion after the
elimination of the bacteria from the root canal are
the likely cause of the extremely long time that bony
defects of this type sometimes require to heal (13).

Why do some lesions fail to heal?

Residual infection within the root canal
system

Residual infection in the root canal system is com-
monly perceived as the reason for the failure of api-
cal lesions to heal. It is indeed the most common
reason, but it is not the only one, as discussed below.

The root canal system often includes components
that are inaccessible to intracanal debridement and
disinfection. Lateral canals, delta-like ramifications

of the canal, and fin-like recesses of the main canal
are among such inaccessible components. The rami-
fications of the canal aremore common in the apical
part of the canal; cutting off the tip of the root dur-
ing apical surgery is expected to eliminate this part
of the root canal system, along with the infection
that it contains (80).

Radiographic image versus the 3D reality
of the root canal

The challenge of oval canals

An apical lesion that fails to heal in spite of ade-
quate root canal treatment is often perceived as an
enigma; in the radiograph, good quality root fill-
ing of the desired length, adequate enlargement of
the canal, and well-condensed filling are observed.
Nevertheless, the apical lesion fails to heal and, in
some cases, is even symptomatic.

One of the common reasons for such presen-
tation is an oval canal that is treated as if it were
a canal with a round cross-section. Oval canals
are rather common; 25% of roots contain an oval
canal (81). In certain teeth, the presence of an oval
canal is the rule, and such a canal is present in
up to 90% of all cases (81). The oval cross-section
of the canal is not seen on a regular apical radio-
graph, because the flatness of the canal is in the
bucco-lingual direction, which is parallel to the
X-ray beam. Consequently, oval canals may be
incorrectly identified by the operator as simple
round canals and treated as such (82). When a
minimal access cavity is prepared and rotary files
are used for canal preparation, it is easy to fin-
ish a case that will look satisfactory in the apical
radiograph but nevertheless contains uninstru-
mented buccal and/or lingual recesses in which
infected debris remains (Figure 15.8a,b) (82). Such
debris-containing recesses also represent a weak
link in the obturation of the canal because no root
filling system will be able to adequately fill a recess
in which debris remains (83–85).

Isthmuses between two canals in the same root
provide another example of often-inaccessible
areas of the root canal that may contain infected
debris (Figure 15.8c,d). Recent studies indicate
that the use of rotary files further complicates this
problem by actively packing such isthmuses with
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(a) (b) (c) (d)

Figure 15.8 Inadequate preparation and obturation of root canal systems. (a) The radiograph shows an apparently good root
canal filling. Nevertheless, the case was failing. (Metzger et al. (82), Figure 20a. Reproduced with permission of Quintessence.)
(b) Apical surgery revealed an uninstrumented isthmus that was likely to contain infected material. (Metzger et al. (82), Figure
20b. Reproduced with permission of Quintessence.) (c) The radiograph shows an apparently good root canal filling. Nevertheless,
the case was failing. (Metzger et al. (82), Figure 20c. Reproduced with permission of Quintessence.) (d) Apical surgery revealed
that the case, which was treated as if it had a single, round canal, had a long oval flat canal, the buccal side of which was not
instrumented and contained infected material that caused the case to fail. (Metzger et al. (82), Figure 20a. Reproduced with
permission of Quintessence.)

dentin chips (86–88) that cannot be completely
removed from the isthmus even using passive
ultrasonic irrigation (87).

Inadequate cleaning and obturation of the root
canal is often discovered during apical surgery
(Figure 15.8). Sealing the canal by retrograde filling
may isolate the residual infection from the apical
tissues and allow the lesion to heal (80, 89).

Cystic apical lesion

Cystic formations within the apical lesion may also
prevent healing (90, 91). Radiographs alone do not
permit differentiation between cystic and noncys-
tic lesions (92–94). Recently, it has been shown that
methods such as ultrasound real-time imaging (95),
ultrasound (96), and cone-beam computed tomog-
raphy scanning (97) may make it possible to distin-
guish between apical granulomas and apical cysts.

Apical granulomas often contain proliferating
epithelium originating from the epithelial rests of
Malassez (60, 66, 98) (Figure 15.4). The epithelial
rests of Malassez are stable cells and possess the
potential to undergo cell division if appropri-
ate extracellular mitogenic signals are present to
stimulate their entry into the cell cycle (99).

Two types of cysts may develop in the lesion: a
bay (pocket) cyst, the lumen of which is continuous

with the space of the infected root canal, and a true

cyst that is completely enclosed by lining epithe-

lium and may or may not be attached to the root

apex by a cord of epithelium (62, 97).

Only serial histological sectioning of lesions

removed in toto can correctly differentiate between

the two types of cysts, resulting in a discrepancy in

the reported incidence of apical cysts, which varies

from 6% to 55% (62). Nair et al. (62) histologically
examined 256 apical lesions and found that 9% of

them contained apical true cysts while 6% of them

contained apical pocket cysts.

In apical pocket cysts, the irritants are in the

canal and can usually be eliminated by nonsurgical

endodontic procedures. Epithelial cell prolifera-

tion in the apical tissues may then subside by the

elimination of inflammatory mediators, proinflam-

matory cytokines, and growth factors. Epithelial

cell apoptosis may also be induced by positive

extracellular signals such as Fas-L, TNF, or by

the removal of survival factors (100). However, in

apical true cysts, in addition to intracanal irritants

that triggered its formation, other irritants such as

cholesterol (Figure 15.9) or possibly unidentified

antigens (90, 101, 102) may be present within the

cyst. These agents cannot be removed and are not

affected by root canal treatment and will continu-

ously sustain the inflammatory stimulation of the

cystic epithelium.
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(a) (b)

Figure 15.9 Apical actinomycosis. A refractory endodontic case. (a) Apical granuloma with cystic formation (thin arrows) and
aggregates (“granules”) of Actinomyces organisms. (b) Magnification of an aggregate of Actinomyces organisms resembling “rays”
on its surface. Bacteria in such aggregates are protected from the host response. Continued recruitment of large amounts of PMNs
to the area caused persistent pus formation and a sinus tract that persisted after root canal treatment and was the reason for the
surgical removal of this sample. (Hirshberg et al. (103). Reproduced with permission of Mosby, Inc.)

Cystic lesions that fail to respond to conventional
endodontic treatment may also be the cause of a
nonhealing apical lesion. Because irritants in api-
cal true cysts cannot be eliminated by nonsurgical
endodontic procedures, an apical true cyst must be
treated surgically (62, 67, 90, 104).

Extraradicular infection: aggregates

An extraradicular infection that does not respond
to conventional endodontic treatment has been
associated with certain types of bacteria such as
Actinomyces israelli and Rothia spp. (105, 106). In
such cases, bacterial cohesive colonies that have
become established extraradicularly in the form
of “granules” have been found in the apical tissue
(Figure 15.10). The cohesive colony protects the
bacteria within it from phagocytosis by PMNs and
allows these bacteria to survive in the tissue in spite
of the continuous attack by PMNs. Consequently,
they are able to perpetuate the inflammation even
after meticulous root canal treatment (105–109,
103) (Figure 15.10).

The coaggregation of different bacterial strains
has also been studied as a potential way by which
bacteria may avoid phagocytosis. Animal studies
involving the coinoculation of F. nucleatum strains
and P. gingivalis strains showed that when injected
in combination, the bacteria could survive in the
host tissues, while neither of the strains survived
when injected individually (10, 58, 59, 110, 111),

Bacterial granules were present in the puss of the
resulting lesions (110).

When coaggregating strains of F. nucleatum and
P. gingivalis were coinoculated into a subcuta-
neous chamber, in another study (10), the minimal
infective dose (MID100) could be reduced by
1000-fold compared to inoculating each bacterium
separately (10).

It is likely that the aggregation or coaggregation
of bacteria serves as a phagocytosis-evading mech-
anism that allows bacteria to survive in the apical
lesion independent of the infection in the root canal,
thus preventing the healing of the lesions. Such bac-
teria may survive despite the continuous massive
recruitment of PMNs into the area, resulting in per-
sistent pus formation that is clinically expressed as a
persistent sinus tract. Surgical removal of the apical
tissue is likely to remove such bacterial aggregates
and allow healing of the lesion.

Extraradicular infection: biofilm

In some cases that failed to respond to conven-
tional root canal treatment, bacterial biofilms were
found to be attached to the outer surface of the root
within the apical lesion (57, 106, 112) (Figure 15.11).
Such biofilms were initially reported by Tron-
stad et al. (106) and by Siqueira and Lopes (112).
Noguchi et al. (57) studied the bacterial content
of such biofilms on the outer surfaces of 14 root
tips that were removed during the apical surgery
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Figure 15.10 Extraradicular infection in the form of a biofilm. (a) Gram-negative rods and filamentous microorganisms located
in an extraradicular biofilm on the outer surface of a root that was surgically removed in a case of refractory apical lesion. (b)
Section of an apical part of the root. RC: root canal. The arrows indicate a 30–40 μm thick bacterial biofilm on the outer surface
of the root. The square indicates the area which is magnified in “a”. (c) Frozen section with immunohistochemical staining for T.
forsythensis (Tf), revealing that this bacterium was located mainly in the surface layers of the extraradicular biofilm. (d) Frozen
section with immunohistochemical staining for F. nucleatum (Fn), revealing that this bacterium was located mainly in the inner
layers of the extraradicular biofilm. (e) Frozen section with immunohistochemical staining for P. gingivalis (Pg), revealing that this
bacterium was evenly distributed in the extraradicular biofilm. Brown triangles in “c”, “d”, and “e”indicate the surface of the
radicular dentin. (Courtesy of Prof. Yuichiro Noiri, Osaka University, Osaka, Japan.)

performed in these refractory cases. They found
organized biofilms that were 30–40 μm thick and
contained F. nucleatum (14 of 14 samples), P. gingi-
valis (12 of 14 samples), and Tannellera forsythensis
(8 of 14 samples), as well as other bacteria. In these
biofilms, P. gingivalis was immunohistochemically
detected in all parts of the extraradicular biofilms,
while F. nucleatumwas locatedmainly in themiddle
layer, and T. forsythensis was located mainly in the
outer layer of the biofilm (Figure 15.11c).

Such extraradicular biofilms may also represent
an effective mechanism by which bacteria may
evade phagocytosis, which in turn may allow their
persistent survival in the presence of a continuous
flow of PMNs. Such a frustrated attempt of the
host response to eradicate these bacteria is often
expressed as continuous pus draining from a sinus
tract.

Extraradicular biofilms most likely originate
from infection in the root canal; however, once
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F

Figure 15.11 (a–c) Cholesterol crystals. Apical cyst filled
with cholesterol crystals that appear as “clefts”in the
histological section. ((a–c) Lin et al. (126). Reproduced with
permission of Lippincott, Williams, and Wilkins.)

formed, they are not likely to respond to conven-
tional root canal treatment. Surgical intervention
during which the root tip is removed is likely to
eliminate such extraradicular biofilms and allow
healing.

Extraradicular foreign materials

Extraradicular foreignmaterials have been reported
as another cause of the persistence of apical lesions
(113, 114). Such foreignmaterialsmay includemate-
rials used in root canal treatment, such as minute
contaminated particles of gutta-percha (115, 116),
cellulose particles originating from paper points
and cotton wool that were extruded into the apical
tissues (113, 117), especially when associated with
trauma to the apical tissue (118), and endodontic
sealants and calcium salts derived from apically
extruded Ca(OH)2 (114). Another possible source
of foreign material is food that is pushed into

a root canal that is left open during treatment,
as in a case in which leguminous seeds (pulses)
were found in an apical granuloma that did not
respond to treatment (119, 120). The presence of
such foreign materials that are extruded during
root canal treatment may keep the macrophages in
the apical lesion in a perpetually activated state,
thus preventing the healing of the lesion.

Of particular interest are infected dentin par-
ticles and debris originating from the walls of a
necrotic and infected root canal. Such particles may
be extruded into the apical lesion through overin-
strumentation during root canal treatment. In
this situation, microorganisms within the dentinal
tubules of the dentin particles may be protected
from the host defense mechanisms and can survive
within the apical lesion, thus maintaining apical
inflammation, as reported by Yusuf (121).

Such apical extrusion of debris should be consid-
ered not only in the context of potential flare-ups
and postoperative symptoms but also as a poten-
tial contributing factor to the prevention of healing
of apical lesions (121, 122). The extent of apical
extrusion of debris by different file systems has
recently been studied and compared and it seems
that the recently introduced reciprocating files have
a greater tendency to extrude debris apically than
traditional rotary multifile systems (122).

Apical surgery will remove the tissue of the
apical lesion, along with any foreign material con-
tained within it, thus allowing the healing of the
lesion.

Apical debridement with no open surgery

The importance of the abovementioned factors
in preventing the healing of apical lesions or in
delaying such healing was recently demonstrated
in a study in which apical debridement was per-
formed during primary endodontic treatment with
no open-flap surgery and no removal of the root
tip (79).

Surgically treated apical lesions show enhanced
healing kinetics compared with lesions that are
treated nonsurgically (71). This enhancement is
commonly attributed to the removal of the root tip
and to the sealing of the root canal by the retro-
grade filling. Nevertheless, surgical removal of the
apical, chronically inflamed tissue may also be an
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important factor. Such procedure may remove any
extraradicular factors that cause the osteoclastic
potential to persist while allowing a fresh blood clot
to form, thereby converting a chronic inflammatory
lesion into new “noncommitted” granulation tissue
in which healing is likely to proceed much more
rapidly (12, 13).

The Apexum procedure and what it
demonstrates

The Apexum procedure was designed as a com-
plementary treatment for teeth with infected root
canals and apical lesions (78, 79). Debridement
and disinfection of the root canal was first accom-
plished, as in any endodontic treatment, using
conventional cleaning and shaping procedures.
Then, a device made of nickel–titanium wire
(Apexum NiTi Ablator, Apexum Ltd., Or-Yehuda,
Israel) (Figure 15.12a, left) was inserted through
the apical foramen and into the apical lesion (79)
(Figure 15.12b). The soft tissue content of the lesion
was then minced by rotating the Apexum NiTi
Ablator device at 300 rpm for 30 s. This was fol-
lowed by the use of a second device (Apexum PGA
Ablator) (Figure 15.12a, right) made of a polygly-
colic acid fiber, which was rotated in the lesion at

3000 rpm for 30 s, thus turning the soft tissue of

the lesion into a thin suspension (79). The resulting

suspension was washed out with sterile saline

solution, while the backflow passively drained

through the root canal. The root canal was then

filled using gutta-percha and AH-26, with lateral

compaction (79) (Figure 15.12c).

This debridement process removed the bulk of

the apical tissue and allowed a fresh blood clot to

form. All of this was accomplishedwith no opening

of the flap and no resection of the root tip.

Follow-up radiography showed that after 6

months, 95% of the lesions had healed or were

in advanced stages of healing, while only 39% of

the lesions were at such stages in a control group

(79) (Figure 15.13). This result represents a major

improvement in both the kinetics of healing and

in the healing rate of apical lesions compared with

those of the control group within the study and

with the previously reported healing rates and

healing kinetics (1) (Figure 15.13).

The observed enhancement of the healing pro-

cess (Figure 15.12c,d) likely resulted from the

removal of one or more of the following factors

by this minimally invasive procedure: (i) the bulk

of tissue containing activated macrophages and

lymphocytes; (ii) epithelial cystic formations; (iii)

extraradicular infection in the form of coaggregates

(a) (b) (c) (d)

RCF + 3 months

Figure 15.12 Healing following an Apexum procedure. (a) Apexum NiTi Ablator (left) and Apexum PGA Ablator (right).
(b) Apexum NiTi Ablator inserted into an apical lesion. (c, d) The Apexum procedure was applied after the completion of
conventional cleaning and shaping. The procedure removed the major bulk of the apical tissue by homogenizing it and washing
it out through the root canal. (c) Root canal filling after completion of the procedure. (d) Advanced healing of the lesion after 3
months. ((a–d) Metzger et al. (79). Reproduced with permission of Lippincott, Williams & Wilkins)
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Figure 15.13 Healing after apical debridement by the
Apexum procedure. Healing of lesions in the control group,
which received conventional root canal treatment alone,
reached 39% at 6 months, a value that is consistent with the
results of published large-scale surveys (1). In the
Apexum-treated group, the percent of lesions showing
complete or advanced healing was 87% and 95% at 3 and 6
months, respectively. The difference in the healing rate can be
attributed to the (i) removal of activated lymphocytes and
macrophages and (ii) removal of other factors that may
interfere with the healing of the lesion, such as extraradicular
infection, epithelial and cystic formations, and foreign
materials extruded apically while cleaning and shaping the
root canal. (Metzger et al. (79). Reproduced with permission
of Lippincott, Williams & Wilkins.)

in the tissue or biofilm on the outer root surface;
and (iv) any foreign material that may have been
extruded apically.

No removal of the root tip was involved, and
curetting of all tissue from the surface of the bony
crypt was not attempted. Nevertheless, a substan-
tial change in the healing kinetics was observed.
Thus, the removal of the apical tissue and allowing
a fresh blood clot to organize into a new “uncom-
mitted” granulation tissue may alone enhance
apical healing. This finding, in turn, provides sup-
port for the concept expressed above that factors
within the lesion other than and in addition to
actual residual infection within the root canal sys-
tem may play a role in slowing down (12, 13) or
preventing the healing of apical lesions (123, 124).

Conclusions

The healing rate of apical lesions in response
to conventional endodontic treatment is at best
approximately 80%, and such healing shows rather

slow kinetics and may take many months to occur.
In cases that fail to heal, apical surgery may be
called for; it has a high success rate and often
results also in faster healing kinetics.

Apical surgery usually consists of three separate
processes: (i) removal of the soft tissue of the apical
lesion; (ii) removal of the root tip that is present
within the lesion; and (iii) retrograde root canal
treatment and filling. The last process is usually
the focus of attention of the operator; the first
two processes are often looked on as a means of
reaching the goal of sealing the root canal system
with a retrograde filling.

Studies in which debridement alone was per-
formed with no retrograde filling resulted in apical
healing with faster kinetics and higher healing
rates than expected with conventional root canal
treatment (79), providing support for the idea that
the removal of factors other than the persistent
infection in the root canal may also play an impor-
tant role in the high success rate achieved using
apical surgery (80, 89, 125).
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Introduction

Treatment of apical periodontitis aims at eliminat-
ing the microbial contamination infection from the
root canal system and preventing reinfection by
sealing the root canal space. However, even when
the most careful clinical procedures are followed,
a proportion of lesions may persist because of the
anatomical complexity of the root canal system,
which are inaccessible to mechanical and chemical
debridement (1), as well as microorganisms capa-
ble of surviving and proliferating in apical tissues,
thus enabling a persistent infection interfering with
posttreatment healing of the lesion (2–5). Ricucci
and Siqueira demonstrated that when pulp necro-
sis reached the apical third, all lateral canals and
apical ramifications contained either partially or
completely necrotic tissue (6). Chemomechanical
preparation partially removed necrotic tissue from
the entrance of the lateral canals and apical ram-
ifications, whereas the adjacent tissue remained

Disinfection of Root Canal Systems: The Treatment of Apical Periodontitis, First Edition. Edited by Nestor Cohenca.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

inflamed, sometimes infected, and associated with
apical disease.

The debate whether chronic apical lesions are
infected is still a subject of controversy. Kronfeld
stated bacteria were always found within the root
canal while apical tissue is not an area inwhich bac-
teria live but are destroyed (7). In contrast, Stewart,
in 1947, proposed that bacteria were present in
apical lesions (8). Few years later, Hedman demon-
strated that 68% of 82 apical lesions contained
bacteria (9). Tronstad et al. demonstrated that
bacteria can survive in apical lesions and proved
endodontic infections (4, 10). Advanced molecular
biology and polymerase chain reaction (PCR) per-
mitted identification of more species of microbes
capable of inhabiting apical lesions and providing
strong evidence that extraradicular infection might
be the cause of many failed endodontic treatment
(11). In 2000, Sunde et al. examined whether bacte-
ria were present in apical lesions of asymptomatic
teeth before sampling or were transferred there
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Figure 16.1 High power showing the apical foramen and
cementum covered by a biofilm. Another area of the external
surface of the apical surface covered by a biofilm. Note
interaction and synergy between Enterococcus faecalis and
Candida. (Image courtesy of Dr. Ana Maria Gonzalez.)

during sampling (3). The predominant cultivable
bacteria were anaerobic and clearly different from
the bacteria present at the neighboring sites and
appeared to have been there before sampling.
Siqueira and Ricucci found actinomycosis and
arachnea in apical lesions (5, 12). Although no
stainable bacteria were observed in the appar-
ently well-treated main canal, apical ramifications
were clogged with dense bacterial biofilms that
were contiguous to extraradicular actinomycotic
aggregates (5). Current literature supports the fact
that extraradicular biofilms are related to refrac-
tory apical periodontitis, mostly by aggregation
of numerous filamentous or spirochete-shaped
bacterial cells (13, 14) (Figure 16.1). Clinically this
implies that even if the tooth is extracted (ultimate
root canal), apical periodontitis might persevere
and develop a residual cyst (Figure 16.2). Thus the
etiology is outside the root canal system and surgi-
cal intervention (along with orthograde treatment)
is necessary to achieve apical healing.

Although the pathogenesis of apical periodon-
titis has been well described (15–17), it must be
emphasized that the composition of lesions of
apical periodontitis at any time depends on the
balance between the microbial factors and the host
defenses. Consequently, a great deal of morpho-
logical heterogeneity is common for chronic apical
periodontitis.

Extraradicular endodontic plaque

In 1987, Tronstad et al. (10) demonstrated the
presence of extraradicular endodontic plaque on
the external surface of necrotic teeth. In a clinical
and histopathologic study, Ricucci and Siqueira
observed the presence of extraradicular biofilms in
6% of the cases (18). This has been substantiated
with the visualization of biofilms under Scanning
Electron Microscopy (SEM) (Figure 16.3).

Bacteria and apical actinomycosis

Actinomycosis is a chronic, granulomatous, infec-
tious disease in man and animals caused by the
genera Actinomyces and Propionibacterium (which
normally colonize the mouth, colon, and vagina).
Invasion of the microorganism is usually a result of
the disruption of the mucosal barrier after trauma
or dental manipulation (1). The endodontic infec-
tions of actinomyces are a sequel to caries and are
caused by Actinomyces israelii and Propionibacterium
propionicum, commensals of the oral cavity. Because
of the ability of the actinomycotic organisms to
establish in apical tissues, they can perpetuate the
inflammation, even after orthograde root canal
therapy. Among the most commonly isolated are
A. israelii and P. propionicum, which are associated
with refractory lesion (19). The properties that
enable these bacteria to establish in the apical
tissues are not fully understood, but appear to
involve their ability to build cohesive colonies that
enable them to escape the host defense system.
There are only limited data on the frequency of
apical actinomycosis among apical lesions or on
the correlation between apical and cervicofacial
actinomycosis (19).

Virus

Within the past decade, researchers have reported
the presence of certain viruses in inflamed apical
tissues and suggested as a possible etiological
pathogenic factor related to apical periodontitis.
Both Cytomegalovirus and Epstein–Barr viruses
are present in almost all humans in latent form
from previous primary infections (1). Sabeti et al.
(20) investigated the occurrence of herpes viruses
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(a)
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(b)

(d)

(e)

Figure 16.2 (a) Clinical radiograph of
a lower lateral incisor with an apical
lesion. The tooth was extracted for
orthodontic reasons. The apical area
was not curetted. (b) Postextraction
radiograph with orthodontic treatment
in progress. (c) Surgical removal of the
persistent lesion. (d) Biopsy showing an
epithelial lining cholesterol clefts and
chronic inflammation consistent with
the diagnosis of a residual cyst. (e)
Higher power of the lesion showing
epithelium, cholesterol clefts, and
inflammation in the connective tissue.

in apical granulomas. cDNA identification of genes

transcribed late during the infectious cycle of her-

pes viruses was used to indicate an active herpes

virus infection. The authors proposed that herpes

viruses may cause apical pathosis as a direct result

of virus infection and replication or as a result

of virally induced damage to the host defense

(21). In addition, a strong association of human

Cytomegalovirus and Epstein–Barr virus with

the acute exacerbation of apical lesions has been

reported (20, 22). Apical lesions harboring dual

Cytomegalovirus and Epstein–Barr virus infection

tended to exhibit elevated occurrence of anaerobic

bacteria, be symptomatic, and show large-size

radiographic bone destruction. Cytomegalovirus

and Epstein–Barr virus, in cooperation with spe-

cific bacterial species, have also been associated

with various types of advanced marginal odon-

titis and several nonoral infectious diseases (22).

Slots et al. have postulated that virus may initiate

lesions by attacking and inactivating dendritic

cells, thus processing and presenting the antigen

by the dendritic cells to the B and T cells (21). This

weakens the immune and inflammatory response
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(a) (b) (c)

(d)
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Figure 16.3 (a–c) Extracted maxillary molar demonstrating the presence of biofilm covering the external surface of the palatal
root. (d) Scanning electron micrograph of the extraradicular biofilm at high power (×9000) showing the diversity of bacteria.

allowing bacteria to follow the viruses into the PA
lesion.

Fungi

Fungi have also isolated in apical lesions but in far
rear instances. They are thought to be the secondary
contaminants following bacteria through the api-
cal foramen. Among fungi, Candida is the most
frequently found, although other fungi have been

cultivated. It has been detected in therapy-resistant
apical lesions (23) (Figure 16.4).

Cholesterol

As a result of the inflammatory process with bacte-
rial and cellular destruction, cholesterol is a usual
component of apical lesions. Nair has stated that
the body cannot destroy cholesterol and thus is
a reason for the nonhealing of nonsurgical root

www.ketabdownload.com



Surgical Endodontics: The Complimentary Approach 323

(a)

(c)

(d) (e)

(b)

Figure 16.4 (a) Preoperative
radiograph of a maxillary lateral
incisor with an apical radiolucency. (b)
Three-month recall demonstrating an
increase in the size of the lesion. (c)
One micron section prior to electron
microscopy and stained with
methylene blue. The inflammatory
cells are attacking the antigen. (d) Low
power electron micrograph showing
fungal hyphae. (e) Higher power
showing the presence of the fungus.

canal treatment (24). It can span from only several

cholesterol clefts to the predominant component

of the lesion. Thoma and Goldman classified these

lesions as cholesteatoma where cholesterol is the

dominating feature of the lesion (25). These lesions

do not appear to heal with orthograde treatment

and must be surgically removed for healing to

occur (Figure 16.5).
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(a) (b)

(c) (d)

Figure 16.5 (a) Biopsy of a large
lesion with the previously treated root
tip. Note the cyst’s lumen filled with
cholesterol clefts. (b) Another part of
the same lesion showing an epithelial
lining and cholesterol clefts. (c)
Epithelium and cholesterol clefts
consistent with a cystic cholesteatoma.
(d) Higher power of the same lesion.

Foreign bodies

Theoretically, anything that is in the mouth is
capable of penetrating into the canal system and
if small enough into the apical area. Numerous
reports of foreign bodies and materials that pene-
trate the apical foramen along with bacteria show
a foreign body giant cell reaction. Along with the
usual acute and chronic inflammatory response,
the macrophages coalesce to form giant cells in
an attempt to degrade the foreign material. These
lesions must be curetted in order to effect healing
(Figure 16.6).

Anatomical complexities

Walter Hess (26), a Swiss dentist, first published
his landmark anatomical studies in the early 1920s.
When his work was first published many clinicians
felt that the anatomical complexities he reported
were artifacts created by injecting vulcanite rubber
under too much pressure (Figures 16.7 and 16.8).
However, more progressive thinkers of that time
believed the results had merit and sought more
effective ways to clean, shape, and obturate root
canal systems. More recently, Takahashi and Kishi
(27), using a dye infusion process, also studied

anatomical complexities. These models clearly
show the majesty and grace of the human dental
pulp (Figures 16.9–16.12). Weller et al. (28) studied
the incidence and location of the isthmus in the
mesial buccal root of the maxillary first molar
and found a partial or complete isthmus 100%
of the time at the 4mm level of resection. West
(29) looked at the relationship between failed
endodontics and unfilled or underfilled portals
of exit (POE’s). Using a centrifuged dye, he iden-
tified that 100% of the failed specimens studied
had at least one underfilled or unfilled POE. As
93% of the canal ramifications occur in the apical
3mm (27), it is logical that the clinicians attempt to
treat the root canal system to the full extent of the
anatomy. Failure to address these anatomical con-
cerns will leave the etiology of failure unattended
and reinfection, even after the removal of a apical
lesion, may occur. Clearly, root canal systems are
more complex than previously thought. Signifi-
cant pulpal anatomy such as accessory canals and
isthmuses has to be considered when performing
both conventional endodontic treatment and apical
surgery. The acceptance of the significance of these
anatomic complexities and the need to disinfect
them may in fact have been the genesis of modern
apical surgery, which could further be appreci-
ated with the introduction of magnification and
microsurgical armamentarium.
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(a) (b)

(c) (d)

Figure 16.6 (a) Histologic section of
an extracted tooth with attached
lesion. Note foreign material in the
canal. The bottom part of the lesion
was used for the transmission electron
microscope. (b) High power of the
lesion showing macrophages and
foreign material. (c) One micron
section stained with methylene blue
showing the macrophages full of
foreign material. (d) A macrophage full
to bursting with lipid. Note the
absence of organelles and
impingement on the nucleus.

Apical microsurgery

In order to understand the objectives of apical

microsurgery, one can divide the procedure into

multiple stages or sections. Among these are flap

design, flap reflection, flap retraction, osteotomy,

apical curettage, biopsy, hemostasis, apical resec-

tion, resected apex evaluation, apical preparation,

apical preparation evaluation, drying the apical

preparation, selecting retrofilling materials, mixing

retrofilling materials, placing retrofilling materials,

condensing retrofilling materials, carving retrofill-

ing materials, finishing retrofilling materials, and

flap closure.

After anesthesia is obtained, and prior to incising

the surgical flap, the oral cavity should be rinsed

with a disinfectant solution such as chlorhexidine.

A 0.12% chlorhexidine rinse has been shown to sig-

nificantly reduce the bacterial count in the oral cav-

ity in advance of operative procedures (30).

Microscalpels (Figure 16.13) (SybronEndo,

Orange, CA) are used in the design of the flap

to delicately incise the interdental papillae when

full-thickness flaps are required. Microscalpels

cause less trauma than conventional scalpels

resulting in less scarring and more favorable cos-

metic outcomes. Vertical incisions are made 1.5–2

times longer than in conventional apical surgery

to assure that the flap can easily be reflected out of

the light path of the microscope.

Historically, flaps have been reflected with a

Molt 2–4 curette or variation of the Molt 2–4. This

instrument is double ended and the cross-sectional

diameters of the working ends are 3.5 and 7mm.

Under low-range magnification it can readily be

seen that even the smallest end of this instrument

is too large to place beneath the interdental papilla

without causing significant tearing and trauma

to the delicate tissues. Rubinstein Mini-Molts

(Figure 16.14) (JEDMED, St. Louis, MO) are avail-

able in two configurations whose working ends

are 2 and 3.5 and 2 and 7mm. The smaller ends of

these instruments provide for atraumatic elevation

of the interdental papilla making flap reflection

more predictable and gentle to the tissues. The

recently introduced PR-1 and PR-2 (Figure 16.15)

(G. Hartzell & Son, Concord, CA) have simi-

lar geometries and also accomplish the goals of

atraumatic flap reflection.

Once the flap has been reflected, instruments

such as the Minnesota retractor have been used to

retract the flap away from the surgical field while

assuring visual access. Maintaining pressure on

this instrument for even a short period of time often

causes restriction of blood flow to the fingers of the

operator and using it can be quite uncomfortable.
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Figure 16.7 Hess model of a mandibular molar showing
anatomical complexities throughout the root canal system.

A series of six retractors (JEDMED, St. Louis, MO)
(Figure 16.16) and a new universal positioning
retractor offering a variety of serrated contact
surfaces that are flat, notched, and recessed allow
the operator several options for secure placement
in areas of anatomical concern. Among these are
placements over nasal spine, canine eminence, and
mental nerve. These retractors decrease the chance
of slippage, which can cause trauma to the flap
and delicate gingival mucosa. The blades of the
retractors are designed to retract both the flap and
the lip and are bent at 110∘ to keep the retractor and
operator’s hand out of the light path of the micro-
scope. The handles are ergonomically designed to
decrease cramping and fatigue and can be held in
a variety of grips.

Because we can see better with the surgical
operating microscope (SOM), bone removal can be
more conservative. Handpieces such as the Impact

Figure 16.8 Hess model of a mandibular bicuspid showing
anatomical complexities in the apical terminus.

Air 45™ (SybronEndo, Orange, CA) introduced by
oral surgeons to facilitate sectioning mandibular
third molars, are also suggested for apical surgery
to gain better access to the apices of maxillary and
mandibular molars. When using the handpiece, the
water spray is aimed directly into the surgical field
but the air stream is ejected out through the back
of the handpiece, thus eliminating much of the
splatter that occurs with conventional high-speed
handpieces. Because there is no pressurized air
or water, the chances of producing pyemia and
emphysema are significantly reduced.

Burs such as Lindemann bone cutters (Brasseler
USA, Savannah. GA) are extremely efficient and
are recommended for hard tissue removal. They
are 9mm in length and have only four flutes, which
result in less clogging. With the use of an SOM,
the Impact Air 45 and high-speed surgical burs
can be placed even in areas of anatomical jeopardy
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Figure 16.9 Takahashi model of the mesial view of the
mesial root of a mandibular molar. Note the mid-root isthmus
and the apical bifidity of the buccal canal. Also note the
multiple apical termini.

with a high degree of confidence and accuracy
(Figure 16.17). The size of the osteotomy should
be as small as practical so that healing will not be
impaired, yet large enough to allow for complete
debridement of the bony crypt and access for
root-end procedures that will follow.

With the SOM, apical curettage is facilitated
because bony margins can be scrutinized for com-
pleteness of tissue removal. A Columbia 13–14
curette is recommended in small crypts because
it is curved and can reach to the lingual aspect
of a root. After the Columbia 13–14 is used, the
Jacquette 34/35 scaler is recommended to remove
the remainder of granulomatous tissue. Because of
its sharp edge, the Jacquette 34/35 is an excellent
instrument for removing granulomatous tissue
from the junction of the cemental root surface
and the bony crypt. The more tissue that can be

Figure 16.10 Takahashi model of a mandibular second
bicuspid. Note how the single canal bifurcates, rejoins, and
then splits once more at the canal terminus.

removed results in less work for the body to do
relative to wound healing. In addition, any for-
eign material present in the bony crypt should be
removed as it could cause persistent irritation and
may prevent complete healing of the tissues (31).
After the bony crypt has been physically debrided,
it should be rinsed thoroughly with sterile
saline.

There is general agreement that the main cause
of failure in conventional endodontic treatment
is the clinician’s inability to adequately shape,
disinfect, and obturate the entire root canal system
(32). As previously stated (27–29), the majority
of this untreated anatomy is located in the apical
3mm and for this reason a 3mm resection is rec-
ommended. With the introduction of ultrasonics
for creating root-end preparations, a second reason
for a 3mm resection has emerged. Layton et al.
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Figure 16.11 Takahashi model of a maxillary central incisor.
Note the multiple portals of exit in the apical third of the root.

(33), Beling et al. (34), Min et al. (35), Morgan and
Marshall (36) and Rainwater et al. (37) have studied
the incidence of craze line, cracks, and fractures
in the root and cemental surfaces after ultrasonic
root-end preparations. While all of these studies
showed a statistically significant increase, none has
shown any clinical significance as a result of their
findings. In as much as the greatest cross-sectional
diameter of a root in the apical 6mm is typically
at the 3mm level, it is suggested that this be the
location of the resection in order to create an ade-
quate buffer or cushion to absorb the potential
deleterious effects of ultrasonic energy.

Traditionally, a long bevel was created in order
to provide access for a microhead handpiece. With
the introduction of apical ultrasonics, little to no
bevel is needed. This results in fewer cut dentinal
tubules and less chance of leakage. The Impact Air
45 handpiece and 170 l tapered fissure bur have

Figure 16.12 Takahashi model of a mandibular molar. Note
the anatomical complexities present in both roots.

Figure 16.13 A variety of microscalpels sized 1–5 used for
precise incision.

been the instruments of choice to resect the root.
However, because of the size of the head of
the handpiece, visual access is often impaired,
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Figure 16.14 A comparison of the small ends of two
mini-Molts and a standard Molt 2–4 curette.

Figure 16.15 PR-1 and PR-2 periosteal elevators.

especially in the posterior regions of the mouth.
Recent advancements in electric motor design and
straight handpieces afford the clinician oppor-
tunities for direct visualization of the root-end
while performing root resection and the creation
of axial bevels that approximate zero degrees. One
such unit is the Aseptico 7000 motor and NSK 2 : 1
nose-cone handpiece (Figures 16.18 and 16.19).
The unit drives the handpiece at 80,000 rpm’s
and is more than sufficient to atraumatically cut
cortical bone and root. A variety of burs are avail-
able in 44.5 and 65mm lengths allowing access
into difficult to reach areas. A saline solution
spray is directed over the bur and cools the bone
and root surfaces. Saline has the advantage over
distilled water and city water in that it is physio-
logic and sterile. The Aseptico 7000 motor andNSK

Figure 16.16 Blade and contact surfaces of the Rubinstein
retractors 1–6.

Figure 16.17 Impact Air 45™and surgical length bur in
close proximity to the mental nerve 8×.

nose-cone handpiece can also be used to prepare the
osteotomy.

After the root-end resection has been completed,
the beveled surface of the root can be examined
under mid-range magnification. Using a small
CX-1 micro explorer (SybronEndo, Orange, CA),
small micro fractures, isthmuses, and POEs can
readily be seen (Figures 16.20 and 16.21).

Since the introduction of apical ultrasonic tech-
nology in the early 1990s by Carr (38), apical
preparations have been made with ultrasonic tips.
These tips are driven by a variety of commercially
available ultrasonic units, which are self-tuning
regardless of the changes in tip or load, for max-
imum stability during operation. A piezoelectric
crystal made of quartz or ceramic located in the
handpiece is vibrated at 28,000–40,000 cycles per

www.ketabdownload.com



330 Apical Response and Surgery

Figure 16.18 Aseptico 7000 motor and NSK 2 : 1 nose-cone
handpiece.

second and the energy is transferred to the ultra-
sonic tip in a single plane. Dentin is then abraded
microscopically and gutta-percha is thermoplas-
ticized. Continuous irrigation along the tip cools
the cutting surface while maximizing debridement
and cleaning.

From their initial introduction, a variety of tips
and tip configurations have been introduced to
accommodate virtually any access situation. Most
ultrasonic tips are .25mm in diameter and approxi-
mately 3mm in length. When used, they are placed
in the long axis of the root so that the walls of the
preparation will be parallel and encompass about
3mmof the apical morphology. As the piezoelectric
crystal in the handpiece is activated, the energy
is transferred to the ultrasonic tip, which then
moves forward and backward in a single plane
and dentin is “brush cut” away in gentle strokes.
The combination of the SOM and ultrasonic tips

Figure 16.19 A comparison of Impact Air 45™and NSK 2 : 1
nose-cone handpiece and surgical length burs.

Figure 16.20 CX-1 explorer locating an untreated POE on
the beveled surface of a previously retrofilled root at 20×.

make previously challenging cases routine. By
combining magnification and ultrasonic technol-
ogy, apical preparation can be visualized and
executed with a high level of confidence that was
previously unattainable.

Brent et al. (39) studied the incidence of intradentin
and canal cracks in apical preparations made with
stainless steel and diamond-coated ultrasonic tips.
They found that diamond-coated tips do not result
in significant root-end cracking and can remove
cracks caused by prior instruments. For this rea-
son diamond-coated tips are suggested as the last
ultrasonic tip to be used in root-end preparation.
Furthermore, clinical use of diamond tips has
shown that they are more efficient at removing
gutta-percha when compared to stainless steel
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Figure 16.21 CX-1 explorer locating a crack on the facial
surface of a root at 20×.

Figure 16.22 Thermoplasticized gutta-percha spinning
around a stainless steel tip at 16x.

tips. The irregular surface of the diamond coating
appears to grab and hold the gutta-percha facil-
itating removal. When using smooth-surfaced
ultrasonic tips, the gutta-percha just spins on
the smooth surface making removal difficult
(Figures 16.22 and 16.23).

When using ultrasonic tips, the clinician should
use gentle brush strokes with the smallest tip possi-
ble to conserve root dentin. This procedure should
be observed while using mid-range magnification
of the SOM. Pressure on the tip should be gentle.
If resistance is met, it is assumed that the tip is lin-
gual verted. The operator should then back off to
low-range magnification and ensure that the tip is
aligned in the long axis of the root. If this step is
not taken and a lingual verted path is continued, a
perforation of the root might occur (Figure 16.24).

Figure 16.23 Thermoplasticized gutta-percha “walking”out
of the preparation at 16×.

Figure 16.24 Off axis angulation with ultrasonic tip at 16×.

There have been no clear guidelines on how to
make the apical preparation until Gilheany et al.
(40) studied the angle of the bevel and the depth
of the preparation from the facial wall necessary
to affect an adequate apical seal. They reported a
1mm preparation was necessary with a 0∘ bevel, a
2.1mm preparation was necessary with a 30∘ bevel,
and a 2.5mm preparation was necessary with a
45∘ bevel. They further recommended a 3.5mm
deep preparation when measured radiographically
to account for errors in vertical angulation. This
study raised the question as to whether prepara-
tion of an isthmus, which is so common (27–29),
should be treated differently from the prepara-
tion of the main canals. Clearly, to satisfy the
criteria set forth by Gilheany et al., the clinician
needs to create a 3mm circumferential preparation
in the long axis of the root, which includes all
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the anatomical ramifications of the pulp space

including the isthmus. The inability to adequately

clean and disinfect the isthmus with orthograde

techniques was shown by Ricucci and Siqueira

(18). This makes the surgical treatment of the

isthmus even more critical and detailed attention

must be used to thoroughly treat this space. This

presents a conundrum for the clinician perfuming

orthograde treatment or retreatment, as we are

seldom able to instrument and irrigate these isth-

muses and ramifications. Siqueira (41) proposed

that all retreatment cases be regarded as infected

and that the microorganisms reside mainly in the

isthmuses, fins, dentin debris, apical deltas, and

root filling voids. These microorganisms are in the

form of a biofilm as described by Nair (42). Nair

suggested that biofilms could not be eradicated

by the host’s defense system or chemotherapy, but

rather by mechanical dislocation and disruption

of the biofilm. The only way to achieve this is to

surgically remove the portion of the root contain-

ing the isthmus and to ultrasonically clean this

space. According to Teixeira (43), most isthmuses

are found 3–5mm from the apex. Research by

Mannocci (44), Degerness (45), and others are in

agreement with this finding. Therefore, a mini-

mum of 3mm of apical root structure should be

removed to eliminate the apical delta. Additional

debris and biofilm contained in the isthmus and

fins are addressed by retropreping a minimum of

3mm coronally to further decrease the number of

microorganisms remaining in the root. Currently,

we are not able to assess whether the ultrasonic

action of retro-tips adds to the mechanical removal

of biofilm created by the microabrasion of dentinal

walls. Assuming that the mechanism of this action

is the same as orthograde ultrasonic irrigation

(46) one can assume most of the bacteria will be

removed from the isthmus.

There are clinical situations where a post has

been placed without orthograde treatment. The

untreated canal space is usually filled with pul-

pal remnants and bacterial contamination. Endo

Success Apical Surgery Tips address this problem

(Figure 16.25). The tip lengths are 3, 6, and 9mm.

When used in progressive sequence, up to 9mm of

canal space can be cleaned and debrided. Longer

pluggers are available to condense retrofilling

materials to length.

Figure 16.25 Endo success apical surgery tips.

Figure 16.26 Zinni ENT micromirrors.

Another development in apicalmicrosurgery has
been the introduction of the surgical micromirror.
Among the early pioneers of micromirrors was Dr.
Carlo Zinni, an otorhinolaryngologist from Parma
Italy (Carlo Zinni (C.Z.) Personal interview with
the author. 1997). Being an early user of the micro-
scope, Zinni recognized the need to indirectly view
the pharynx and larynx for proper diagnosis. Zinni
crafted the first polished stainless steel mirrors
from which the early endodontic micromirrors
were developed (Figure 16.26).

Micromirrors come in a variety of shapes and
sizes and have diameters ranging from 1 to 5mm.
There have been many surfaces used on micromir-
rors. Among them have been polished stainless
steel, polished tungsten carbide, and diamond-like
coating. Recently introduced micromirrors utilize
a rhodium coating. Rhodium is extremely hard
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Figure 16.27 Rhodium micromirror view of the beveled
surface of the root at 13×.

Figure 16.28 Micromirror view of gutta-percha and debris
on the facial wall of the apical preparation at 16×.

and durable and is unsurpassed in reflectivity,
clarity, and brightness. They are front surface,
scratch resistant, and autoclavable (JEDMED, St.
Louis. MO) (Figure 16.27). Using the SOM, it is
now possible to look up into the apical preparation
to check for completeness of tissue removal. Before
using micromirrors, it was impossible to assess
the thoroughness of apical preparation. Failure
to completely remove old root canal filling mate-
rial and debris from the facial wall of the apical
preparation (Figure 16.28) may lead to facial wall
leakage and eventual failure if not cleaned before
the placement of an apical seal. Clearly, it is neces-
sary to circumferentially remove all debris from the
apical preparation to satisfy the criteria set forth by
Gilheany et al. (40) and Ricucci and Siqueira (18).

Figure 16.29 Condensing thermoplasticized gutta-percha
away from the facial wall and compressing it coronally at 16×.

Debris can be removed from the facial wall
by capturing the maximum cushion of thermo-
plasticized gutta-percha with a small plugger
(Figure 16.29) and condensing it coronally. A vari-
ety of small pluggers ranging in diameters from
0.25mm to 0.75mm are available for this purpose.
Facial wall debris can further be addressed by the
removal with a back action ultrasonic tip. Virtually
all modern day ultrasonic tips have some degree
of back action in their design. This angle can vary
between 70∘ and 80∘.

Once the apical preparation has been examined,
it should be rinsed and dried. Traditionally, apical
preparations were dried with paper points before
placing retrofillingmaterials. This allowed for thor-
ough adaptation of retrofillingmaterials against the
walls of the cavity preparation and decreased the
chances of creating material voids. Microcontrol of
air andwater is now accomplished by using a small
blunt irrigating needle (Ultradent Products, Inc.,
South Jordan, UT) mounted in a Stropko Irrigator
(SybronEndo, Orange, CA). The irrigator fits over
a triflow syringe and allows for the directional
microcontrol of air and water (Figure 16.30). Air
pressure can be regulated down to 4 psi. Now the
beveled root surface and the apical preparation can
be completely rinsed and dried before inspection
with microsurgical mirrors. Anatomical complexi-
ties, isthmuses, and tissue remnants are more easily
seen when the cut surfaces are thoroughly rinsed
and then desiccated (Figure 16.31).

Prior to selecting and placing retrofilling mate-
rials, it is essential to have established good
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Figure 16.30 Stropko irrigator with an attached blunt
irrigating needle.

Figure 16.31 Blue Micro Tip™drying the apical preparation
at 13×. Note the chalky dry beveled surface.

hemostasis. Hemostasis begins on reviewing the
patient’s health questionnaire. In addition to the
many anticoagulants that patients are prescribed,
herbal supplements and a variety of vitamins can
complicate hemostasis. It is critical to evaluate
the various pharmaceutical cocktails that patients
may be consuming. Consultation with the patient’s
physician may be necessary. Anesthesia must be
profound with adequate vasoconstrictor. In most
cases intraoperative hemostasis is not necessary.
Should this not be the case, a variety of materials
are available to choose from. Such a list could
include ferric sulfate, aluminum chloride, collagen,
hemostatic gauze, racemic epinephrine, and electro
cautery. When selecting hemostatic agents, one
should consider their effect on hard and soft tissues
and whether their use could compromise healing.

After the apical preparation is rinsed and dried,
retrofilling materials such as SuperEBA™ (Harry
J. Bosworth Co, Skokie, Il) and ProRoot™ MTA
(Dentsply Tulsa Dental, Tulsa, OK) are then placed
into the apical preparation. The question as to
which material has a higher success rate was stud-
ied by Song et al. (47) and reported as a prospective
randomized controlled study. They reported that
there was no significant difference in the clini-
cal outcomes of endodontic microsurgery when
SuperEBA and MTA were used as root-end filling
materials. The surgical technique may then have
a greater bearing on the result than the root-end
filling material.

The clinician should select instruments and
carriers that allow for direct observation of place-
ment so he can see how the materials perform
as they are placed into the apical preparation.
Cement consistency retrofilling materials, such as
SuperEBA, are mixed to a putty consistency and
carried to the apical preparation in small truncated
cones 1 to 2mm in size on a #12 spoon excavator
(Figure 16.32). The cross-sectional diameter of this
instrument is 1mm and therefore does not block
the visual access to the apical preparation. The tip
of the cone reaches the base of the preparation as
the sides of the cone contact the walls. Between
each aliquot of material, a small plugger (JEDMED
Instrument Company, St. Louis, MO) that will fit
inside the apical preparation is used to condense
the SuperEBA (Figure 16.33). Additional aliquots
of material are added and condensed until there is
a slight excess mound of material on the beveled

Figure 16.32 Placing SuperEBA™into the apical preparation
with a number 12 spoon excavator at 16×.
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Figure 16.33 Plugging SuperEBA™into the apical
preparation with a small plugger at 16×.

Figure 16.34 Checking for marginal integrity with a CX-1
explorer at 20×.

surface of the root. Final compaction is accom-
plished with a ball burnisher. When the cement
has set, a finishing bur or smooth diamond is used
to finish the retrofilling. After the SuperEBA has
been finished, a CX-1 explorer is used under high
magnification to check for marginal integrity and
adaptation. Final examination of the retrofilling is
performed after the surface has been dried with
a Stropko Irrigator, because it is more accurate to
check the margins of the preparation when the
beveled surface of the root is dry (Figure 16.34).

Materials such as ProRoot MTA are best deliv-
ered to the apical preparation with a carrier-based
system. The problemswith carriers in the past were
that the diameters were too large to fit into the api-
cal preparation, bends were inadequate, and they
plugged easily. The Micro Apical Placement (MAP)

Figure 16.35 Microapical Placement System.

System (Roydent, Johnson City, TN) (Figure 16.35)
addresses these problems. This system consists of
several delivery tips with cross-sectional diameters
ranging from 0.9mm for small preparations to
1.5mm for use in immature roots. The plungers
are made of a PEEK (polyetheretherketone) mate-
rial, which has a coating similar to Teflon™ and
therefore retrofilling materials will not stick to the
surface. The PEEK plunger can easily navigate
a triple bended carrier. When in use the carri-
ers should not be packed too tightly, and gentle
pressure should be used to express the material.
The carriers should be disassembled and cleaned
immediately after use.

When placing ProRoot MTA, select a carrier that
will fit into the apical preparation (Figure 16.36).
Thiswill avoid spillingmaterial into the bony crypt.
This is mostly a cosmetic issue, because ProRoot

Figure 16.36 MAP carrier placed inside the apical
preparation at 16×.
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Figure 16.37 ProRoot™MTA being pulled out of the apical
preparation at 16×.

MTA is a tricalcium compound. Once it dissolves in
tissue fluids, it combines with phosphate ions and
produces CaPO4, which is osteoconductive. Pro-
Root MTA is then condensed with small pluggers
that will fit into the apical preparation to assure
thorough compaction and less chance of leakage.
As ProRoot MTA is cohesive to itself and only
slightly adhesive to the walls of the preparation,
care must be exerted to avoid pulling the material
out of the preparation (Figure 16.37). Gentle teasing
and wiping of the material along the walls of the
preparation will assure its complete placement.

The ProRoot MTA retrofilling is finished by wip-
ing the beveled surface with a moist cotton pellet.
Visual inspection at mid-range magnification is
used to check for any remaining cotton fibrils and
marginal integrity.

Emphasis has been placed on using small plug-
gers. However, when apical surgery involves
immature roots using small diameter pluggers to
condense, retrofilling materials can be inefficient
and a waste of time. JEDMED recently introduced
three new pluggers. These pluggers incorporate
60∘ and 90∘ angles and cross-sectional diameters of
1.5, 2.0, and a 1mm ball that address these needs
(Figure 16.38). The combination of using a large
1.5mm diameter MAP carrier and a large diameter
plugger provides for efficient retrofilling and con-
densing of apical preparations made in immature
roots.

The final stage of apical microsurgery is flap
closure. Suturing is a critical part of this procedure.
Care must be taken to reapproximate the flap in

Figure 16.38 Comparison between micro- and
macropluggers.

order to promote healing by primary intention.
When selecting a suture material, one needs to
consider several factors. In addition to securing the
flaps closely together, it must be easy to handle,
produce little to no inflammation or bacterial con-
tamination, and not dissolve before initial healing
is complete. Traditionally, silk has been the suture
of choice for many clinicians because of its excellent
handling properties. However, it is a multifilament
material, which produces considerable wicking
and increased bacterial contamination. Parirokh
et al. (48), showed significantly more bacterial con-
tamination and physical debris with silk sutures
compared to polyvinylidene fluoride (PVDF), a
monofilament suture, at 3, 5, and 7 days postplace-
ment. However, PVDF is difficult to handle and
needs to be pulled several times to erase the stiff
memory. In addition, patients often complain that
the tag ends of the suture are stiff and irritating
to the oral mucosa. Tevdek (Teleflex Medical, NC
USA) is a polytetrafluorethylene (PTFE) coated
multifilament suture, which acts like a monofila-
ment. This material produces less inflammation
and contamination than silk and has the added
benefit of handling like silk. Because Tevdek is
such a soft material that it is suggested that the
clinician place an additional throw when tying the
surgical knot.

While selection of suture material is important,
it is also necessary to consider needle design.
Manufacturers have suggested various needle con-
figurations to help the clinician reapproximate the
flap and cause as little trauma as possible. Among
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the choices are reverse-cutting needles and tubular
side-cutting needles. Reverse-cutting needles are
more traumatic than tubular side-cutting needles.
Because they are sturdier than tubular side-cutting
needles, they can withstand occasional contact
with interproximal bone if resistance is met while
redirecting the needle. On the other hand, tubular
side-cutting needles may bend if contact is made
with bone. Tevdek suture material offers the choice
of a double-needled 3/8 in circle. The KT-1 needle
has a length of 12.1mm making it ideal for reap-
proximating the vertical incision and attached gin-
gival flap suturing. The KT-2 needle has a length of
17.8mmmaking it ideal for interproximal suturing.

Once the sutures are placed, the flap should be
compressed with a saline soaked gauze and firm
finger pressure for a minimum of 3min. If this is
not performed properly, there is a possibility that
bleeding may occur under the flap, a hematoma
may form, and an impaired healing may occur.

The key to suture removal is in the healing of the
epithelium.Harrison and Jurosky (49) reported that
a thin epithelial seal was established in the horizon-
tal wound at 24 h and a multilayered epithelial seal
was established in the vertical incisional wound
between 24 and 48 h. While some clinicians might
infer from this study that sutures could be removed
at 48 hours, one must understand that it does not
take into account personal habits of patients and
their willingness to comply with postoperative
directions. Therefore, most clinicians would agree
that sutures could be left in place up to 7 days
without causing significant soft tissue irritation.
The SOM can be used to facilitate suture removal
at low-range magnification. Microsurgical scissors
and tweezers should be used to cut and remove the
sutures. Care should be exercised during removal
so as not to damage the suture sight.

Does apical microsurgery really make a
difference?

The SOM was originally introduced as a surgical
tool. Almost immediately after its introduction,
many clinicians realized its benefit in conven-
tional treatment and nonsurgical retreatment.
Consequently, many instruments and devices were
developed for use in disassembly, postremoval,
and removal of separated instruments.

Gorni and Gagliani (50) reported the outcome
of 452 nonsurgical retreatment cases 2 years after
treatment. The range of magnification used dur-
ing the treatment of the cases was 3.5× to 5.5×.
They reported a success rate of 47% when the
root canal morphology had been altered and a
success rate of 86.8% when the root canal mor-
phology was respected. The overall success rate
reported was 69%. The difficult question to answer
when considering a nonsurgical versus a surgical
approach is whether the clinician can readdress
the original biology of the case. This question
may be impossible to answer without actually
reentering the case and possibly rendering the
tooth nonrestorable after disassembly. Consider-
ing this possible outcome, apical microsurgery
may have been a better and more conservative
approach.

As mentioned previously, Frank et al. reported
that success rate in apical surgeries sealed with
amalgam, which had been considered successful,
dropped to 57.7% after 10 years (51). Friedman et al.
(52) reported successful treatment results as 44.1%
in 136 premolar andmolar roots that were observed
over a period of 6 months to 8 years. Kvist and Reit
(53) in a randomized study compared results of
surgically and nonsurgically treated cases. They
could find no systematic difference in the outcome
of treatment, which ranged in success from 56%
to 60%. These studies all used conventional sur-
gical protocol without the benefit of an SOM and
microsurgical armamentarium.

Setzer et al. (54), in a meta-analysis of the lit-
erature, compared endodontic microsurgical
techniques with and without the use of higher
magnification. Weighted pooled success rates
calculated from extracted raw data showed an
88% positive outcome for traditional root-end
surgery and a 94% positive outcome for apical
microsurgery. The difference in probability was
statistically significant for molars.

Rubinstein and Kim (55, 56) reported the
short-term and long-term success rates for api-
cal surgery using the SOM and SuperEBA as
retrofilling material as 96.8% and 91.5%, respec-
tively. The rate of healing independent of lesion
size was 7.2months. Unlike most early conven-
tional surgical studies (57–62), which reported the
pooled results of multiple clinicians, and consisted
mostly of anterior teeth, 60% of the cases reported
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by Rubinstein and Kim consisted of premolar and
molar teeth.

Several studies (63–67) have demonstrated a
favorable outcome of apical surgery performed
with ultrasonic technology similar to that used
by Rubinstein and Kim (55, 56). However, none
of these studies used the SOM. Furthermore, the
follow-up periods in these studies were consid-
erably shorter and it must be emphasized that
because of variations in treatment and evaluation
methods, direct comparisons to the cited studies
cannot be made.

More recently, Song et al., (68) reported on the
long-term outcome of apical microsurgery cases
classified as successful when more followed from a
previous short-term study. The success rates from
the 5-year short-term study were 91.5%. The healed
population was then followed for a period from 6
to 10 years. The long-term success for these cases
after 6 years was 93.3%. von Arx et al., (69) demon-
strated similar results in a 5-year longitudinal
assessment of the prognosis of apical microsurgery
as 8% poorer than assessed at 1 year.

Assuming that the surgery has been done prop-
erly, it is important to understand the reasons for
the regression of healing. Some of the reasons
for regression have been reported as fracture,
periodontal disease, lateral canals, and leaky
restorations (55, 68). These are not endodontic in
origin and may skew statistics.

Setzer et al. (70) showed in a meta-analysis of
traditional root-end surgery and endodontic apical
microsurgery that the success rate of traditional
surgery was 59% and that of apical microsurgery
was 94%. The difference was statistically signif-
icant and the relative risk ratio showed that the
probability for success for apical microsurgery was
1.58 times the probability of success for traditional
surgery.
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